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 Semiconductor nanowires (NWs) have been studied extensively for over 
two decades for their novel electronic, photonic, thermal, electrochemical 
and mechanical properties. This comprehensive review article summarizes 
major advances in the synthesis, characterization, and application of these 
materials in the past decade. Developments in the understanding of the 
fundamental principles of “bottom-up” growth mechanisms are presented, 
with an emphasis on rational control of the morphology, stoichiometry, and 
crystal structure of the materials. This is followed by a discussion of the 
application of nanowires in i) electronic, ii) sensor, iii) photonic, iv) thermo-
electric, v) photovoltaic, vi) photoelectrochemical, vii) battery, viii) mechan-
ical, and ix) biological applications. Throughout the discussion, a detailed 
explanation of the unique properties associated with the one-dimensional 
nanowire geometry will be presented, and the benefi ts of these properties 
for the various applications will be highlighted. The review concludes with 
a brief perspective on future research directions, and remaining barriers 
which must be overcome for the successful commercial application of these 
technologies. 

  1.     Introduction 

 One-dimensional nanostructures, such as 
wires, tubes, belts, and rods, have been 
extensively studied for the past two dec-
ades due to their interesting and unique 
electronic, optical, thermal, mechanical 
and magnetic properties. Ten years ago, 
our group co-authored a review article in 
 Advanced Materials  on the synthesis, char-
acterization, and applications of these 
materials. [ 1 ]  In the early stage of this 
research fi eld, novel synthetic routes and 
fundamental characterization were heavily 
emphasized. The ability to fabricate high-
quality single-crystalline materials with 
control of diameter, length, composition, 
and phase enabled breakthroughs in their 
incorporation into useful devices. Early 
applications emphasized electronic and 
optical devices, which provided further 
insight and stimulus to gain a deeper 
understanding of the basic material prop-

erties of these structures. 
 In the past decade, a tremendous amount of progress has 

been made in the fi eld of one-dimensional nanostructures. In 
this comprehensive review, we focus on the development of 
semiconductor nanowires in electronic, photonic, mechanical, 
biological, and energy-conversion applications in the past ten 
years. Among the various classes of one-dimensional nano-
structures, semiconductor nanowires possess several unique 
characteristics. Their ability to be integrated into electronic 
devices, novel sub-wavelength optical phenomena, their large 
tolerance for mechanical deformations, their ability to inter-
face with other microscopic and nanoscopic systems in nature, 
the decoupling of length scales associated different physical 
phenomena in the radial and axial directions, and their high 
surface-to-volume ratio, have led to an explosion of applications 
utilizing these structures. 

 We begin by reviewing advances in synthesis and the fun-
damental understanding of growth mechanisms for semicon-
ductor nanowires in the past decade. In particular, bottom-up 
synthetic routes using both gas-phase and solution-phase 
chemistry have enabled a variety of new material systems and 
morphologies to be obtained with improved control of the 
crystalline and chemical properties. We subsequently discuss 
semiconductor nanowires for electronic, sensing, and photonic 
applications, and their potential integration into more com-
plex electronic and optoelectronic systems. This is followed by 
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applications, which has become an increasingly important topic 
over the past decade due to rising concerns of non-renewable 
energy resources, environmental degradation, and socio-polit-
ical confl icts involving the energy sector. Next, a discussion 
of mechanical properties and applications is presented, and 
fi nally, biological applications at the nanowire-cell interface are 
discussed. 

 This 10-year update from our previous  Advanced Materials  
Review refl ects the dramatic increase in nanowire research 
and publications over the past decade. The transition from 
initial proof-of-concept experiments into the development of 
integrated nanosystems refl ects a pathway towards commer-
cial applications. The conclusion of the article presents a per-
spective on the implications of these results for future research 
directions, and the remaining barriers for commercialization 
and adaptation of these technologies to benefi t human society.   

 2.     Synthesis of Nanowires 

 Over the past decade, the general strategies for achieving one-
dimensional nanowire growth outlined in our 2003 review 
article have not changed substantially. A tremendous amount 
of research effort has been devoted to understanding nanowire 
growth at the atomic level and to precisely controlling the 
nanowire dimensions, crystal structure, composition, growth 
pattern, and structural/compositional complexity. In this sec-
tion, we review important new techniques and concepts that 
emerged during the past ten years with a focus on “bottom-up” 
synthesis of semiconductor nanowires.  

 2.1.     Metal-Nanoparticle-Mediated Methods  

 2.1.1.      Gas Phase Synthesis: Vapor-Liquid-Solid (VLS) and Vapor-
Solid-Solid (VSS) Methods 

 The VLS crystal growth method is undoubtedly the most widely 
adopted approach to grow semiconductor nanowires because of 
its great fl exibility. However, many fundamental aspects of VLS 
growth have remained unclear. During the past decade, various 
in situ techniques, particularly in situ electron microscopy, have 
been employed to quantitatively probe the fundamental VLS 
processes during nanowire growth. As a result, many new con-
cepts have been developed, which have considerably enriched 
our understanding of VLS growth. In parallel with the in situ 
studies, ex situ experiments have enabled VLS growth of semi-
conductor nanowires with improved control. Importantly, a 
new VSS growth mode has been established, which opens 
exciting new avenues for nanowire growth. 

  VLS growth kinetics : VLS nanowire growth involves three 
distinct stages: alloying, nucleation, and growth. Because the 
kinetics are very rapid under conventional growth conditions, it 
is diffi cult to probe the events at different stages of VLS growth. 
Recently, Ross, Stach and coworkers systematically investigated 
the growth kinetics of a classic Au/Si VLS system based on 
real time observation of growth experiments within an ultra-
high-vacuum transmission electron microscope (UHV-TEM) 
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equipped with a heated specimen holder and a capillary pre-
cursor delivery system. [ 2 ]  The pressure of the Si precursor, disi-
lane, was on the order of μtorr, lower than that of conventional 
growth. Therefore, the kinetics were intentionally slowed down 
for easier real-time imaging. During the initial alloying stage, 
a thin AuSi liquid shell was observed around the solid Au core 
almost immediately after the introduction of the Si precursor. 
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The volume of the solid core decreased in a roughly linear 
fashion until its diameter reached ∼15 nm, below which the 
core shrinkage was very rapid, indicating that the Au( s )/AuSi( l ) 
two phase system became unstable at small Au volumes. [ 2a ]  

 When the alloying process was complete, continued supply 
of the Si precursor eventually resulted in nucleation. It was 
observed that the Si nucleus suddenly appeared at the edge of 
the liquid droplet and rapidly grew for a few seconds, followed by 
growth at a signifi cantly reduced rate. [ 2b ]  These results illustrated 
two concepts: (i) the nucleation is heterogeneous, consistent with 
the surface crystallization observed using X-ray measurements; [ 3 ]  
(ii) the heterogeneous nucleation requires a higher supersatura-
tion level than the Si precipitation to the existing nucleus. Once 
the nucleation event begins, the excess Si in the liquid droplet 
rapidly precipitates, resulting in an initial jump in nucleus size 
and a decrease in the supersaturation level. When the supersatu-
ration reaches the lower level required for the Si precipitation to 
the existing nucleus, a slower growth process occurs with a rate 
determined by the Si fl ux from the droplet. 

 At the steady-state nanowire growth stage, real-time TEM 
observations showed that the AuSi( l )/Si (111) interface advanced 
by a 0.3 nm step, corresponding to the distance between two 
adjacent Si(111) planes. [ 2c ]  Therefore, the VLS nanowire growth 
proceeds in a layer-by-layer fashion. A long incubation period 
(>10 s) was observed between two layer-growth events, indi-
cating that the local Si concentration fl uctuates at the liquid/
solid interface. However, the nucleation and propagation of 
each Si(111) layer was too fast to be measured even at a low 
Si 2 H 6  pressure of 2 × 10 −6  Torr. Traditionally, it was believed that 
layer nucleation would occur at the triple junction where the 
fl at nanowire growth front and the nanowire side facets meet. 
Accordingly, semiconductors would deposit on the growth front 
by step fl ow starting from the triple junction. Recently, in situ 
TEM studies of the nanowire growth interface have shown 
that the major atomically fl at nanowire growth front and the 
nanowire side facets do not meet at the triple junction, but are 
instead connected by other facets. [ 4 ]  During the layer-by-layer 
nanowire growth, the connecting facets dynamically oscillate 
in size due to growth and dissolution of semiconductor mate-
rial. Interestingly, for the self-catalyzed VLS growth of sap-
phire (α-Al 2 O 3 ) nanowires, the oscillation of the connecting 
facets provides an oxygen transport channel by incorporation 
from the triple junction, which is different from the typical VLS 
mass transport mediated through the liquid phase. [ 4c ]  

  Foreign-metal-catalyst loss channels : In the conventional VLS 
growth model, the foreign metal catalyst in the nano-droplet 
is considered to be stable during growth. Therefore, the diam-
eter and length of the nanowires can be independently con-
trolled by the size of the droplet and the growth time. However, 
metal loss channels exist during nanowire growth, which was 
revealed in the case of Au-catalyzed Si nanowire growth under 
well-controlled growth conditions in a UHV electron micro-
scope. [ 5 ]  First, Ostwald ripening of the AuSi catalyst droplets on 
the nanowire tips was observed in situ in a UHV-TEM, indi-
cating that Au can diffuse from one catalyst droplet to another. 
Second, selected-area electron diffraction measurements in a 
low-energy electron microscope (LEEM) confi rmed that both 
the Si nanowire surface and the bare Si substrate surface (not 
covered by nanowires) were covered by one monolayer of Au 

atoms. These results conclusively suggest a considerable sur-
face-mediated loss of Au atoms from the AuSi droplets. It was 
also found that the Au migration is sensitive to the nanowire 
growth environment. For example, low-level oxygen that was 
intentionally introduced to the UHV-TEM could effectively sup-
press the Au migration because of the formation of a partly oxi-
dized nanowire surface. [ 6 ]  

 Another loss channel that has long been assumed is the 
incorporation of foreign metal elements into the nanowire lat-
tice. For the classic Au/Si VLS system, this is a serious concern 
because Au is detrimental to the electronic properties of the Si 
nanowires. Detection of trace amounts of Au atoms in Si nanow-
ires was achieved only recently by using high-angle annular 
dark-fi eld scanning transmission electron microscopy (HAADF-
STEM), [ 7 ]  directly confi rming the lattice-incorporation loss 
channel. In a separate study of Al-catalyzed Si nanowire growth, 
atomic-level mapping of individual Si nanowires using highly 
focused laser-assisted atom-probe tomography showed that the 
concentration of Al impurity atoms in the Si nanowires exceeded 
the equilibrium solid solubility by orders of magnitude. [ 8 ]  Based 
on these results, it seems reasonable to believe that loss of for-
eign metal catalyst to the nanowire lattice may be general for 
any foreign-metal-nanoparticle-mediated nanowire growth. 

  Control of crystal structure : Since the chemical and physical 
properties of nanowires can be greatly infl uenced by their 
crystal structure, it is highly desirable to achieve precise control 
of crystallographic properties such as growth direction, phase, 
and defect levels. Various rational approaches have been dem-
onstrated to achieve growth of nanowires with controlled crys-
tallographic growth direction. Based on thermodynamic argu-
ments, nanowires should grow along the direction that mini-
mizes the total free energy of the system. For the VLS growth 
mechanism, the total free energy includes both the solid/liquid 
interfacial energy and the nanowire surface energy, which are 
dependent on the nanowire diameter and surface properties. 
For example, in the study of Au-catalyzed Si nanowires, it was 
found that the smallest-diameter (< ∼10 nm) nanowires almost 
exclusively grow along the <110> direction, and larger-diameter 
wires can grow along either the <111> or the <112> direction 
depending on the growth conditions, such as temperature and 
pressure. [ 9 ]  However, the origin of the transition from the <111> 
to the <112> growth direction remained unclear for a long time. 
Recently, in situ spectroscopic measurements of Au-catalyzed 
Si nanowires grown in a UHV chamber equipped with a FT-IR 
spectrometer strongly suggested that covalently bonded sur-
face hydrogen atoms, which are generated during the catalytic 
decomposition of the disilane precursor, are responsible for the 
commonly observed growth direction transition. [ 10 ]  

 By using an iterative growth approach, Lieber and coworkers 
reported the rational growth of two-dimensional zigzag semi-
conductor nanowires with controlled lengths of the straight 
arms and positions of the joints ( Figure    1  a-d). [ 11 ]  For the Au-
catalyzed zigzag Si nanowires, crystallographic analysis showed 
that the arms coherently grow along the normally observed 
<112> direction, but the joints grow along the <110> direc-
tion, which is thermodynamically unfavorable in the diameter 
regime investigated. The joint formation is a result of purging 
and re-introducing the silane precursor. During the purge step, 
growth of the straight arm will cease when the supersaturation 
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level of the AuSi droplets is signifi cantly reduced. Although 
the previous supersaturation can be re-established after re-
introduction of the Si precursor, the growth interruption can 
kinetically result in a preferential heterogeneous nucleation 
at the {110} edges of the three-phase boundary, and a subse-
quent growth along the unusual <110> direction. However, this 
kinetic growth mode is unsustainable. When the joint with a 
quasi-triangular structure is completed, the growth direction 
tends to change back to <112>, which is thermodynamically 
favorable at the synthetic conditions.  

 For the VLS growth of GaN nanowires, Yang and cow-
orkers demonstrated deterministic control of the crystallo-
graphic nanowire growth direction based on the heteroepitaxial 
relationship between the single-crystal substrates and GaN 
(Figure  1 e-h). [ 12 ]  In this approach, a suitable substrate should 
have symmetry and lattice constants that closely match those of 
GaN. For example, the oxygen sublattice in the γ-LiAlO 2  (100) 
plane has two-fold symmetry, which matches the two-fold sym-
metry of the wurtzite GaN (100) plane. The lattice constants  a  = 
5.17 Å and  c  = 6.28 Å of γ-LiAlO 2  match the lattice constants  c  = 
5.19 Å and two times  a  = 3.19 Å of GaN. When a γ-LiAlO 2 (100) 
substrate was used, wurtzite GaN nanowires preferentially grow 
along the 110⎡⎣ ⎤⎦  direction. In contrast, the MgO (111) plane has 
three-fold symmetry, which matches the three-fold symmetry of 
the wurtzite GaN (001) plane. The interatomic separation of the 
atoms in the MgO (111) plane is 2.98 Å, which matches the 

lattice constant  a  = 3.19 Å of GaN. When the MgO(111) sub-
strate was used, wurtzite GaN nanowires preferentially grow 
along the [001] direction. 

 III-V nanowires often exhibit randomly distributed zinc-
blende/wurtzite polytypism, twin defects, and stacking faults. 
This represents a challenge to grow phase pure nanowires 
with minimized or controlled defect levels. In the Au-catalyzed 
growth of InAs nanowires, the nanowire diameter and growth 
temperature were identifi ed as two important parameters to 
control the phase purity and defect density. [ 13 ]  At a relatively 
high temperature of 460 °C, a crystal phase transition from 
pure wurtzite to randomly mixed wurtzite/zinc blende to pure 
zinc blende was observed with increasing diameter in the 
range of 24–110 nm. Because thinner wires have larger sur-
face-to-volume ratio, a possible explanation of the formation of 
wurtzite phase in thin nanowires is that the side walls of the 
wurtzite wires have lower surface energy than the zinc-blende 
wires. Although the largest-diameter (110 nm) wires adopted a 
pure zinc-blende crystal structure, a periodic twin-plane super-
lattice along the <111>B growth direction was observed. For the 
medium-diameter wires, the defect density was high, but could 
be signifi cantly reduced at a lower growth temperature of 420 
°C. This temperature-dependent suppression of defect density 
has also been reported for VLS-grown GaAs nanowires. [ 14 ]  

 In another study of Au-catalyzed InP nanowire growth, an 
impurity dopant was used to control the crystal phase and 
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 Figure 1.    Rational control of nanowire growth direction. a) Cycle used for control of kinked nanowire morphology, indicating the use of purging and 
adding reactants to control the Si concentration in the catalyst particle (shown by the color gradient in the inner blue arrows). b) SEM image of a kinked 
nanowire with equal length segments. c) SEM image of a kinked nanowire with decreasing length segments. d) TEM image of a kinked nanowire, 
showing the crystallographic direction of each segment. Reproduced with permission. [ 11 ]  Copyright 2009, Nature Publishing Group. e) Schematic of 
the γ-LiAlO 2  (100) plane and the f) MgO (111) plane, with the corresponding epitaxial match to GaN crystal planes shown in the shaded grey boxes. 
g) Top-view SEM image of GaN nanowires grown on (100) γ-LiAlO 2  substrates with triangular cross sections and h) grown on (111) MgO substrates 
with hexagonal cross sections, illustrating rational control of nanowire growth direction by substrate control. Reproduced with permission. [ 12 ]  Copyright 
2004, Nature Publishing Group.
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defects. [ 15 ]  Three growth modes were established depending 
on the pressure of diethylzinc, which is the precursor of the 
Zn dopant. At low diethylzinc pressure (<4.6 × 10 −5  mbar), the 
wurtzite growth mode is dominant. A transition to the zinc-
blende growth mode was achieved at higher diethylzinc pres-
sure, because the zinc dopant has been shown to decrease the 
activation barrier for the two-dimensional nucleation of zinc-
blende InP at the liquid/solid interface. Within the zinc-blende 
growth regime, when the diethylzinc pressure further exceeded 
a threshold value (4.6 × 10 −4  mbar), a twinning superlattice 
growth mode was observed. 

 The above-described approaches to grow phase pure III-V 
nanowires have their own limitations because either the 
nanowire diameter window is too restricted or the dopant can 
signifi cantly alter the nanowire properties. Recently, Joyce 
and coworkers demonstrated that phase pure zinc-blende and 
wurtzite InAs nanowires in a wide diameter range could be 
synthesized by simply adjusting the growth temperature and 
III/V ratio. [ 16 ]  As a general trend, syntheses conducted at low 
and high temperature and III/VI ratio can afford zinc-blende 
and wurtzite wires, respectively. This success in achieving 
phase purity was attributed to changes in nanowire surface 
energy at different growth conditions. 

  Control of position and orientation : Precise control of nanowire 
position and orientation relative to the substrate surface is very 
important for device fabrication. This is generally achieved by 
using various lithographic techniques [ 17 ]  or a template-directed 
method [ 18 ]  to produce well defi ned patterns of catalyst nano-
particles on epitaxial substrates. Conventional VLS growth 
typically affords vertical nanowire arrays on substrates with the 
lowest-free-energy surface, such as the (111) surface of group 
IV semiconductors and the (111)B surface of III-V semicon-
ductors. However, VLS growth of horizontal nanowires should 
also be possible when substrates with other surfaces are used. 
For example, Au-catalyzed growth of horizontally aligned GaAs 
nanowires on GaAs(100) substrates was reported. [ 19 ]  The wires 
grew along the <110> direction and exhibited a homoepitaxial 
relationship with the substrate. The nanowire self-alignment is 
likely driven by minimization of interfacial energy and strain 
along a specifi c lattice direction of the substrate. 

 Recently, Joselevich and coworkers demonstrated that Ni-cat-
alyzed VLS growth of millimeter-long horizontal GaN nanow-
ires could be achieved on different planes of sapphire sub-
strates that have a heteroepitaxial relationship with the nanow-
ires. [ 20 ]  Other than the commonly reported epitaxial growth 
methods, a graphoepitaxial growth of nanowires with determin-
istic cross sections along surface nanosteps and nanogrooves 
was also demonstrated, which is driven by maximization of the 
interfacial area between the substrate surface features and the 
nanowires. 

 For substrates that do not have an epitaxial relationship with 
the nanowires, nanochannels containing catalyst nanoparticles 
can be used as a template to physically guide the nanowire 
growth orientation. For example, electrically-contacted hori-
zontal Si nanowire arrays were fabricated on Si substrates with 
a surface oxide layer by using parallel nanochannels with an Au 
nanoparticle in the middle of each channel. [ 21 ]  

 Lithographic techniques can independently control both 
the size and the pitch of catalyst nanoparticles, enabling a 

quantitative study of how the growth behavior of vertical 
nanowire arrays can be infl uenced by these parameters. In 
the VLS growth of ordered vertical GaP nanowire arrays cata-
lyzed by lithographically patterned Au nanoparticles, Bakkers 
and coworkers discovered a previously unknown nanowire 
growth regime. [ 22 ]  For this VLS system, the precursor mole-
cules that decompose both directly on the catalyst nanoparticle 
surface and within one  surface-diffusion length  of the nanowire 
growth front will contribute to the nanowire growth. Impor-
tantly, part of the surface-adsorbed precursor species on one 
nanowire surface can desorb and diffuse in the gas phase to 
neighboring nanowires within one  gas-phase diffusion length  to 
further promote their growth. Experiments conducted at 500 
°C showed that, when the pitch of the catalyst nanoparticles is 
large enough (>3 μm), the nanowire growth is an isolated event 
and the growth rate is low and independent of wire diameter. 
Therefore, this growth regime is called an  independent regime . 
Surprisingly, the wire growth rate increases at smaller pitches, 
in contrary to the known VLS growth models. This growth rate 
enhancement can be attributed to the fact that wires in close 
proximity can interact with each other through gas-phase dif-
fusion of precursor species. As such, this new growth regime 
is called a  synergetic regime . However, the growth rate does not 
increase monotonically within this regime. In the pitch range 
of 3–0.7 μm, the wire growth rate increases with decreasing 
pitch for all wire diameters investigated and the growth rate is 
higher for larger-diameter wires at fi xed pitches. These effects 
are due to the increased catalyst surface fraction, which results 
in an increased local concentration of precursor species and 
their enhanced diffusion. In contrast, for smaller pitches <0.7 
μm, the wire growth rate starts to decrease with decreasing 
pitch (but is still higher than in the independent regime) and 
the growth rate is higher for smaller-diameter wires. These 
effects are caused by limited supply of precursor species at a 
high nanowire density. Thus, this regime is called a  materials 
competition regime . 

  Nanowires with complex structures : The great fl exibility of VLS 
methods has been further demonstrated by rational synthesis of 
nanowires with complex structures. For example, hierarchical 
branched nanowires with homo- and/or hetero-junctions can 
be grown by depositing catalyst nanoparticles on the backbone 
of the nanowires grown in the previous VLS step. [ 23 ]  Addition-
ally, controlled axial modulation of composition can be readily 
achieved by switching the semiconductor or impurity precur-
sors during nanowire growth. [ 24 ]  

 For the axial heterojunction nanowires, formation of a com-
positionally abrupt junction is critical to achieve optimal device 
performance. However, a reservoir effect caused by the solu-
bility of the fi rst semiconductor in the catalyst droplets will 
generally result in diffuse junctions. This is particularly prob-
lematic for Au-catalyzed VLS growth of Si/Ge heterojunction 
nanowires because of the substantial solubility of both Si and 
Ge in Au. To alleviate this problem, a rational approach is to 
lower the solubility of the fi rst semiconductor in the catalyst 
droplets. This approach has been recently demonstrated by 
engineering the catalyst composition through in situ catalyst 
alloying. [ 25 ]  It was shown that the eutectic solubility of Si and 
Ge in Au  x  Ga 1 -x   alloy can be systematically decreased relative to 
that of Si and Ge in Au. As a result, the width of the diffuse 
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However, it is still challenging to achieve an atomically abrupt 
junction by the VLS methods. 

  Continuous nanowire production : The traditional VLS 
nanowire growth process is based on batch production because 
the catalyst nanoparticles need to be deposited on supporting 
substrates. However, for industrial-scale applications of 
nanowire-based devices, the batch production of nanowires 
may not be effi cient. Very recently, Samuelson and coworkers 
demonstrated a new continuous gas-phase production mode to 
grow Au-catalyzed GaAs nanowires on a large scale. [ 26 ]  In this 
method, spherical Au nanoparticles with uniform sizes are pro-
duced in the gas phase by thermal annealing of size-sorted Au 
aerosol particles. Nanowire growth is initiated by mixing the 
Au nanoparticles with the gaseous semiconductor precursors 
in a tube furnace heated to the growth temperature. The time 
for nanowire growth is determined by the carrier gas fl ow rate. 
Interestingly, it was observed that the nanowire growth rate of 
this continuous growth can be at least one-order-of-magnitude 
higher than that of the traditional substrate-based growth. 

  Transition between VLS and VSS growth mode : Bulk equilib-
rium phase diagrams provide a useful fi rst-order picture to 
understand the VLS nanowire growth. In general, the growth 
temperature should exceed the eutectic temperature to keep the 
catalyst nanoparticles in a liquid phase. However, many experi-
ments conducted below the eutectic temperature still afforded 
nanowires. Thus, the physical state of the catalyst nanoparticles 
was under debate. 

 In the in situ growth of Au-catalyzed Ge nanowires con-
ducted in a UHV-TEM, Ross and coworkers observed strong 
evidence that the VLS nanowire growth mode can be main-
tained when the temperature is decreased to a value that is 
∼100 °C lower than the bulk Au-Ge eutectic temperature of 
361 °C. [ 27 ]  This signifi cant drop of VLS growth temperature 
cannot be understood by nanoscale size effects. It was pro-
posed that the Ge supersaturation required for the nanowire 
growth can kinetically inhibit nucleation of solid Au in a certain 
temperature range below the eutectic temperature. However, 
when the temperature is suffi ciently low (255 °C in this case), 
the AuGe droplets with smoothly curved surfaces eventually 
solidify rapidly to become faceted catalyst nanoparticles and the 
wires continue to grow in a VSS growth mode, which was pre-
viously proposed by others. [ 28 ]  Interestingly, when the tempera-
ture is increased back to the original VLS growth temperature 
below the eutectic temperature, the VSS growth mode can still 
be maintained until the temperature reaches a value that is well 
above the eutectic temperature. Therefore, both VLS and VSS 
growth mode can operate at the same temperature, depending 
on the thermal history ( Figure    2  a-d).  

  Fundamentals and advantages of VSS growth mode : In the bulk 
metal-semiconductor phase diagrams, stable compounds often 
exist. During the alloying stage, the solid state reaction between 
the metal and the semiconductor can yield crystalline faceted 
compound nanoparticles that serve as the catalyst nanoparti-
cles. [ 29 ]  This is quite different from the VLS alloying process. 
However, the nucleation of VSS-grown nanowires was also found 
to be heterogeneous, similar to the case of VLS growth. [ 30 ]  For 
solid catalyst nanoparticles with various facets, the initial nuclea-
tion site remains unclear so far. During the nanowire growth 

stage, ledge (or step) nucleation and lateral fl ow at the catalyst/
nanowire interface were observed in different VSS systems. [ 2c , 29 ]  
It was found that the ledge nucleation always occurs at the 
nanowire edges. Nanowire growth by ledge nucleation and fl ow 
should also be expected for the VLS growth mode, although it 
has not been directly observed due to much faster kinetics. Real-
time TEM studies of the VSS and VLS nanowire growth modes 
with the same synthetic conditions showed that the wire growth 
rate achieved in the VSS mode is about one-order-of-magnitude 
lower than that in the VLS mode (Figure  2 e-f). [ 27 ]  This is likely 
due to the low solubility and/or diffusivity of the semiconductor 
elements in the solid catalyst nanoparticles. 

 Compared to VLS, the VSS growth mode exhibits some advan-
tages. First, for metals that form very high eutectic temperatures 
with the semiconductors, the VSS nanowire growth tempera-
ture can be substantially lower than the eutectic temperature, 
enabling fabrication of nanowire-based devices compatible with 
standard industrial processes. For example, Cu 3 Si-mediated VSS 
growth of Si nanowires can be achieved at temperatures as low 
as 400 °C, which is CMOS-compatible. [ 31 ]  Second, the solubility 
of the semiconductor in the solid catalyst nanoparticle can be 
signifi cantly reduced, enabling growth of axial heterojunction 
nanowires with abrupt interfaces. For example, Si/Ge hetero-
junction nanowires with compositionally abrupt interface have 
been synthesized via the VSS growth mode. [ 2c , 30 ]    

 2.1.2.     Synthesis in Solution Phase: Solution-Liquid-Solid (SLS), 
Supercritical Fluid-Liquid-Solid (SFLS) and Supercritical 
Fluid-Solid-Solid (SFSS) Methods 

 The SLS approach, analogous to the VLS approach, is widely 
adopted to grow colloidal semiconductor nanowires. It offers 
several advantages over VLS growth, including systematic 
control of nanowire mean diameters down to the quantum-
confi nement regime, control of surface passivation, nanowire 
solubility, and large-scale production. Some synthetic concepts 
developed in the VLS growth can be readily adopted for the 
SLS nanowire growth. For example, the SLS syntheses have 
afforded homo- and hetero-branched nanowires and nanowires 
having axial heterojunctions. [ 32 ]  However, it seems challenging 
for the SLS method to achieve the degree of fl exible control over 
nanowire crystal structure and growth orientation discussed in 
the VLS section.The SFLS nanowire growth is conducted in 
organic solvents under supercritical conditions. As such, the 
growth temperature can be much higher than that of the SLS 
growth, enabling use of transition metal nanoparticles as the 
seeds for nanowire growth and discovery of a new SFSS growth 
mode. Here we highlight the most important achievements of 
SLS growth and the evidence of SFSS growth. 

  Diameter-controlled quantum wires.  The solution-based SLS 
nanowire growth temperatures (<∼350 °C) are generally much 
lower than the VLS growth temperatures. In addition, the sur-
face of the SLS grown nanowires is typically protected by sur-
factant molecules during nanowire growth. Therefore, the 
radial growth of colloidal nanowires can be effectively sup-
pressed. As a result, control of the nanowire mean diameter and 
the diameter distribution can be easily achieved by using nearly 
monodisperse metal catalyst nanoparticles, such as Bi and In 
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nanoparticles. Because colloidal metal nanoparticles having 
small diameters down to a few nanometers are accessible, [ 33 ]  
SLS growth of diameter-controlled quantum wires with narrow 
diameter distributions has been achieved, enabling a systematic 
study of the shape-dependent quantum confi nement effects. [ 34 ]  

  Surfactant-free SLS approach : Traditional SLS growth of col-
loidal nanowires typically requires the use of organic sur-
factants or surface capping ligands to stabilize both the catalyst 
nanoparticles and the nanowires. However, covalently bound 
surface organic molecules are undesired for certain applica-
tions such as photo-assisted surface reactions in aqueous solu-
tions, because the organic surface layer can prevent effi cient 
charge transfer between the nanowires and the solution spe-
cies. To completely avoid this problem, a surfactant-free SLS 
approach was recently demonstrated for the growth of colloidal 
GaP nanowires. [ 35 ]  This new SLS synthesis only uses three 
chemicals: triethylgallium and tris(trimethylsilyl)phosphine as 
the semiconductor precursors and squalane (a branched alkane 

with high boiling point) as the solvent. The nanowires grow 
via a self-seeded SLS process: triethylgallium fi rst thermally 
decomposes in situ to generate Ga nanodroplets, which then 
subsequently catalyze the growth of GaP nanowires. 

  Flow-based SLS method : The great fl exibility of the VLS 
methods described above is associated with the facile introduc-
tion and switching of semiconductor precursors and removal 
of by-products in a controllable way, which is generally lacking 
in conventional fl ask-based SLS methods. As such, detailed 
mechanistic studies of the SLS nanowire growth have been 
precluded. Very recently, a new fl ow-based SLS method using 
microfl uidic reactors was reported ( Figure    3  ), which allows for 
quantitative analysis of the SLS nanowire growth kinetics by 
precisely controlling synthetic parameters such as precursor 
fl ow rate, growth temperature, and time. [ 36 ]  It was demon-
strated for the fi rst time that the SLS growth of CdSe and ZnSe 
nanowires involves both Gibbs-Thomson and diffusion-limited 
growth, which provides new insights into the poorly-understood 
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 Figure 2.    Au nanoparticle-mediated growth of Ge nanowires below the eutectic temperature. a) The growth temperature profi le and the catalyst state. 
The nanowire growth was initiated by fi rst heating to above the eutectic temperature (361°C) and then cooling to 335°C (point b), at which point the 
catalyst still remained in the liquid state represented by the open circle. When the temperature was further reduced to 255°C (point c) the liquid catalyst 
particle transformed into the solid state represented by the open square. Upon heating, the catalyst did not transform back into a liquid state until 
435°C, after which point the temperature was returned to 335°C (point d). During this process, the Ge 2 H 6  pressure was kept constant at 1.6 × 10 −6  
Torr. The bright-fi eld TEM images acquired at point b, c, and d, are shown in (b)-(d), respectively. e) A series of TEM images during the VLS growth of 
a single Ge nanowire at 340°C and 4.6 × 10 −6  Torr Ge 2 H 6 , showing a growth rate of 9.9 × 10 −2  nm/s. f) A series of TEM images during the VSS growth 
of a single Ge nanowire at the same temperature and Ge 2 H 6  pressure as in (e), showing a growth rate of 1.3 × 10 −2  nm/s. Reproduced with permis-
sion. [ 27 ]  Copyright 2007, American Association for the Advancement of Science.
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fundamental steps in the SLS process. In addition, compared 
to the fl ask-based SLS method, the fl ow-based SLS method 
has the advantage of facile growth of colloidal semiconductor 
nanowires with controlled axial heterojunctions.  

  SFSS growth mode : The use of a pressurized supercritical 
fl uid can extend the solution-phase nanowire growth tempera-
ture up to ∼650 °C, which is still relatively low compared to the 
accessible temperatures of the vapor-phase nanowire growth. 
When various transition metal nanoparticles were employed to 
grow Si and Ge nanowires in supercritical toluene at a tempera-
ture range of 450–500 °C, it was found that nanowires still grow 
even at a temperature more than 300 °C below the bulk metal-
semiconductor eutectic temperature. [ 37 ]  Although a reduction of 
eutectic temperature is expected due to the small sizes (∼5 nm) 
of the metal nanoparticles, a reduction of more than 300 °C is 
very unlikely for the sizes investigated. Therefore, the nanowire 
growth appears to proceed via a SFSS growth mode.    

 2.2.     Direct Deposition Methods 

 One serious concern about the metal-nanoparticle-mediated 
methods is foreign metal contamination, [ 7 ]  which may signifi -
cantly alter the nanowire properties in an uncontrolled way. 
Although self-catalyzed approaches do not exhibit this problem, 
they are not generally applicable to many important semiconduc-
tors. During the past decade, various direct deposition methods 
that do not involve metal nanoparticles during nanowire growth 
have been developed, which is attractive for many applications.  

 2.2.1.     Selective-Area Epitaxy (SAE) Method 

 The initial concept of selective-area epitaxial deposition of 
semiconductors on single-crystalline substrates emerged in 
1960s. [ 38 ]  Owing to recent advances of lithographic techniques, 
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 Figure 3.    Flow-based SLS growth of colloidal nanowires. a) A custom-made microfl uidic chip visualized by fi lling with red Rhodamine 6G dye. The 
inset schematically shows the fl ow-based SLS nanowire growth from catalyst-covered substrates held in a fl owing carrier solvent. b) Three-dimensional 
length-diameter-time plot for CdSe nanowire growth at 300 °C using 5-nm-thick Bi fi lms. This plot carries information about the SLS nanowire growth 
kinetics. c) Energy dispersive X-ray (EDX) line-scan profi le of a segmented CdSe-ZnSe nanowire with multiple axial heterojunctions synthesized by the 
fl ow-based SLS method. The inset shows the high-angle annular dark-fi eld scanning transmission electron microscopy (HAADF-STEM) image of the 
nanowire. Reproduced with permission. [ 36 ]  Copyright 2013, Nature Publishing Group.
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this old concept has been adopted to epitaxially grow vertical 
nanowire arrays with well controlled wire diameter and pitch. 
In this process, a large epitaxial substrate is fi rst coated with 
a dielectric mask layer, in which nanosized openings are cre-
ated using lithographic techniques and etching. Under well-
controlled reaction conditions, semiconductor nanowires will 
grow only from the exposed epitaxial substrate in a layer-by-
layer mode. For the initial growth within the opening, the mask 
wall confi nes the lateral dimension of the nanowires. Above the 
mask, continued one-dimensional wire growth and suppressed 
lateral overgrowth can only be achieved at appropriate condi-
tions that favor the fast growth of the nanowire top facet and 
the signifi cantly slow growth of the side facets. [ 39 ]    

 2.2.2.     Seed-Induced Nanowire Growth 

 Direct growth of oriented nanowires on arbitrary substrates is 
often desirable. This can be achieved by promoting nanowire 
growth on the substrate from a layer of polycrystalline seeds 
with the same composition as the wires. If the seed crystals are 
properly aligned, vertical nanowire arrays can be obtained. For 
randomly oriented seed crystals, the initially produced short 
wires/rods can be randomly oriented relative to the substrate 
surface. However, when the wires grow longer at higher wire 
density, only those wires with their orientation close to the sub-
strate surface normal will sustainably grow because wires with 
their orientation signifi cantly deviating from the substrate sur-
face normal will be restricted by neighboring wires. As a result, 
dense quasi-vertical nanowire arrays can also be obtained. For 
example, Yang and coworkers reported solution-phase-grown 
ZnO nanowire arrays on substrates coated with either textured 

or randomly oriented ZnO nanoparticle seeds. [ 40 ]  The solution-
grown ZnO nanowires generally adopt the wurtzite crystal 
structure and grow along the  c  axis with a (0002) top facet and 
1010( ) side facets. At pH = 11 basic conditions, it was found 

that the top facet is negatively charged and the side facets are 
positively charged, enabling control of the nanowire dimension 
based on facet-selective electrostatic interaction. [ 41 ]  

 The crystalline oxide layers of commercially available metal-
oxide-coated substrates often exhibit nanoscale domains with 
distinct facets, which can be directly used to grow nanowire 
arrays with their lattice parameters matching those of the oxide 
layer. For example, oriented rutile TiO 2  nanowire arrays can 
be grown on transparent conductive fl uorine-doped-tin-oxide 
(FTO)-coated glass substrates by a hydrothermal or solvothermal 
method because of the small lattice mismatch (∼2%) between 
rutile TiO 2  and FTO, which also has the rutile structure. [ 42 ]    

 2.2.3.     Screw-Dislocation-Driven Nanowire Growth 

 Defects exist in all crystals. The role of screw dislocation defects 
in promoting one-dimensional growth of nanowires was 
recently demonstrated in detailed TEM studies of pine-tree-like 
nanostructures of Pb chalcogenides synthesized by chemical 
vapor deposition methods. [ 43 ]  Continuous dislocation lines 
found at the centers of the nanowire trunks strongly indicate 
a screw-dislocation-driven nanowire growth mechanism. The 
screw dislocation along the wire axis induces torsional defor-
mation, known as Eshelby twist, of the nanowire trunk. As a 
result, chiral nanowire branches can be formed, visualizing the 
Eshelby twist ( Figure    4  ). However, the nanowire braches are 
grown via the VLS mechanism.  
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 Figure 4.    Screw-dislocation-driven growth of nanowires. a) Schematic model showing one-dimensional crystal growth promoted by a screw disloca-
tion spiral. b) Schematic model showing growth of pine-tree-like nanostructures achieved by a combination of fast screw-dislocation-driven growth 
of a nanowire trunk and slow VLS growth of nanowire branches. c-i) SEM images of PbS pine-tree-like nanostructures at different magnifi cation and 
orientation. Helical rotation of the nanowire branches caused by the Eshelby twist of the screw dislocation in the nanowire trunk is highlighted in the 
high-magnifi cation SEM images (f)-(h). Reproduced with permission. [ 43a ]  Copyright 2008, American Academy for the Advancement of Science. j) SEM 
image of branched PbSe NWs, showing both a chiral branched wire. k) TEM image of chiral branched PbSe NW showing screw dislocation along the axis 
of the central NW (high resolution image of dislocation shown in inset). Reproduced with permission. [ 43b ]  Copyright 2008, Nature Publishing Group.
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has also been demonstrated in the solution-phase synthesis 
of colloidal nanowires. [ 44 ]  In addition, vertical ZnO nanowire 
arrays can be directly grown from heteroepitaxial GaN sub-
strates with intentionally created surface screw dislocations. [ 45 ]  
These results indicate that this wire growth mechanism may be 
generally useful.    

 2.3.     Template-Directed Methods  

 2.3.1.     Soft-Template-Based Methods 

  Ultrathin metal nanowires : In general, it is synthetically chal-
lenging to prepare ultrathin nanowires with uniform diameters 
<∼5 nm. Recently, different research groups reported synthesis 
of ultrathin Au nanowires using an aurophilic coordinating sur-
factant oleylamine, which can bind to Au I  to form one-dimen-
sional polymer-like [(oleylamine)AuCl] complex chains. [ 46 ]  
Importantly, the complex chains can further form micelles 
with one-dimensional Au I -containing channels through self-
assembly driven by van der Waals interaction between the sur-
factant molecules. Upon reduction, ultrathin Au nanowires 
having diameters as small as 1.6 nm can be produced inside 
the micelle channel, which effi ciently limits the lateral growth 
of Au. By extending this synthetic concept, atomically thin Pd 
wires have been synthesized. [ 47 ]  

  Single-crystalline nanowires from biotemplates : Because the 
dimension of many biological objects matches that of nanow-
ires, biotemplates are natural choices for nanowire prepara-
tion. This method typically involves two steps: (1) nucleation 
and growth of nanoparticles on the template surface, and (2) 
removal of the template by means of annealing. However, 
single-crystalline nanowires are rarely produced due to the 
lack of orientation control of the nanoparticles. Belcher and 
coworkers reported an attractive approach based on genetically-
modifi ed fi lamentous virus to synthesize single-crystalline 
metal-sulfi de nanowires. [ 48 ]  In their study, the capsid of M13 
bacteriophage (<10 nm in diameter, ∼1 μm in length) was 
modifi ed with specifi c nucleating peptides, which guide ori-
ented nucleation and growth of densely packed metal-sulfi de 
nanocrystals on the template surface. Upon high-temperature 
annealing, the viral template can be completely removed and 
the oriented nanocrystals merge together to form single-crystal-
line nanowires.   

 2.3.2.     Hard-Template-Based Methods 

  Cation exchange against existing nanowires : Solid state reac-
tions via exchange of atoms in a crystalline lattice are gen-
erally very slow at ambient conditions because of the high 
activation barriers for atom or ion diffusion in the lattice. As 
such, high temperatures are typically required for effective 
chemical transformations. However, a seminal study by Alivi-
satos and coworkers shows that cation exchange reactions in 
ionic nanocrystals can occur at room temperature with surpris-
ingly fast reaction rates. [ 49 ]  This method was soon adopted to 
achieve complete chemical transformations of ionic nanowires. 

For example, it was demonstrated that single-crystalline CdSe 
nanowires can be produced from single-crystalline Ag 2 Se 
nanowires by cation exchange reaction between Cd 2+  and 
Ag + . [ 50 ]  Interestingly, partial cation exchange reactions under 
well-controlled conditions have resulted in nanowire superlat-
tices and core/shell nanowires with abrupt interfaces. [ 51 ]  

  Arbitrarily long nanowires by electrospinning : The electrospin-
ning technique emerged about a century ago and was recog-
nized as a powerful method for fabrication of polymer wires in 
1990s. [ 52 ]  Basically, this method uses electric force to overcome 
the surface tension of a surface charged droplet of polymer 
solution. As a result, a thin polymer jet is ejected from the 
droplet to a counter electrode. During this process, the solvent 
evaporates and solid polymer nanowires precipitate on the 
counter electrode. Because the jet ejection can be continuous, 
the produced polymer wires can have arbitrary length. 

 During the past decade, the electrospinning method for 
making polymer wires has been rapidly developed, in combina-
tion with sol-gel chemistry, to fabricate continuous inorganic/
polymer hybrid nanowires. [ 53 ]  Upon removal of the organic 
polymer, inorganic nanowires, which are typically polycrystal-
line, can be produced. 

  Hierarchical nanowires from templates with complex structures : 
Porous templates with one-dimensional channels are often 
used to produce nanowires. One of the most commonly used 
porous templates is anodized aluminum oxide (AAO) with 
cylindrical nanochannels. By applying multistep anodization at 
well-controlled anodizing voltage for each step, hierarchically 
branched AAO temples with multiple generations of branched 
channels can be produced and subsequently used to fabricate 
nanowires with controlled multilevel branching structures by 
electrochemical deposition. [ 54 ]  

 Mesoporous silica, such as SBA-15 with hexagonal array of 
nanopores, has also been widely used as template for nanowire 
production. Interestingly, when the synthesis of SBA-15 is con-
ducted inside physically confi ned AAO channels, a variety of 
complex mesostructured silica with chiral mesopores can be 
obtained due to confi ned assembly of inorganic-organic com-
posite structures. [ 55 ]  The silica mesostructures with chiral nano-
channels are unique templates for fabricating nanowires with 
morphologies that cannot be achieved by other methods.    

 2.4.     Oriented-Attachment Method 

 Since the seminal report of spontaneous formation of single-
crystalline nanowires by oriented attachment of zero-dimen-
sional nanocrystals, [ 56 ]  continued research efforts during the 
past decade based on this approach have resulted in nanowires 
with controlled morphology and dimensions.  

 2.4.1.     Shape-Dependent Oriented Attachment 

 Although PbSe with rock salt crystal structure has a highly sym-
metric cubic lattice, Talapin, Murray, and coworkers demon-
strated that oriented attachment of PbSe nanocrystals can still 
occur, but strongly depends on the shape of the nanocrystals, 
which can be tuned by adjusting the synthetic conditions. [ 57 ]  
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When the PbSe nanocrystals are perfectly symmetric, such as 
PbSe cubes, oriented attachment does not occur due to the lack 
of a permanent dipole moment. In contrast, quasi-spherical 
nanocrystals enclosed by six {100} facets and eight {111} facets 
tend to form straight nanowires via oriented attachment along 
the <100> or <110> direction depending on the stabilizing sur-
factants. Because the arrangement of the Pb- or Se-terminated 
{111} facets can be non-centrosymmetric, permanent dipole 
moments along the <100> and <110> directions do exist and 
drive the oriented attachment of quasi-spherical nanocrystals 
along those two directions. At different synthetic conditions, 
either octahedral PbSe nanocrystals enclosed by eight {111} 
facets or branched star-shape PbSe nanocrystals with {100} end 
facets are produced. Interestingly, zigzag or radially branched 
PbSe nanowires can be correspondingly obtained by oriented 
attachment of these nanocrystals either by sharing the {111} 
facets or along the <100> direction.   

 2.4.2.     Ultrathin Semiconductor Nanowires 

 Because nearly monodisperse nanocrystals having small diam-
eters <∼5 nm can now be routinely synthesized for many semi-
conductors, the oriented attachment method is arguably the 
most attractive method to produce ultrathin semiconductor 
nanowires with controlled diameters. For example, ultrathin 
single-crystalline CdSe nanowires (or quantum wires) having 
uniform diameter as small as 1.5 nm have been synthesized by 
the oriented attachment of magic-sized CdSe clusters or their 
aggregates in the presence of primary amines with long hydro-
carbon chains. [ 58 ]    

 2.4.3.     Nanowire Length Control by Oriented Attachment of 
Nanorods 

 It is challenging to control the length of nanowires obtained 
by oriented attachment of zero-dimensional nanocrystals due 
to the uncontrolled attachment kinetics. On the other hand, it 
is diffi cult to achieve end-to-end oriented attachment of quasi-
one-dimensional nanorods because of the unfavorable steric 
barrier. Recently, Ryan and coworkers demonstrated that nearly 
monodisperse wurtzite CdS or Ag 2 S nanorods with (001) end 
facets can be spontaneously elongated by length multiplica-
tion to produce single-crystalline nanowires. [ 59 ]  The critical step 
for this success is a washing step using octylamine, which can 
selectively de-passivate the (001) end facets and initiate the ori-
ented attachment reaction in an end-to-end fashion.     

 3.     Nanowire Electronics 

 Nanowires can serve as the most basic component of integrated 
circuitry: the fi eld effect transistor (FET). The need for more 
powerful electronic systems necessitates the use of nanoscale 
device components, which can be enabled by the controllable 
dimensions of nanowire materials. Various nanowire mate-
rials and FET geometries have been utilized to take advantage 
of the benefi ts of single-crystalline materials in the nanometer 

size regime. Typical nanowire diameters provide axial cross sec-
tions from 30,000 nm 2  down to 20 nm 2 , allowing for the active 
regions to be tailored to specifi c device needs. Shortening the 
active channel by chemically controlling the placement of con-
tacts also provides an avenue for high density device attain-
ment. However, when accompanied by large aspect ratios, 
nanowires can still interface with top-down fabrication pro-
cesses such as standard photolithography techniques, allowing 
for utilization of the naturally conductive pathway along the 
unconstrained dimension. Moreover, semiconductor nanowire 
materials retain the ability of their bulk counterparts to be con-
trollably doped, a critical degree of freedom needed for practical 
device applications.  

 3.1.     Si Nanowire Electronics 

 Due to its rich history of use in the microelectronics industry, 
no material has been investigated for device applications more 
than silicon. This makes silicon nanowires (SiNWs) ideal for 
fundamental research, while retaining compatibility with cur-
rent Si-based electronic processing techniques for eventual inte-
gration. Early SiNW FETs demonstrated the ability to control 
carrier type and density via a back-gated geometry ( Figure    5  a,b), 
albeit with relatively poor mobility and low transconductance. [ 60 ]  
Since nanowires have relatively large surface-to-volume ratios, 
defects trapped at the Si/SiO x  surface have profound effects 
on the device performance by compensating applied gate volt-
ages and increasing the trapping and scattering of mobile 
charge carriers. [ 61 ]  The application of certain surface treat-
ments, including hydrogen-termination, [ 62 ]  atomic layer depo-
sition, [ 63 ]  and organic coatings, [ 64 ]  greatly lowers the density of 
these defects, thereby increasing the FET response of the active 
SiNW channel (Figure  5 c). [ 65 ]  Such passivation techniques are 
commonly employed in Si-based device manufacturing, but 
become increasingly important to preserve the desired electrical 
properties as the surface-to-volume ratio increases in nanow-
ires with decreasing dimensions. Using these passivation tech-
niques, SiNWs less than 7 nanometers in diameter maintained 
pristine Si surfaces for several days. [ 66 ]  Typical regression of the 
surface to an oxidized state (as observed in planar Si) can limit 
the effectiveness of such surface treatments, but nanowires in 
this ultra-small size regime exhibit increased resistance to such 
oxidation. [ 67 ]   

 In addition to passivating the nanowire surface, contact con-
trol and optimization is paramount for maximum device per-
formance. Due to their low contact resistances and relatively 
low formation temperatures, silicide-Si junctions have been 
utilized by both conventional silicon technologies [ 68 ]  as well as 
SiNW devices for source drain contacts. Thermal formation of 
Ti, [ 69 ]  Ni, [ 70 ]  or Pt [ 71 ]  silicide via rapid thermal annealing (RTA) 
after metallization of the contacts can provide Ohmic behavior, 
as well as lowered contact resistances when compared to the 
as-deposited contacts. For example, measured two-terminal 
resistances of p-type SiNWs using Ti metal contacts exhibit 
over 2.5 orders of magnitude reduction after thermal annealing 
(Figure  5 d). [ 64a ]  Care must be taken when attempting to form 
these silicide contacts, however, as the silicide phase formed 
depends on the crystallographic direction of the SiNW [ 72 ]  and 
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is not necessarily the same as what would form in the bulk 
under similar conditions. [ 73 ]  While the use of these contacts can 
increase performance, adverse effects on measured depend-
ences due to the contacts can still be present when only a 2-ter-
minal measurement is performed. It was shown that Ni-con-
tacts on n-type SiNWs exhibited an erroneous mobility depend-
ency on dopant concentration, even with thermal treatment to 
reduce contact resistance. [ 74 ]  Only after the contact resistance is 
taken into consideration can the material-dependent relation be 
determined, illustrating the importance of using 4-point con-
tact schemes when feasible (Figure  5 f). 

 Device miniaturization requires not only contact resistance 
optimization but precise control over the positioning as well. 
This can be achieved by defi ning contact areas via lithography, 
provided the nanowires are not shorter than the resolution of 
the utilized technique. However, much shorter channel lengths 
can be achieved by thermally driving the axial diffusion of the 
Si/silicide interface away from the original deposition area or by 
using other nanowires as deposition masks. [ 75 ]  The interfaces 
created in this method can be atomically sharp and allow for 
nanometer-scale defi nition of the active channel (Figure  5 g,h).   

 3.2.     Nanowire Field Effect Transistor (NWFET) Geometries 

 The most commonly used NWFET geometry is back-gated 
(Figure  5 b), as this requires relatively little effort during fabri-
cation. It involves creating source-drain electrodes on a highly 
doped Si substrate coated with thermally grown SiO 2  to acting 
as the metallic gate and gate dielectric, respectively. The system 
capacitance can be measured, but it is typically calculated by the 

cylinder-plane model. The assumptions of this model include, 
but are not limited to, the following: the active channel is 
metallically conductive; the dielectric layer thickness is much 
shorter than the nanowire length; the nanowire has a circular 
cross section; and the nanowire is completely incorporated in 
the dielectric. [ 78 ]  While measures can be taken to satisfy some 
of these requirements, the last one is necessarily not satisfi ed 
by the back-gated geometry, where the nanowire lies exclu-
sively on top of the dielectric. This missing dielectric material 
can cause the analytical equation to only give the upper limit 
of the gate capacitance ( Figure    6  a), causing an underestimation 
of the nanowire mobility (equation in Figure  5 c). [ 79 ]  However, 
corrections to the analytical capacitance formulas for both the 
fi nite length and non-metallic conductivity of nanowires were 
produced by solving the three-dimensional Poisson’s equation 
numerically, thereby allowing for more accurate measurements 
using the back-gated geometry. [ 76 ]  Similarly, the effect of non-
circular nanowire cross-sections have also been modeled. [ 80 ]   

 Alternatively, there exist a number of NWFET geometries 
that hold greater promise for industrial and scientifi c applica-
tions, although they typically require more complicated fabri-
cation processes. The top gated NWFET (Figure  6 b) requires a 
gate dielectric to be grown or deposited on the nanowire sur-
face, followed by deposition of the gate metal. This more closely 
mirrors the ideal embedded dielectric structure, allowing for 
more accurate calculation of the gate coupling (Figure  6 a). 
Without such an imbedded structure, nanowire mobilities can 
be severely underestimated if the actual system capacitance is 
not known. This also provides a large capacitance per unit area, 
lowering the necessary operating gate voltages. This device 
structure has been used to measure the energy spacing between 
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 Figure 5.    Nanowire fi eld effect transistors. a) Schematic of a typical 2-terminal back-gated nanowire fi eld effect transistor with (top) a HRTEM image 
of a 5 nm diameter SiNW. Panels (a) and (d) Reproduced with Permission. [ 64a ]  Copyright 2003, American Chemical Society. b) Schematic of the various 
geometric considerations for NWFETs. Reproduced with permission. [ 76 ]  Copyright 2007, American Chemical Society. c) Change in measured mobility 
in a SiNW with various surface treatments. Inset equation is used to calculate the mobility, where I sd , V g , m, C, V sd , and L are the source-drain cur-
rent, gate voltage, mobility, gate capacitance, source-drain voltage, and channel length, respectively. Reproduced with permission. [ 64b ]  Copyright 2006, 
American Chemical Society. d) Difference in resistance from before (green line) and after (red line) thermal annealing. Reproduced with permission. 
e) SEM image of a 4-terminal electrical device of a SiNW, scale bar of 1 mm. Reproduced with permission. [ 77 ]  Copyright 2009, Nature Publishing Group. 
f) Mobility as function of doping without consideration of contact resistance (blue triangles) and with consideration (red circles). Reproduced with 
permission. [ 74 ]  Copyright 2004, Wiley-VCH. Images illustrating the Si/SiNi x  interface at high resolution with the corresponding FFT patterns of each 
phase (g) and nanoscale control of channel length (h) by masking with another SiNW (inset). Reproduced with permission. [ 75 ]  Copyright 2004, Nature 
Publishing Group. Scale bars for (g), (h), and inset are 5, 10, and 20 nm, respectively.



2149

www.advmat.de

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

1D subbands in Ge/Si core/shell nanowires responsible for 
observed ballistic transport. [ 81 ]  The same core/shell system and 
top-gated device structure was also shown to produce NWFETs 
with excellent mobility and transconductance values when a 
high-k dielectric was used. [ 82 ]  

 Both back- and top-gated geometries involve nanowires lying 
in the plane of a substrate, a direction not necessarily ideal 
for electronic integration since most growth techniques pro-
duce nanowires in various orientations away from the surface 
plane. Therefore, geometries with vertical nanowire channels 
have been developed. Figure  6 c shows a schematic of a single 
vertical nanowire FET, where the gate is placed at the end of 
the channel over the drain. [ 83 ]  This allows the gate bias to not 
only modulate the charge carrier density but to also add to the 
acceleration of electrons at the drain. In an approach more 
closely related to standard FET geometries, the benefi ts of the 
top-gated geometry can be extended to vertically aligned nanow-
ires, wherein the gate metal and dielectric completely surround 
the nanowire (Figure  6 d,e). This can be achieved by conformal 
deposition of various dielectric materials around the vertical 
nanowire channel using chemical vapor deposition. [ 84 ]  However, 
if the material can be controllably oxidized (as in the case for Si), 
thermal conversion of the surface into a gate dielectric provides 
the ability to achieve channel diameters much smaller than can 
be grown [ 85 ]  (considering survival after processing), while also 
benefi ting from a lower density of charge-trapping states near 
the core/shell interface [ 86 ]  compared to a deposited oxide. [ 87 ]    

 3.3.     Dopant Distribution and Effectiveness 

 Early work on controlling the carrier type and concentration 
of SiNWs allowed for the creation of various devices, but a 

deeper understanding of the dopant effectiveness and distribu-
tion in SiNWs has been gained since that time. For example, 
charge depletion as a result of surface states (even on passiv-
ized surfaces) can limit the effective channel diameter, creating 
the need to distinguish between the physical radius and elec-
tronic radius, the latter of which more accurately defi nes the 
charge-carrying cross-sectional area ( Figure    7  a). Furthermore, 
dielectric mismatch between a nanowire and the surroundings 
can also cause changes in electrical behavior by increasing the 
ionization energies for dopants near the nanowire surface. [ 89 ]  
This effectively deactivates the dopants near the surface of the 
active channel not covered by the gate stack. [ 77 ]  However, given 
an adequate doping density and surface treatments, SiNWs as 
small as ∼1 nanometer in diameter can overcome this effect 
to exhibit bulk-like resistivities. [ 90 ]  While this effect was dem-
onstrated in SiNWs, it is universal to all semiconducting 
nanowires.  

 Additionally, it has been shown that most synthetic tech-
niques do not produce SiNWs with uniform dopant distribu-
tions, as is assumed in the calculations of dopant concentra-
tions in a nanowire FET. Through capacitance-voltage measure-
ments, the radial dopant profi le in post-annealed SiNWs was 
found to not be constant, as expected from the fi nite time and 
temperature used in the dopant diffusion process (Figure  7 c). [ 88 ]  
However, even when SiNWs are doped during growth, the dis-
tribution of dopants is not necessarily uniform. Boron dopants 
have been found to form a concentration gradient along the 
length of VLS-grown SiNWs, with the lower amount of boron 
always occurring on the catalyst end. [ 91 ]  A similar result was 
obtained by using atom probe tomography to directly measure 
the dopant concentrations in arbitrary regions of individual 
Ge nanowires (Figure  7 d). [ 92 ]  These non-uniformities can pos-
sibly be attributed to unintentional surface doping and dopant 
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 Figure 6.    NWFET geometries. a) Gate capacitances per unit length with SiO 2  gate dielectrics in the back-gated geometry as function of t/R, where t and 
R are the distance between the gate and center of the nanowire and the radius of the nanowire, respectively. Reproduced with permission. [ 79 ]  Copyright 
2006, American Institute of Physics. b) Schematic (left) and SEM image with scale bar of 1 mm (right) of a top-gated NWFET. The inset is a cross-
section of the device structure with a scale bar of 100 nm. Reproduced with permission. [ 88 ]  Copyright 2009, Nature Publishing Group. c) Schematic 
representation of a vertically-integrated In 2 O 3  NWFET, with the gate electrode over the drain electrode. Reproduced with permission. [ 83 ]  Copyright 2004, 
American Chemical Society. d) SEM images (scale bar is 200 nm for each) of a vertical NW cladded with oxide and metal along the length (left) and 
through the cross-section (right). Reproduced with permission. [ 84b ]  Copyright 2004, American Chemical Society. e) SEM image of a vertically integrated 
surround-gate NWFET and corresponding pictorial diagram (scale bar is 500 nm). The false coloring is for added clarity of position for the various 
device components. Reproduced with permission. [ 86 ]  Copyright 2006, American Chemical Society.
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diffusion occurring during synthesis, which can be suppressed 
and overcome to produce doping concentration variations that 
are over 2 orders of magnitude reduced (Figure  7 e,f). [ 93 ]  While 
these studies were performed on Si and Ge nanowires, assump-
tions made on dopant distributions in any nanowire material 
need to be considered with additional care.   

 3.4.     Germanium, Metal Oxide, and III/V Nanowire FETs 

 Many other III/V, sulfi de, and oxide materials have been 
explored using various device geometries. As opposed to using 
these materials to optimize device performance, many studies 
use the device characteristics to gain information about carrier 
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 Figure 7.    Dopant effectiveness and distribution. a) Pictorial representation of the effect surface states have on depletion at the surface of a nanowire, 
including corresponding band diagram (left). Arrhenius plot for nanowires of various diameters, showing that dopants in smaller nanowires have higher 
ionization energies (right). Reproduced with permission. [ 77 ]  Copyright 2009, Nature Publishing Group. b,c) Radial distribution of dopants in Ge and 
Si nanowires as measured by atom-probe tomography (APT) and electrical C-V methods, respectively. The difference in dopant profi les approaching 
the surface is likely due to the different doping techniques used (during growth versus post-growth annealing). d) Dopant profi le along the axis of a 
Ge nanowire (TEM image below) as measured by APT. Panels (b)-(d) reproduced with permission. [ 88,92 ]  Copyright 2009, Nature Publishing Group. 
e) Photocurrent maps comparing SiNWs grown in He (top) and H 2  (bottom) conditions illustrating the results of dopant inhomogeneity from one end 
to the other (f). Reproduced with permission. [ 93 ]  Copyright 2011, American Chemical Society.
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concentrations and mobilities of the nanowire material acting 
as the active channel. This mode of operation can be used as a 
powerful means of quantitative comparison between synthetic 
techniques of similar materials, assuming careful and knowl-
edgeable device operation and data analysis. 

 Germanium nanowires (GeNWs) hold many chemical simi-
larities to SiNWs, leading to a similar ability to control the car-
rier type and concentration. [ 94 ]  However, there do exist some 
important differences. In particular, the stability of the oxide 
makes them very sensitive to oxidation and corrosion. There-
fore, surface passivation techniques have been studied and 
developed specifi cally for GeNWs so that electrical stability can 
be achieved even in oxidative conditions. [ 95 ]  With these consid-
erations in mind, both back- and top-gated GeNW FET geom-
etries have exhibited excellent device performance. [ 96 ]  

 III/V materials have also been incorporated into various FET 
geometries with the goal of either high device performance or 
material characterization. Early work on nanowire electronics 
involved InP nanowires that were assembled to provide larger-
scale electronic devices from the bottom up. [ 97 ]  Since that time, 
nanowire devices using high-mobility materials have exhibited 
similar properties to their bulk counterparts. Top-gated InAs 
nanowires exhibited mobilities as high as 6580 cm 2 V −1 s −1  
without the assistance of passivation, [ 98 ]  although passivation 
has been shown to improve the sub-threshold slope. [ 99 ]  Sur-
face properties such as roughness can still contribute to charge 
scattering in small (< 20 nm) diameter nanowires. [ 100 ]  Gallium 
nitride nanowire FETs can exhibit electron mobilities ranging 
from 65 cm 2 V −1 s −1  for low-temperature MOCVD synthesis [ 101 ]  
to 650 cm 2 V −1 s −1  for high-temperature laser-assisted growth, [ 102 ]  
without consideration of contact resistance. The carrier type 
can be switched to holes via suffi cient doping with magnesium, 
as demonstrated in thin fi lm devices, but hole mobilities are 
lower (∼12 cm 2 V −1 s −1 ). [ 103 ]  

 Several metal oxides, including ZnO, In 2 O 3 , and SnO 2 , have 
also been studied using nanoscale devices. ZnO NWs are per-
haps the most studied among the oxides, and their conduc-
tivity can range from insulating to highly conductive without 
the use of external dopants. Intrinsic defects such as oxygen 
vacancies and zinc interstitials act as donors, causing as-made 
samples to be more electrically conductive than the band gap 
alone would suggest. [ 104 ]  Depending on the synthetic condi-
tions, ZnO nanowire FETs typically yield electron mobilities 
and carrier concentrations anywhere between 5–25 cm 2 V −1 s −1  
and 10 16 –10 18  cm −3 , respectively, [ 105 ]  although much higher 
mobility values have been reported when device conditions are 
optimized. [ 106 ]  Group III elements, such as Ga, [ 107 ]  In, [ 108 ]  and 
Al, [ 109 ]  have all been used to increase the electron concentra-
tion when substituted for Zn. On the other hand, many studies 
have focused on inducing hole conduction with the goal of 
creating homojunction optoelectronic devices. P-type conduc-
tion has been reported in ZnO nanowires by directly creating 
acceptor states using Li, [ 110 ]  P, [ 111 ]  and N [ 112 ]  as a substitutional 
dopant for Zn and/or O. Indirect doping, using Sb to create 
structural features that induce extra rows of oxygen atoms that 
act as acceptor states, has also been demonstrated. [ 113 ]  Due to 
the eventual compensation of electrons from intrinsic donors 
whose formation energy is inversely related to the concentra-
tion of active acceptors, [ 114 ]  continuing work in this area has 

focused on the stability and reproducibility of electrical proper-
ties. In addition to ZnO, intrinsically insulating SnO 2  nanow-
ires can be doped with Sb [ 115 ]  or Ta [ 116 ]  to increase conductivity, 
yielding transparent FETs with mobilities ranging from 150 to 
550 cm 2 V −1 s −1 , respectively. Likewise, In 2 O 3  nanowires typically 
have intrinsically high resistivities, with electron mobilities as 
high as 71 cm 2 V −1 s −1 , [ 117 ]  yet they can be controllably doped to 
metallic-like conductivity levels using Sn or Mo. [ 118 ]    

 3.5.     Electronic Sensor Devices 

 Much of the early work on SiNW FETs focused on mitigating 
the effects of the surface on conduction, in order to maintain 
the pristine nature of the single crystal nanowire channel. 
However, this sensitivity to surface changes can be quite 
advantageous for sensing applications. Chemical, molecular, 
and biological detection at extremely low concentrations is 
made possible by measuring the change of an electrical signal 
resulting from reactions and/or effects of species on the sur-
face of the nanowire channel, even if the exact mechanisms 
may not be fully understood. Ideally, a change in the electric 
fi eld around the nanowire channel that results from binding of 
a charged species will cause a corresponding change in conduc-
tion, effectively acting as a top- or surround-gate electrode. The 
binding of specifi c species can be targeted by functionalization 
of the surface with materials or molecules that promote the 
intended interaction. While similar effects can be observed in 
planar sensors, nanowires can have radii on the order of the 
Debye length (the distance within which electron exchange can 
take place between the surface and the bulk), making the entire 
channel susceptible to surface changes. These considerations 
allow for real-time, high-sensitivity, and high-selectivity sensing 
using sensors that incorporate nanowires. 

 Several nanowire materials that have been extensively 
studied as active channels in FET devices have also been 
explored for sensing applications. Specifi cally, the surfaces of 
metal oxides, upon which a specifi c reaction can occur, serve 
as excellent gas sensors. For example, electrical detection of O 2  
and CO has been achieved using SnO 2  nanowires. [ 119 ]   Figure    8  b 
schematically illustrates the reaction of these gaseous species 
with the NWs. The formation of oxygen vacancies (electron 
donors) at the nanowire surface is a result of interaction with 
a combustible gas (CO), which increases the conduction of the 
nanowire channel due to accumulation. In an oxidative environ-
ment, the oxygen vacancy concentration is reduced, restoring 
the SnO 2  to an insulating state by depletion (Figure  8 a). The 
relative oxidative/reductive potential of the SnO 2  surface can be 
infl uenced by creating photogenerated holes upon UV irradia-
tion, leading to sensible changes in channel current from con-
trollable adsorption/desorption of reactive species. [ 120 ]  Similar 
work showed that intrinsically conductive SnO 2  can exhibit fast 
response times and a high sensitivity to slight changes to the 
relative humidity in air (Figure  8 c). [ 121 ]  Even greater chemical 
reactivity and selectivity can be achieved by either the addi-
tion of catalyst particles to help facilitate the redox process [ 122 ]  
or by independently controlling the electron density via a gate 
bias. [ 123 ]  Likewise, In 2 O 3  and TiO 2  nanowires have also exhib-
ited high sensitivities to specifi c chemical species, including 
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NO 2  and NH 3 . [ 124 ]  Detection as low as ∼20 ppb of NO 2  was 
achieved using a single In 2 O 3  nanowire device, with 5 ppb 
detection possible when multiple devices are used. [ 125 ]  While 
materials grown by bottom-up methods are usually used in 
these devices, top-down processes can be used to defi ne the 
active channel as well, as was demonstrated by sensing gaseous 
ethanol with fully integrated TiO 2  nanowires etched from a 
deposited thin fi lm (Figure  8 d,e). [ 126 ]   

 Similar to the previous oxide materials, ZnO nanowires have 
been utilized to sense chemical species including, ethanol, [ 127 ]  
oxygen, [ 105a , 128 ]  and hydrogen. [ 129 ]  When studied within NWFET 
devices, the ZnO nanowires exhibited an increase in threshold 
voltage as a function of the partial pressure of oxygen, indi-
cating a decrease of mobile electrons that result from the sur-
face interaction with oxygen (Figure  8 f). Since the sensitivity of 
a sensor can suffer from either an excess or shortage of elec-
trons depending on the concentration and magnitude of an 
effect on the nanowire channel, the carrier concentration can 
be kept at the optimal value for maximum sensitivity. This 
typically occurs in the subthreshold region by controlling the 
charge population with an applied gate bias. [ 130 ]  Furthermore, 
adsorbed molecules can be controllably desorbed with applica-
tion of a large negative gate bias, the magnitude of which can 
be used to distinguish between chemical species (Figure  8 g). [ 131 ]  

 Nanowire sensors are not limited to the detection of gaseous 
chemical species. Much work has been directed at the spe-
cifi c detection and sensing of organic and biological species. 
As opposed to the case of metal oxide nanowires, the sensing 
species does not react directly with the nanowire surface, typi-
cally requiring chemical modifi cation with functional groups to 
increase the measureable interactions. Due to the vast amount 

of data concerning surface functionalization in silicon, SiNWs 
can be easily modifi ed to serve as specifi c and sensitive sensors 
for biological receptor groups in addition to molecular detec-
tion. [ 132 ]  Once immersed in an aqueous solution containing the 
species of interest with net charge, a corresponding change in 
surface potential can be electrically detected. 

 SiNWs were fi rst used as chemical and biological sensors by 
Cui et al. [ 133 ]  in 2001, and many subsequent studies have dem-
onstrated the robustness, sensitivity, and specifi city that SiNW 
sensors can provide. For example, SiNW sensors functionalized 
with PNA receptors exhibit real-time, ultrasensitive detection of 
DNA, down to ∼10 femtomolar concentrations. [ 134 ]  Through the 
use of covalently linked antibody receptors to the silicon sur-
face, the detection of single viruses using SiNW array devices 
was also accomplished ( Figure    9  b). [ 135 ]  Additionally, real-time, 
label-free detection of cancer markers [ 136 ]  and prostate-specifi c 
antigens [ 137 ]  have  been realized through the utilization of SiNW 
sensors with appropriate surface modifi cations (Figure  9 a,c). A 
general approach to incorporate specifi c SiNW devices to sense 
specifi c biological species has been developed in great detail, [ 138 ]  
as well as the demonstration of immunodetection with CMOS-
compatible fabrication techniques. [ 139 ]   

 While real-time detection of various biological species has 
been demonstrated at low concentrations due to the increased 
signal-to-noise ratio inherent to the nanowire structure, certain 
considerations have been examined to optimize device perfor-
mance. For example, it has been shown that the sensitivity of 
DNA detection varies as a function of the DNA strand from 
the SiNW surface. [ 140 ]  The observed decrease of sensitivity 
with increasing distance from the surface is a result of charge 
screening provided by the electrolyte. [ 141 ]  Additionally, mass 
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 Figure 8.    Nanowire chemical sensors. a) Schematic (left) of NO 2  sensing mechanism in SnO 2  nanoribbons under UV irradiation, which leads to 
increased wire conductivity and a reduced depletion layer thickness. This enables NO 2  sensing (right) with a resolution limit of 5–10 ppm. Reproduced 
with permission. [ 120 ]  Copyright 2002, Wiley-VCH. b) Mechanistic schematic of chemical species interaction (reaction below) with the surface of SnO 2  
nanowires. Reproduced with permission. [ 119 ]  Copyright 2003, Wiley-VCH. c) Current responses to various relative humidity percentages vs. applied 
source-drain bias. Insets are an illustration and SEM image of the 2-termal nanowire sensor device. Reproduced with permission. [ 121 ]  Copyright 2007, 
American Chemical Society. d,e) SEM image of top-down fabricated TiO 2  nanowires with ethanol sensing performance (light squares) with time as 
compared to a thin fi lm control device (dark squares). While higher currents are observed in the fi lm sample, higher sensitivity is observed in the 
nanowire device. Reproduced with permission. [ 126 ]  Copyright 2008, Elsevier. f) Transconductance of a ZnO NWFET under various pressures with cor-
responding I-V sd  curves (inset). Reproduced with permission. [ 128b ]  Copyright 2004, American Institute of Physics. g) Current response (middle line) of 
a ZnO nanowire over time when in the presence of NO 2  (top line) and when reset by a large gate bias (bottom line). Reproduced with permission. [ 131 ]  
Copyright 2005, American Institute of Physics.
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transport effects in the sensing medium can limit the overall 
sensitivity. [ 142 ]  In static or conventional microfl uidic confi gura-
tions, even nanoscale sensor sensitivities are unlikely to exceed 
the ∼femtomolar range for assays performed on the order of 
minutes. Additionally, ultrafast detection (<100 s) at femto-
molar concentrations may also be diffi cult to achieve in prac-
tice due to the tradeoff between settling time and detectable 
concentration, [ 143 ]  although careful control of the Debye length 
and velocity of injected solution can allow for faster detection 
speeds. [ 144 ]  Therefore, failure of detection may not be due to the 
intrinsic nanowire sensor itself, but rather a limit of the system.    

 4.     Nanowire Photonics 

 Nanowires as photonic components have gone through more 
than a decade of intense studies. These nanoscale materials 
provide a natural and versatile platform for miniaturized optical 
and optoelectronic devices—a general effort across semicon-
ductor industries. The desire for device miniaturization has 
led to a variety of opportunities and challenges, and nanowires 
have exhibited advantageous light emitting, photon collecting, 
and optical wave manipulating functions. [ 145 ]   

 4.1.     Nanowire Waveguides 

 Nanowires are naturally one-dimensional optical waveguides 
with nanoscale cross-sectional areas. Nanowires synthesized 
chemically (using bottom-up methods) are particularly inter-
esting because their atomically smooth side walls allow pho-
tons to propagate along the nanowires with low losses. These 

subwavelength waveguides are critical for the development of 
photonic circuits, where light generated from one miniaturized 
source needs to be captured and delivered precisely to the next 
components along the logic operation trains. 

 Among the various nanowires which have been studied, 
those composed of binary oxides exhibit several advantages 
including single crystallinity, a high degree of fl exibility, and 
high refractive indices. Tin dioxide (SnO 2 ) nanoribbons, for 
instance, have proven to be excellent subwavelength waveguides 
for light above the wavelength of their band-edge emission. [ 146 ]  
With a geometrical cross section of 100–400 nm, these nanorib-
bons have demonstrated effi cient waveguiding with losses from 
1–8 dB/mm at a wavelength of 450–550 nm, which is suffi cient 
considering the typical dimensions of photonic circuits. Under 
UV illumination, these nanoribbons can emit visible light and 
serve as the nanoscale light source and waveguide simultane-
ously; alternatively, because of their remarkable mechanical 
fl exibility, SnO 2  nanoribbons can be linked to other photolumi-
nescent nanowires (e.g. GaN and ZnO) and plasmonic nanow-
ires [ 147 ]  and have even coherent lasing pulses launched into 
the nanoribbons with simple tangential evanescent coupling 
schemes. In addition to guiding light in air, SnO 2  nanoribbons 
are capable to guide optical propagation in water or other liquid 
media because of their large refractive index (n = 2.1). [ 148 ]  Such 
a capability is particularly important for applications such as 
on-chip chemical or biological spectroscopy. 

 Nanowire waveguides can exhibit more active functions 
rather than simply passive waveguiding. SnO 2  nanoribbons 
with nanoscale cross sections can be used as short-pass fi lters 
as broadband light propagating along the nanowires. Cut-off 
frequencies of 465 nm, 492 nm, 514 nm, 527 nm, and 580 nm 
have been observed in SnO 2  nanowires with cross-sectional 
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 Figure 9.    Nanowire biological sensors. a) (top) Schematic of SiNW devices modifi ed with different antibody receptors, making interaction device 
specifi c. (middle) Change in conductance as a function of prostate specifi c antigen (PSA) in a surface-modifi ed SiNW device. The inset is the actual 
conductance as a function of time when various buffer solutions are used. (bottom) Optical image of a nanowire device array above a schematic 
of the electrode and nanowire confi guration (rotated 90° from optical image). Reproduced with permission. [ 136 ]  Copyright 2005, Nature Publishing 
Group. b) (top) Conductance responses and (below) corresponding optical images tracking the position of a single infl uenza virus (red dot) relative 
to the SiNW (white arrow). Reproduced with permission. [ 135 ]  Copyright 2004, National Academy of Sciences, USA. c) (top) SEM image and (bottom) 
real-time conductance of a SiNW channel fabricated from a Si-on-insulator substrate with 13 nm Au nanoparticles conjugated with DNA immobilized 
on the surface. The dimensions of the various channels are given in the graph (channel number and width/length). Reproduced with permission. [ 137 ]  
Copyright 2007, American Institute of Physics.
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× 115 nm, 250 nm × 225 nm, and 372 nm × 140 nm, respec-
tively. [ 146 ]  With unique geometries such as multi-branched 
nanoribbon assemblies, light sorting and color-differentiated 
optical routing can be achieved based on the dimension-
dependent fi ltering effect. Nanowires are also prominent candi-
dates for biochemical sensing. While evanescent wave sensing 
has been demonstrated using conventional optical fi bers, sub-
wavelength fi bers can carry a larger fraction of their modal 
power outside of the core and therefore enhance the interac-
tions between the guided optical modes and the adsorbed mol-
ecules. [ 148 ]  Whether the sensors are operated based on optical 
absorption or perturbation of local refractive index of adsorbed 
molecules, improved sensitivity was observed with reduced 
thickness of the nanoribbons. [ 146 ]  

 The strong light-matter interactions in the nanowires were 
also reported via laterally confi ned resonances. Nanowires with 
subwavelength diameters can be viewed as scaled-down version 
of microcylinder resonators that can weakly trap light in circu-
lating orbits by multiple total internal refl ections. [ 149 ]  Compared 
to micrometer-scale resonantors, the resonant modes confi ned 
in nanowires tend to be leaky and interact more effectively with 
the outside media. Reciprocally, the light illuminated vertically 
(in contrast to the end-fi ring scheme) onto the nanowires can 
penetrate into the nanowires and form resonances therein. [ 149 ]  
Enhanced optical absorption and photocurrent was reported 
in Ge nanowire photodetectors by taking advantage of the 
leaky mode resonances ( Figure    10  b). Theoretical work showed 
that this concept can be generally applied to a wide variety of 
nanoscale semiconductor devices including solar cells, [ 150 ]  light 
emitters, and lasers. More importantly, leaky mode resonances 
with the corresponding absorption enhancement can be con-
veniently tuned to desirable a wavelength by varying the lateral 
dimensions of the nanowires.  

 Another property that can be purposely tuned in compound 
nanowires is the chemical composition of the nanomaterials. In 
fact, the nanowire geometry offers a unique platform for epi-
taxial alloy growth because of its large surface-to-volume ratio 

and strain relieving properties. A compositional gradient along 
the length of CdS x Se 1-x  alloy nanowires has been reported using 
an evaporation-source controlled CVD system (Figure  10 c). [ 151 ]  
The bandgap of these nanowires can be tuned from 2.4 eV at 
one end of a single nanowire to 1.7 eV at the other end. A uni-
form compositional gradient was evident from the continuous 
photoluminescent color variation observed along the nanowire 
under blue illumination (405 nm). Compared to homogeneous 
nanowire waveguides, such composition-graded nanowires 
exhibit rather unique waveguiding properties. Light propaga-
tion along one axial direction of the nanowires is different to the 
propagation along the reverse direction, leading to asymmetric 
light propagation – a crucial function needed for photonic cir-
cuit building blocks such as photonic diodes or transistors.   

 4.2.     Nanowire Lasers/LEDs 

 The miniaturization of optoelectronic devices is essential for the 
continued success of photonic technologies. Nanowires have 
been identifi ed as potential building blocks that mimic conven-
tional photonic components such as interconnects, waveguides, 
and optical cavities at the nanoscale. Semiconductor nanowires 
with high optical gain offer promising solutions for lasers with 
small footprints and low power consumption. 

 Since the fi rst demonstration of nanowire lasers in 2001, [ 152 ]  
optically pumped coherent laser emission has been achieved 
in nanowires. These nanowires act as both waveguides for 
optical cavities and gain media for light amplifi cation. Most 
of the nanowire lasers that have been reported were imple-
mented with simple single-nanowire cavities. In these cavities, 
high optical gain can be obtained because of the large overlap 
between the photonic mode and the semiconductor gain media. 
However, low refl ectivity at the end-facets (acting as mirrors of 
the laser cavities) of nanowires induces considerable losses to 
the cavities, which prevents shorter wires from lasing. There 
has also been some effort toward more effi cient lasing cavities, 
such as GaN ring resonators. [ 153 ]  
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 Figure 10.    Nanowire waveguides. a) Individual oxide nanoribbons can act as subwavelength optical waveguides and interconnect multiple photonic 
nanostructures. Reproduced with permission. [ 148 ]  Copyright 2005, National Academy of Sciences, USA. b) Leaky-mode resonances, which can gently 
confi ne light within subwavelength, high-refractive-index semiconductor nanostructures, can enhance and tune light absorption. Reproduced with 
permission. [ 149 ]  Copyright 2009, Nature Publishing Group. c) Asymmetric light propagation can be achieved using single semiconductor nanowires 
with a composition gradient along the length. Reproduced with permission. [ 151 ]  Copyright 2012, Nature Publishing Group.
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 Because of the small volume of materials (as little as a 
few cubic micrometers) used in nanowire lasers, the power 
required for nanowires to lase is quite low compared to macro-
scopic lasers. Electrically driven nanowire lasers were reported 
to reach lasing threshold with just a few microamps current. [ 154 ]  
By placing these nanowires in external cavities such as photonic 
crystal or distributed Bragg refl ectors with high refl ectivity, fur-
ther reduction of their lasing threshold is likely, even for lower 
power consumption. 

 Nanowires made of various materials provide opportunities 
for tunable light emitting devices across the UV, visible and 
near-infrared spectral regions, including ZnO (385 nm), [ 152,155 ]  
ZnS (337 nm), [ 156 ]  GaN (375 nm), [ 157 ]  CdS (490 nm), [ 154 ]  GaSb 
(1550 nm), [ 158 ]  and others. Assembly of a wide range of effi cient 
direct-gap III-V and II-VI nanowires with silicon nanowires 
and planar silicon structures has produced multicolor electri-
cally driven nanophotonic and integrated nanoelectronic-pho-
tonic systems. [ 159 ]  Alternatively, multicolor nanowire lasers can 
also be achieved using multi-quantum well (MQW) nanowire 
heterostructures, consisting of a GaN NW core that functions 
as the primary part of the optical cavity, and epitaxial InGaN/
GaN MQW shells that serve as the composition tunable gain 
medium. [ 160 ]  Optical excitation of individual MQW NW struc-
tures yielded lasing with emission engineered from 365 to 
494 nm through modulation of quantum well composition 
( Figure    11  a).  

 Compositional tuning of nanowires exhibits increased fl ex-
ibility compared to bulk materials because their high surface 
areas assist in strain relaxation, which is particularly impor-
tant for the growth of nanowires epitaxially on substrates with 
a large lattice mismatch. Heteroexpitaxial growth of In x Ga 1-x N 
nanowire arrays on c-plane sapphire was achieved using a 
halide chemical vapor deposition technique. [ 161 ]  Photolumi-
nescence measurements demonstrated the broadband tunable 
direct band gap of these InGaN nanowires. NanoLEDs fabri-
cated from nanowires epitaxially on grown p-GaN substrates 

exhibited electroluminescence ranging from blue to orange, 
corresponding to an Indium composition from 6% to 43% 
(Figure  11 b). Spectral tunability of nanowire lasers has also 
been demonstrated in organic nanowires. [ 162 ]  Fluorine-based 
conjugated polymer nanowires can be synthesized with varying 
compositions, and thus can provide additional opportunities for 
continuously tunable laser light. 

 Although substantial effort has been directed towards con-
trolling their size, shape, and composition, most nanowire 
lasers currently suffer from emitting at multiple frequencies 
simultaneously, arising from the longitudinal modes native to 
simple Fabry-Pérot cavities. As miniaturized lasers are expe-
riencing a rapid increase in applications for digitized com-
munication and signal processing, the monochromaticity of 
the lasing output becomes an important fi gure of merit. Laser 
emission at multiple frequencies can lead to both temporal 
pulse broadening and false signaling because of group velocity 
dispersion. These problems can be avoided by controlling the 
laser to oscillate at a single frequency. 

 Coupling nanowire cavities is a promising route to produce 
single-mode operation. Following the Vernier effect, when 
two sets of Fabry-Pérot modes interact coherently with each 
other, only the modes that share the same frequencies will be 
outstanding and observed in the lasing spectra. With prop-
erly designed coupled cavities, single frequency lasing can be 
achieved in optically coupled nanowires. So far, two coupling 
schemes have been reported in the context of nanowires. By 
crossing two nanowires or having a single nanowire forming 
a small loop at on end, single frequency lasing with high 
suppression ratio (against the neighboring modes) around 
a wavelength of 738 nm was demonstrated in CdS nanow-
ires (Figure  11 c). [ 163 ]  This form of evanescent wave coupling 
is highly sensitive to geometric parameters such as inter-
nanowire distances, lengths of the coupled segments, and 
perimeters of the nanowire loops. An alternative photonic 
architecture to increase the free spectral range is the radiative 
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 Figure 11.    Light emission from nanowires. a) Multi-quantum-well (MQW) core/shell nanowire heterostructures based on well-defi ned III-nitride 
materials enable lasing over a broad range of wavelengths at room temperature. Reproduced with permission. [ 160 ]  Copyright 2008, Nature Publishing 
Group. b) Wavelength-tunable LEDs were fabricated from In x Ga 1-x N nanowires with various indium compositions epitaxially grown on p-GaN(001). 
Reproduced with permission. [ 161 ]  Copyright 2011, American Chemical Society. c) A single-mode nanowire laser can be obtained by folding one or two 
ends of a nanowire into micro loops to form loop mirrors. Reproduced with permission. [ 163 ]  Copyright 2011, American Chemical Society. d) Versatile 
manipulation of lasing spectral modes has been theoretically investigated and experimentally demonstrated by creating cleaved-coupled cavities in 
gallium nitride (GaN) nanowires. Reproduced with permission. [ 164 ]  Copyright 2013, National Academy of Sciences, USA.
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known as the cleaved-coupled cavity. Spectral manipulation of 
lasing modes and lasing operation at a single ultraviolet wave-
length at room temperature was achieved by creating cleaved-
coupled GaN nanowires – the smallest cleaved-coupled cavities 
to date (Figure  11 d). [ 164 ]  Besides the reduced number of lasing 
modes, the cleaved-coupled nanowires also operate with a lower 
threshold gain than that of the individual component nanow-
ires. A set of numerical methods were developed to verify the 
operating mechanism of such cleaved-coupled nanowire cavi-
ties and provide rational design principles for control of lasing 
modes in nanowire lasers.   

 4.3.     Nanowire Plasmonics 

 Miniaturization of semiconductor lasers is critical for the devel-
opment of chip-integrated photonic and optoelectronic devices. 
While the use of semiconductor nanowires can reduce the scale 
of such devices to half of the operating wavelength, they are still 
subject to the restriction of the diffraction limit. By integrating 
plasmonic effects, miniaturization of photonic nanowires can 
be further extended to deep-subwavelength scales beyond the 
diffraction limit. 

 Surface plasmons are collective oscillations of electrons on 
plasmonic metal surfaces, which can guide and manipulate 
light on scales much smaller than the wavelength. Pure plas-
monic waves propagating on metal surfaces typically experience 
severe Ohmic losses at optical frequencies. Theoretical work, 
however, predicted that the losses can be signifi cantly reduced 
with hybrid plasmonic modes forming between a semicon-
ductor nanowire and a plasmonic metal surface, opening the 
door for the realization for truly nanoscale lasers. [ 165 ]  The cou-
pling between the plasmonic and photonic waveguide modes 
across the gap enables energy storage in non-metallic regions 
and allows plasmonic waves to travel over large distances with 

strong mode confi nement. Using a hybrid plasmonic waveguide 
consisting of a high-gain CdS nanowire separated from a silver 
surface by a 5-nm thick insulating (MgF 2 ) gap, the formation of 
surface plasmons amplifi ed by stimulated emission of radiation 
(SPASER) was demonstrated ( Figure    12  a). [ 166 ]  Since plasmonic 
modes have no cutoff, downscaling of the lateral dimensions 
of both the device and the optical mode to deep-subwavelength 
scales was achieved. The close proximity of the semiconductor 
and metal interfaces concentrates light into a so-called modal 
area as small as λ 2 /400. In addition to ultra-small optical mode 
volumes, the hybrid SPASERs can also operate with smaller 
physical size than conventional lasers. While CdS nanowires 
with diameters smaller 150 nm are not able to lase, hybrid plas-
monic CdS nanowires as thin as 50 nm can still emit lasing 
light, although the threshold increases signifi cantly owing to 
the reduction in the total gain material volume. The successful 
demonstration of such hybrid SPASERs is also due to a high 
Purcell factor – a parameter indicating enhanced emission rate 
– due to strong optical mode confi nement. The high Purcell 
factor not only induces high effective gain in the hybrid wave-
guide, but also leads to a high spontaneous emission factor (the 
beta factor, indicating the portion of the spontaneous emission 
that couples to the lasing mode). With a high Purcell factor 
and beta factor, smearing of the lasing threshold was observed, 
which can potentially lead to threshold-less lasers in the future.  

 Because of the hybrid nature of this semiconductor 
nanowire-metal thin fi lm structure, not only is the quality of 
the semiconductor material important, but the plasmonic metal 
surface also dictates the performance of such SPASERs. It was 
reported that by making the silver fi lm atomically smooth, 
InGaN/GaN core-shell nanowires shorter than 500 nm (i.e. 
requiring larger effective gain to reach the lasing threshold) 
can also operate as SPASERs (Figure  12 b). [ 167 ]  The epitaxially 
grown silver fi lm is crucial for reducing the modal volume and 
plasmonic losses, and therefore allows the hybrid SPASER to 
be operated under continuous-wave excitation. The impact of 
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 Figure 12.    Plasmonic nanowires. a) Nanometer-scale plasmonic lasers were demonstrated with optical modes a hundred times smaller than the 
diffraction limit. Reproduced with permission. [ 166 ]  Copyright 2009, Nature Publishing Group. b) A SPASER under CW operation was created using 
epitaxially grown, atomically smooth Ag fi lms as a scalable plasmonic platform. Reproduced with permission. [ 167 ]  Copyright 2012, American Academy 
for the Advancement of Science. c) A photodetector with nanoscale plasmonic electrical contacts has been designed to render the device ’invisible’ 
over a broad frequency range. Reproduced with permission. [ 168 ]  Copyright 2012, Nature Publishing group.
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plasmonic lasers on optoelectronics integration is potentially 
signifi cant because the optical fi elds of these devices rival the 
smallest commercial transistor gate sizes, and thereby reconcile 
the length scales of electronics and optics. 

 The combination of plasmonic resonances and semicon-
ductor nanowires can lead to other exotic effects that give 
additional functions to traditional optoelectronic devices. With 
properly designed geometries, nanowire photodetectors cov-
ered with plasmonic metals can be “invisible” (low optical scat-
tering) over a broad frequency range (Figure  12 c). [ 168 ]  In these 
devices, the constituent semiconductors and metals naturally 
play an electronic (charge extraction) and optical (cloaking) 
function at the same time and in the same physical space. 
Demonstration of such invisible photodetectors inspires a 
bright future, in which the geometry of some of the nanowire 
devices could be reengineered such that the constituent mate-
rials could simultaneously perform valuable electronic and 
optical functions.    

 5.     Nanowire Thermoelectrics 

 Thermoelectric materials can convert thermal energy to elec-
trical energy. This conversion process is reversible, so they can 
also be used as solid-state coolers. In the presence of a tem-
perature gradient, majority charge carriers diffuse from the hot 
side to the cold side of the material until an opposing electric 
fi eld is formed that is suffi cient to stop the fl ow of charge. This 
open circuit voltage is linearly proportional to the temperature 
gradient and is determined by a material dependent property 
called the Seebeck coeffi cient ( S  = d V /d T ). 

 The world uses approximately 500 quads (1 quad = 10 15  BTU 
∼10 18  J) of energy annually. This energy is either used for 
direct heating or power generation, which typically operates at 
30∼40% effi ciency and loses thermal energy as waste heat to the 
environment. Thermoelectric modules can potentially utilize a 
portion of this low-grade waste heat for electricity production, 
leading to enhanced overall conversion effi ciency. Moreover, 
these stationary solid-state devices are simple and silent com-
pared to other waste heat recovery systems that require moving 
parts. [ 169 ]  

 The performance of thermoelectric materials is characterized 
by their dimensionless fi gure of merit ( ZT ) as follows:
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 where,  σ  is electrical conductivity and  k e   and  k ph   are electronic 
and lattice contribution to thermal conductivity. High elec-
trical conductivity, high Seebeck coeffi cient, and low thermal 
conductivity are required in order to maximize  ZT . While  S , 
 σ , and  k  can be individually tuned by several order of magni-
tudes, their interdependent nature makes the design of highly 
effi cient thermoelectric materials very challenging. Their rela-
tionship can be simplifi ed for degenerate semiconductors and 
metals by the Mott-Jones relation, assuming a parabolic band 
model and the energy independent scattering approximation, 
as follows: [ 170 ] 

 
S

k

eh
m T

n
B8

3 3

2 2

2
*

2
3π π= ⎛

⎝⎜
⎞
⎠⎟  

 (2)

 

 where  m * is the carrier effective mass and  n  is the carrier con-
centration. Other conventional equations derived by the Boltz-
mann transport equation and the Fermi-Dirac statistics can be 
found elsewhere. [ 171 ]  A high carrier concentration reduces the 
Seebeck coeffi cient while it increases the electrical conduc-
tivity. A heavy effective mass with fl at bands and high density 
of states (DOS) is benefi cial for the Seebeck coeffi cient, but it 
decreases the mobility and electrical conductivity. The thermal 
conductivity is also coupled with electrical conductivity;  k = k e  + 
k ph  . Even though thermal energy is mainly conducted by pho-
nons for insulators and non-degenerate semiconductors, the 
contribution of electrons in degenerate semiconductors and 
metals becomes signifi cant. 

 Since Bi 2 Te 3  and its alloys were discovered to have ZT ∼ 1 
at room temperature in 1950s, it has been very challenging to 
increase ZT to values greater than 1. [ 172 ]  The conversion effi -
ciency of thermoelectric generators is calculated by:
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 where  η c   is the Carnot effi ciency and  T c   and  T h   are the tempera-
ture of the cold and hot sides, respectively. Accordingly,  ZT  > 3 
is often targeted for the solid state thermoelectric generators 
in order to compete with conventional heat engines. Existing 
approaches such as heavy element alloying or point defect/
interface engineering are promising but have not reached 
 ZT  > 3 yet. [ 173 ]  

 The nanowire geometry has two main potential advantages 
for thermoelectrics. First, the power factor in quantum wires 
can be increased due to band structure modifi cation. Second, 
strong phonon boundary scattering can effectively reduce the 
thermal conductivity compared to bulk materials. In 1993, 
Hicks and Dresselhaus predicted that an electronic band struc-
ture tuned by quantum confi nement effects in nanostructures 
should increase the power factor ( S 2 σT ) for quantum wires or 
quantum well structures dramatically. For example  ZT  ∼ 14 was 
predicted for Bi 2 Te 3  quantum wires. [ 174 ]  The sharp increase in 
the DOS near the Fermi level in a 1D structure may enhance 
the electrical conductivity and the ‘asymmetry’ of its band struc-
ture and may also lead to a larger Seebeck coeffi cient. [ 171 ]  Power 
factor enhancement was experimentally achieved by intro-
ducing resonant states or high valley degeneracy in electronic 
bands for bulk, but these approaches have not been applied to 
nanowire structures to our knowledge. [ 175 ]  

 Signifi cant research effort has been performed at the single 
nanowire level to characterize their fundamental thermoelectric 
properties. The measurement of the electrical conductivity and 
Seebeck coeffi cient of single nanowires is relatively common 
and can be measured by conventional photolithography tech-
niques including four-point probe electrodes, which also work as 
thermometers to sense the local temperature along the nanow-
ires for the Seebeck coeffi cient measurement. The thermal 
conductivity measurement, however, is more complicated 
because only the heat conduction through the nanowire should 
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radiation. [ 176 ]  To accomplish this, two suspended membranes 
with metal thermometers are thermally isolated and bridged 
by a nanowire, which provides the only heat channel between 
them. As one side is heated, heat is conducted through the 
nanowire from one side to the other, and temperature is simul-
taneously measured to calculate thermal conductance. However, 
as thermal contact resistance between the nanowire and the 
membrane is unknown, the thermal resistance of nanowires 
has to be carefully chosen to minimize the contact resistance. 

 Experimentally, much effort to synthesize Bi/Pb chalcoge-
nide nanowires has been performed due to their promising ZT 
values in the bulk materials. The thermoelectric properties of 
Bi-Te nanowires and their compressed composites have been 
widely studied, with mixed results. [ 177 ]  The electrical conduc-
tivity was suppressed for individual electrodeposited Bi x Te 1-x  
nanowires, possibly due to poor crystal quality. [ 177a , 177b ]  How-
ever, Bi 2 Te 3  nanowire and nanotube nanocomposites that were 
compressed by spark plasma sintering (SPS) or hot pressing 
showed improved or equal thermoelectric properties to those 
of bulk Bi 2 Te 3  due to strong phonon scattering at interfaces 
between the nanowires. [ 177e , 177h ]  Pb chalcogenide materials have 
a low thermal conductivity of ∼1.7 W/m·K in the bulk, which 
is reported to be even lower in nanowires due to enhanced 
phonon boundary scattering. [ 178 ]  PbTe and PbSe nanow-
ires synthesized by vapor phase methods were measured to 
have suppressed thermal conductivities down to 1.29 W/m·K 
and 0.8 W/m·K for PbTe and PbSe, respectively. [ 178a , 178c ]  It 
became clear from these single nanowire studies that although 
enhanced phonon boundary scattering lowers the thermal con-
ductivity of these chalcogenide nanowires, their poor electrical 
properties led to  ZT  values lower than the bulk materials, pos-
sibly due to defects or non-optimized doping conditions. It was 
demonstrated that a fi eld effect can modify the position of the 
Fermi level and tune the Seebeck coeffi cient of PbSe nanow-
ires and Si/Ge nanowires. [ 178d , 179 ]  This approach may be useful 
particularly when nanowires are hard to dope or the impurity 
scattering by dopants needs to be minimized. [ 179 ]  

 It has been predicted that thin III-V and II-VI nanowires 
may be promising thermoelectric materials as well. [ 180 ]  Among 
these candidate materials, the predicted  ZT  of 10 nm thick 
InSb nanowires was calculated to be ∼6. Despite this high 
 ZT  prediction, the  ZT  value of InSb nanowires was measured 
to be only 0.01 at 400 K, which may be attributed to the loss 
of In during the growth and the formation of Sb-doped InSb 
instead. [ 181 ]  Andrews et al., investigated thermoelectric proper-
ties of In 2-x Ga x O 3 (ZnO) n  (IGZO) nanowires. [ 182 ]  These superlat-
tice nanowires contain periodic InO 2  −  layers with a uniform Ga 
distribution along the ZnO nanowires ( Figure    13  ). This unique 
polytypoid structure demonstrated an improved power factor 
and thermal conductivity, resulting in a 2.5 orders of magni-
tude higher  ZT  value than ZnO nanowires at room tempera-
ture. The authors attributed the suppressed thermal conduc-
tivity and higher power factor to enhanced phonon scattering 
and cold electron fi ltering by the periodic inclusion layer or 
quantum confi nement by the superlattice structure.  

 While the successful enhancement of power factor in nanow-
ires has been limited, it is quite clear that the thermal conduc-
tivity generally decreases via enhanced phonon boundary scat-
tering. The thermal conductivity of solid state materials is given 
by:
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 where  w  is phonon frequency,  C(w)  is frequency-dependent 
heat capacity,  v(w)  is group velocity, and  l(w)  is mean free path 
(mfp) of phonons. Unlike electrons, the wavelengths of heat 
carrying phonons in solids are spectrally broad, while the mfp 
of phonons ranges from roughly 10 nm to 10 μm due to their 
frequency dependent relaxation rate. A recent fi rst principles 
calculation revealed that approximately 90% of heat conduction 
is conducted by phonons with a mfp between 40 nm and 10 μm 
in bulk silicon. [ 183 ]  Due to this relatively longer  mfp , bulk silicon 
is one of the most thermally conductive materials, with a con-
ductivity of ∼150 W/mK at room temperature. 
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 Figure 13.    a) TEM image of multiple In 2-x Ga x O 3 (ZnO) n  nanowires. b) Z-contrast STEM image of an IGZO nanowire, showing indium inclusion layers 
oriented perpendicular to the nanowire growth direction. c) HRSTEM image of an IGZO nanowire revealing inclusion layers (MO 2  − , M = In or G) at 
an atomic level. d) Variation in thermal conductivity with temperature for an IGZO nanowire (blue) and a ZnO nanowire (Red). Interface – phonon 
scattering in IGZO nanowires suppressed thermal conductivity compared to intrinsic ZnO nanowires. e) An enhancement of 2.5 orders of magnitude 
in fi gure of merit was observed for IGZO nanowires compared to ZnO nanowires. Reproduced with permission. [ 182 ]  Copyright 2011, Royal Society of 
Chemistry.
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 In fact, the power factor of optimally doped silicon is com-
parable to that of optimally doped Bi 2 Te 3 . Furthermore, since 
the bandgap of Si (1.1 eV) is much higher than that of Bi 2 Te 3 , 
the power factor does not drop at high temperatures. Li et al. 
demonstrated that silicon NWs have a much lower thermal 
conductivity than the bulk, and the clear diameter dependence 
of thermal conductivity observed indicates that surface bound-
ary-phonon scattering is highly diffusive (∼38 W/mK, 27 W/
mK, and 18 W/mK for 115 nm, 56 nm, and 37 nm nanowires, 
respectively). [ 184 ]  In 2008, Hochbaum et al. measured a  ZT  value 
of rough silicon nanowires of 0.6 at room temperature, which 
is ∼ two orders of magnitude higher than that of the bulk. 
The rough silicon nanowires were prepared via an electroless 
etching method (EE). [ 185 ]  Typically, silver nanoparticles form 
mesh-like structures on silicon wafers and catalyze the etching 
of silicon lattices vertically, leaving high aspect ratio silicon 
nanowires. [ 186 ]  These nanowires have rough surfaces and show 
an order of magnitude lower thermal conductivity than that of 
smooth vapor-liquid-solid (VLS) nanowires at the similar diam-
eter. Since the phonon scattering at the smooth surfaces of VLS 
nanowires is known to be very diffusive (close to the Casimir 
limit), conventional models could not explain this greatly 
enhanced boundary scattering, which leads to sub-diffusive 

phonon transport. [ 187 ]  A number of research groups proposed 
models to explain these phenomena, but their validity is still a 
matter of debate. [ 188 ]  For example, Martin et al. employed the 
Born approximation toward phonon scattering and assumed 
that the surface roughness alters the phonon dispersion. [ 188b ]  
Carrete and Mingo et al., however, argued that the Born approx-
imation is invalid at phonon wavelengths similar to the size 
of the scattering medium. [ 188f  ]  This warrants an experimental 
analysis of the impact of surface roughness on phonon scat-
tering. [ 189 ]  Although the dominant wavelength of phonons 
at room temperature is ∼ 1 nm, the wavelength of phonons 
which actually contribute to heat conduction is much broader 
(1–100 nm), and surface roughness at this characteristic 
length scale suppresses phonon transport and lattice thermal 
conductivity. [ 183a ]  The degree of roughness is typically charac-
terized by the root-mean-square (rms) value for amplitude and 
correlation length for the lateral scale of roughness. Thermal 
conductivity is correlated with these two traditional parameters 
independently, but the spectral roughness factor at the phonon 
characteristic length scale determines the thermal conductivity 
more strongly ( Figure    14  ). [ 189a ]  Recently, the thermal conduc-
tivity of rough nanowires with short correlation lengths (5–10 
nm) was measured at low temperature, 10–60 K, where surface 
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 Figure 14.    Rough silicon nanowires and their thermal conductivity. a,b) TEM images of an EE wire and a VLS wire, respectively. c) Temperature-
dependent thermal conductivity of EE wires and VLS wires. EE wires exhibit suppressed thermal conductivity for their diameter. Reproduced with 
permission. [ 185 ]  Copyright 2008, Nature Publishing Group. d) Thermal conductivity at 300K correlated to the spectral surface roughness factor, α p . 
e) Roughness increases from A < B < C. Reproduced with permission. [ 189a ]  Copyright 2012, American Chemical Society.
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scattering theory supports sub-diffusive behavior. [ 188g , 190 ]  Boukai 
et al. demonstrated that thin silicon nanowires (10–20 nm) pre-
pared by superlattice nanowire pattern transfer (SNAP) also 
have high thermoelectric properties with a maximum ZT of 
1.0 at 200 K due to an enhanced Seebeck coeffi cient. [ 191 ]  The 
authors explain that the thin nanowire geometry confi nes pho-
nons, which enhances the Seebeck coeffi cient via phonon drag.  

 Bulk Si-Ge alloy and metal silicides have also been consid-
ered promising thermoelectric materials. Bulk Si-Ge alloy 
is used in radioisotope thermoelectric generators (RTG) in 
remote unmanned space fl ights due to a high  ZT  value at ele-
vated temperatures (1100 K). According to Rayleigh scattering 
theory, atomic scale defects in Si-Ge alloy systems scatter short 
wavelength phonons effectively, while long wavelength pho-
nons remain unaffected. In Si-Ge alloy nanowires, long wave-
length phonons scatter at the nanowire boundaries in addi-
tion to alloy scattering, which effectively decreases the thermal 
conductivity. [ 192 ]  However, A recent report demonstrated that 
these long wavelength phonons could propagate up to 8 um 
by  ballistic conduction in SiGe nanowires. [ 192e ]  Lee et al. has 
simultaneously measured both the electrical and thermal prop-
erties of individual Si-Ge alloy nanowires and reported a  ZT  
value of ∼0.46 at 450 K, and predicted a theoretical value of 2 
at 800 K. [ 192d ]  Metal silicide nanowires have also been fabricated 
and tested. The ZT value of Cr 2 Si nanowires synthesized by 
chemical vapor transport was measured to be ∼0.07 at 320 K 
without quantum confi nement effects present. [ 193 ]  

 In summary, even though nanowires possess theoretical 
advantages for thermoelectric applications, including quantum 
confi nement effects and phonon boundary scattering, synthetic 
challenges still limit the fi gure of merit. Improved control of 
crystallinity, defects, and dopants is still required to improve 
nanowire power factors, especially for thinner wires. However, 
it has been shown that thermal conductivity can be suppressed 
in various nanowire structures, including rough silicon nanow-
ires. Although the underlying mechanism of surface roughness 
on phonon scattering is not clearly understood, it represents a 
potential advantage of the nanowire geometry and will be an 
important consideration when designing improved nanowire 
thermoelectric devices in the future.   

 6.     Nanowire Photovoltaics 

 The unique properties of semiconductor nanowires make them 
promising candidates for effi cient and inexpensive solar cells. 
Nanowire array solar cells are the natural heir to second-gen-
eration thin-fi lm photovoltaics (PV) for reducing processing 
costs while maintaining practical effi ciencies. The potential 
of nanowires lies primarily in their tunable geometric effects 
rather than in any new physical phenomena, as is the case for 
third-generation quantum-dot solar cells. Nanowire solar cells 
typically use large nanowires that are well beyond quantum con-
fi nement effects so that conventional semiconductor physics 
applies. The main difference from bulk or thin-fi lm devices is 
their much larger surface-to-volume ratio, with roughness fac-
tors up to ∼300. Also, the dimensions of nanowires are on the 
same scale as the wavelength of visible light and the minority 

carrier diffusion lengths in many solar materials. Because of 
this geometrical coincidence, nanowires offer unique opportu-
nities for improving light absorption and charge collection in 
solar cells. They are also attractive because of their potential for 
integration into fl exible devices and for inexpensive, low-tem-
perature processing. 

 Research into nanowire PV focuses on both nanowire array 
solar cells as well as single-nanowire devices. Single-nanowire 
solar cells provide fundamental information about the optical 
and electronic properties of the solar cell’s materials and the 
quality of its charge-separating junction. To produce practical 
amounts of power, however, large-area solar cells must consist 
of nanowires wired in parallel, which is most easily realized 
by nanowire array solar cells. Effi ciency comparisons between 
thin-fi lm and nanowire PV are best made using nanowire 
array solar cells because only arrays can produce amounts of 
power comparable to those produced by conventional PV. Also, 
since single-nanowire solar cells are typically smaller in diam-
eter than the wavelength of light in the visible spectrum, their 
absorption cross-section can exceed their geometrical cross-
sectional area, which increases their apparent effi ciency; [ 194 ]  
however, such concentrating effects are not directly relevant 
in large-area solar cells because their effi ciency is normalized 
to the total area of the array, not to the area of active material. 

 One of the earliest-recognized advantages of nanowires is 
their potential for improved separation and collection of pho-
togenerated charges. Radial p-n junctions decouple the length 
scales for absorption and separation of charges: absorption 
occurs throughout the length of the wire, while the photogen-
erated minority carriers must travel only the radial distance to 
be separated and collected ( Figure    15  ). This geometry is most 
benefi cial in materials whose optical absorption length is much 
longer than their minority carrier diffusion length; conse-
quently, nanowire solar cells can be made from materials that 
are unsuitable for planar thin-fi lm solar cells because the core-
shell geometry relaxes the requirements on minority carrier dif-
fusion length. [ 195 ]  Also, less expensive and lower purity mate-
rials can be used. Interesting candidates include sulfi des, [ 51b ]  
oxides, [ 196 ]  and low-purity [ 197 ]  or heavily doped silicon, [ 198 ]  which 
exhibit acceptable light absorption but low minority carrier 
diffusion lengths. This concept has even been applied to dye-
sensitized solar cells [ 199 ]  and semiconductor-organic hybrid 
solar cells [ 200 ]  to improve charge collection from the dye or low-
mobility organic phase.  

 Radial p-n junctions offer many opportunities for improved 
solar cells, but they also introduce additional challenges that 
must be overcome to realize their benefi ts. Because of their 
small size, the core or shell of a nanowire with low carrier con-
centration can be easily depleted of its carriers at a p-n junc-
tion if the junction’s other side is more heavily doped. Fully 
depleting half the junction leads to lower built-in voltage and 
higher series resistance through the depleted semiconductor, 
both of which degrade the solar cell’s effi ciency. For this reason, 
the core and shell doping levels must be carefully controlled in 
nanowire solar cells to ensure their performance. [ 196,201 ]  Also, 
although radial p-n junctions can be somewhat less sensitive 
to high surface recombination velocities than their planar 
counterparts, they are highly sensitive to depletion-region 
recombination. [ 195,202 ]  Recent experimental work indicates that 
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the quality of the junction is critically important to the effi -
ciency of nanowire solar cells because of their large junction 
area and depletion volume. Silicon nanowire solar cells illus-
trate this point in that they have shown much improvement 
in their open-circuit voltage (V oc ) and fi ll factor (FF) with the 
creation of a p-i-n structure and improved junction quality. 
Initial results in 2007 yielded p-i-n nanowire solar cells with 
a V oc  of 260 mV and FF of 55%, [ 203 ]  but by 2012, these values 
had increased to as high as 500 mV and 73% through better 
control of the crystallinity of the shell and the doping struc-
ture of the homojunction ( Figure    16  a,b). [ 194a ]  The V oc  and FF 

of even the best silicon nanowire solar cells, however, still fall 
short of those of planar crystalline silicon PV, whose record 
values are 706 mV and 83%. [ 204 ]  Examples of single-nanowire 
solar cells in other materials include those produced from 
GaAs, [ 194b , 205 ]  GaAsP, [ 206 ]  and the GaN/In x Ga 1-x N system, [ 207 ]  
but their  junction quality, as indicated by their V oc  and FF, 
still lags behind planar benchmarks for these material sys-
tems. In stark contrast to these systems, CdS-Cu 2 S nanowire 
solar cells exhibit V oc  and FF that slightly exceed those of their 
planar counterparts, likely because of their high-quality heter-
oepitaxial junction (Figure  16 c,d). [ 51b ]  Both the experimental 
and theoretical literature to date indicate that extremely high 
quality junctions with very low dark current are necessary to 
produce nanowire solar cells with reasonable V oc  and FF, and 
therefore effi ciency.  

 Although single-nanowire solar cells are appropriate to study 
the quality of the charge-separating junction, one key chal-
lenge inherent to charge collection within the nanowire array 
geometry is its dilution of photo-generated carriers across a 
larger interface, resulting in lower V oc  as compared to planar 
solar cells. [ 194a ]  This effect is analogous to a planar cell with the 
equivalent junction area operating in lower light conditions and 
suggests that nanowires might be most effi cient as concen-
trator solar cells. Fortunately, the nanowire geometry itself can 
create such concentration effects because of its unique optical 
properties. 

 Films of nanowires exhibit light-trapping effects that arise 
from the microscopic arrangement of the nanowires. Because 
of these effects, a fi lm of nanowires absorbs more light than 
a thin fi lm made from the equivalent volume of material 
would absorb. Part of this increase comes from nanowires’ 
anti-refl ection properties, which can be understood as grading 
the refractive index difference between air and the material of 
the nanowire; [ 208 ]  however, within a nanowire fi lm, scattering 
from the many air-semiconductor interfaces traps light and 
leads to increased absorption in the nanowires. The record 
nanowire solar cell, made from InP nanowires with axial p-i-n 
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 Figure 15.    The geometry of nanowire solar cells. a) Diagram of a radial core-shell nanowire solar cell showing the depletion region’s built-in electric 
fi eld that separates charges between an n-type core and p-type shell. b) Schematic of the length scales that improve light absorption and charge sepa-
ration in nanowire array solar cells.

 Figure 16.    Single-nanowire solar cells. a) SEM of a single-nanowire sil-
icon solar cell. b) The V oc  and FF values of these silicon single-nanowire 
solar cells are strongly infl uenced by the growth process of the junction. 
Reproduced with permission. [ 194a ]  Copyright 2012, National Academy of 
Sciences, USA. b) High-resolution TEM of the heteroepitaxial junction in a 
CdS-Cu 2 S nanowire solar cell. c)  I-V  curve of the CdS-Cu 2 S nanowire solar 
cell with a V oc  and FF that are records for this material system. Repro-
duced with permission. [ 51b ]  Copyright 2011, Nature Publishing Group.
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junctions ( Figure    17  ), is a clear example of this phenomenon: 
its nanowires cover only 12% of the area of the cell, yet they 
produce 83% of the short-circuit current (J sc ) of the best InP 
planar cells. [ 209 ]  While light-trapping effects are present in 
even random arrays of wires, it is theorized that carefully engi-
neered nanowire arrays can exceed the light trapping gener-
ated by a randomly textured fi lm [ 210 ]  and produce a nanowire 
solar cell whose effi ciency exceeds that of its planar counter-
part. [ 211 ]  Much experimental work has demonstrated increased 
absorption within nanowire and microwire fi lms, [ 209,212 ]  yet 
defi nitive proof of exceeding the limit of random light trap-
ping is still lacking.  

 Individual nanowires also exhibit a form of light trapping 
because their subwavelength dimensions give them optical res-
onances in the visible region of the spectrum. The electromag-
netic modes of a dielectric cylinder can be either bound, wave-
guiding modes or leaky modes, as denoted by either a real or 
complex propagation constant, respectively. [ 213 ]  When light hits 
a wire, bound modes guide light along the axis of the cylinder, 
yielding increased absorption within the nanowire. [ 194b , 214 ]  
Leaky modes, so named because they allow energy to radiate 
or “leak” from the system, also confi ne light within the semi-
conductor and lead to increased absorption at their resonance 
wavelength. [ 149,215 ]  These resonances essentially concentrate 
light within the nanowire, making its absorption cross-section 
at a resonance wavelength much larger than its geometrical 
cross-section. Numerical electromagnetic simulations can be 
used to predict such enhancements in absorption and are in 
agreement with experimental results. [ 194a ]  Because these reso-
nances are excitations of a single nanowire, however, taking 
advantage of them to improve the effi ciency of an array device 
implies sparse coverage of a substrate with nanowires, since 
dense fi lms would make the concentrating effect unneces-
sary. In this case, since nanowire solar cells operate more effi -
ciently under concentrated light, an array device might achieve 
greater effi ciency by concentrating light into a few nanowires 
rather than harvesting dilute light over a dense array of many 
nanowires. [ 194b , 211b ]  To achieve such an optimal architec-
ture would require predicting the diameter and pitch of the 
nanowire array necessary to create suffi cient concentration of 
light within the nanowires. Numerical electromagnetic simula-
tions will therefore continue to play a key role in optimizing 
the design of nanowire PV. The next step, which is increasingly 
common in the literature of thin-fi lm PV, will be to integrate 
electromagnetic simulations with simulations of the device 

physics to understand and optimize where charges are gener-
ated and collected within the nanowire solar cell. [ 201 ]  

 For a solar technology to be truly relevant, not only must the 
effi ciency be high, but also the cost of implementation must 
be low. The extensive literature on low-temperature, solution-
based, and scalable syntheses of nanowires suggests that 
nanowire solar cells will ultimately be less expensive to produce 
than their thin-fi lm counterparts. Nanowires’ unique optical 
and transport properties will allow less actual material to be 
used in a solar cell to achieve similar effi ciencies, [ 209 , 211a ]  and 
single-crystalline nanowires can be grown at low temperatures 
(200–500°C), comparable to thin-fi lm processing temperatures. 
Also, like organic solar cells and some thin-fi lm PV, nanowire 
array solar cells can be produced using lightweight, fl exible 
substrates that will make them less expensive to install than 
current technology and suitable for mobile applications. [ 216 ]  

 The fi eld of nanowire photovoltaics has made much progress 
in understanding how the nanowire geometry can be lever-
aged for improved performance. Applying this knowledge to 
develop large-area solar cells, however, will take a combined 
effort. Chemists and material scientists continue to develop 
new nanowire syntheses, yet they must work closely with 
device physicists to ensure that the properties of their nanow-
ires are suitable for PV applications, particularly for solution-
synthesized nanowires. Currently, their conductivity and optical 
quality often lag behind those of nanowires grown at high tem-
perature in vapor-phase syntheses. Also, creating high-quality 
junctions and interfaces for charge separation and collection 
is essential, and much fundamental science in this area still 
remains to be explored. By combining synthetic control of 
nanowires’ material, size, doping, and junctions with electro-
magnetic and device simulations, it will be possible to optimize 
large-scale array solar cells to yield effi ciencies comparable to 
those of current thin-fi lm technology. As materials and designs 
become more mature, the fi nal step will be integrating these 
solar cells into inexpensive, fl exible substrates to realize the full 
potential of nanowire PV.   

 7.     Nanowires for Artifi cial Photosynthesis 

 In addition to photovoltaics, which convert solar energy into 
electricity, a pathway to capture solar energy and directly con-
vert it into chemical fuels is also desirable for energy storage 
and transportation applications. Typical chemical reactions 
that produce fuels include splitting water into H 2  and O 2  and 
reducing carbon dioxide into organic molecules. This solar-
to-fuel process, termed artifi cial photosynthesis, [ 217 ]  mimics 
natural photosynthesis and is an alternative approach to photo-
voltaic cells for production of carbon-neutral energy from sun-
light. Recent advances in scientifi c research have yielded rich 
knowledge in this area, yet challenges remain. [ 218 ]  By taking 
advantage of nanowire materials, it is possible that these chal-
lenges can be overcome and that large-scale implementation of 
solar-to-fuel energy conversion is on the horizon. [ 219 ]  

 Although the solar-to-fuel conversion process shares several 
similarities with photovoltaics, direct production of fuels from 
sunlight is more fl exible in some aspects, while more restricted 
in others. Both processes require light absorption and charge 

Adv. Mater. 2014, 26, 2137–2184

 Figure 17.    Nanowire array solar cells. a) Diagram and SEM of the record 
InP axial p-i-n nanowire array solar cell and its  J-V  characteristic in b). 
Reproduced with permission. [ 209 ]  Copyright 2013, American Academy for 
the Advancement of Science.
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separation in semiconductors that exhibit band-bending at a 
junction. [ 220 ]  However, because solar-to-fuel conversion typically 
requires a liquid electrolyte to facilitate the electrochemical reac-
tions, [ 221 ]  band-bending can be caused by either semiconductor/
electrolyte interfaces [ 220,222 ]  or embedded solid junctions. [ 223 ]  
Additionally, since the photoexcited carriers need to cross the 
solid/electrolyte interface for photoelectrochemical reactions 
to occur, the materials used should be stable in the electrolyte 
under illumination, and the surface states at the interfaces 
should be engineered to alleviate detrimental effects such as sur-
face recombination [ 224 ]  and Fermi-level pinning. [ 225 ]  Moreover, 
unlike photovoltaics, which aim to maximize power output, pro-
ducing fuels from sunlight requires a minimum voltage output 
that is imposed by the chemical reaction involved. For example, 
at standard conditions, splitting water into hydrogen and oxygen 
requires at least 1.23 V. Additionally, electrochemical overpo-
tentials need to be overcome to facilitate a high reaction rate. 
This voltage restriction limits the choice of materials. If only 
one light-absorber is applied, a large band gap semiconductor is 
required. To achieve high effi ciency, it is more desirable to use 
two light-absorbers with smaller band gaps to provide the nec-
essary voltage for the electrochemical reaction. [ 226 ]  Under this 
biomimetic “Z-scheme”, [ 227 ]  one semiconductor acts as a photo-
cathode for reduction, while the other acts as a photoanode for 
oxidation. In these electrodes, photo-excited minority carriers 
move to the solution to power the reaction, while majority car-
riers recombine at the interface connecting the light absorbers. 
Disregarding stability requirements, the full arsenal of small 
bandgap materials developed in photovoltaic research could 
potentially be applied, making the “Z-scheme” one of the most 
promising directions for solar-to-fuel conversion. 

 The use of nanowire materials presents new possibilities 
to address the issues mentioned above. The introduction of a 
nanowire morphology with a large surface area could reduce the 
electrochemical overpotential required. [ 219a ]  For nanowire pho-
toelectrodes there are additional benefi ts, including enhanced 
light absorption and improved charge collection, as described 
in the photovoltaics section. Generating a core-shell nanowire 
heterostructure could further exploit these advantages by 

assigning a specifi c function to each material component. For 
optimized performance, careful structural and material design 
is needed, along with fundamental insight into the interplay 
among the various components. Despite the intensive research 
on nanowire photoelectrodes for half-reactions, the demonstra-
tion of spontaneous solar-to-fuel processes based on nanowires 
is still in its infancy and many opportunities exist. 

 First, let us consider the general benefi ts that a nanowire 
morphology could introduce. The small feature size of nanow-
ires provides a large surface area at the solid/electrolyte inter-
face, similar to other nanomaterials. Because solar-to-fuel 
conversion requires a chemical reaction at the interface, the 
nanowire structure could lower the electrochemical overpoten-
tial, [ 222 ]  which is partially determined by the kinetic barrier for 
the chemical reaction. This facilitates reactions that are kineti-
cally slow, [ 228 ]  and reduces the required use of noble-metal elec-
trocatalysts [ 229 ]  or allows the use of less active earth-abundant 
ones. [ 230 ]  For example, a quantitative exploration of the lower 
limits of Pt catalyst loading on Si nanowire photocathodes 
demonstrated that a uniform surface coating of ∼13 ng/cm 2  
was suffi cient for effi cient photoelectrochemical proton reduc-
tion. [ 229 ]  Moreover, for the “Z-scheme”, which uses a separate 
photocathode and photoanode, nanowire photoelectrodes are 
advantageous for charge collection. Particularly for semicon-
ductors with indirect band gaps, the nanowire morphology 
orthogonalizes the directions of charge collection and light 
absorption, [ 195,222,231 ]  enhancing the quantum effi ciency. An 
equivalent circuit for a photoelectrochemical cell can be con-
sidered in which the junction functions as a diode, the elec-
trochemical charge transfer behaves as series resistor, while 
the recombination of photo-generated carriers acts as a shunt 
resistor. Accordingly, the nanowire morphology could also 
increase the fi ll factor of the photocurrent curve by decreasing 
the charge-transfer resistance, allowing for more chemicals to 
be produced without increasing the voltage supply. In the lit-
erature, usually both a reduced overpotential and more effi cient 
charge collection are cited for nanowires, and the observed per-
formance enhancement is a synergic effect ( Figure    18  a). Addi-
tionally, similar light trapping benefi ts to those in nanowire 
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 Figure 18.    a) Schematic of the comparison between planar and nanowire photoelectrodes. The numbers denote three major advantages of nanowires 
for solar-to-fuel conversion. b) A TiO 2  nanowire photoanode was used as an example for comparison of various morphologies. NPs: nanoparticle fi lm 
electrode, NRs: nanorod electrode, B-NRs: branched nanowire electrode. Reproduced with permission. [ 228 ]  Copyright 2011, American Chemical Society.
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spacing of the nanowires is on the same length scale as the 
wavelength of visible light, strong light-trapping effects take 
place and promote absorption within the semiconductor even 
though much less material is used, [ 212a , 212b ]  including direct 
band gap semiconductors such as GaAs. [ 232 ]  This effect reduces 
the material cost input for the device, which is important for 
commercial applications.  

 To illustrate the advantages listed above, we consider a TiO 2  
photoanode as an example. Water oxidation at the photoanode 
is generally sluggish because it requires the transfer of four 
electrons, [ 221 ]  and the mobility of photo-generated holes in TiO 2  
is relatively low. [ 233 ]  By using TiO 2  nanowires [ 42b ] , the perfor-
mance is signifi cantly improved. [ 228,234 ]  As compared with a fi lm 
of nanoparticles as a photoanode, the nanowire electrode has 
better absorption and charge collection and consequently much 
larger photocurrent (Figure  18 b). [ 228 ]  Moreover, when creating 
a nanowire-based branched structure for larger surface area, 
the saturation photocurrent and fi ll factor further increase. [ 228 ]  
These results indicate enhanced charge collection, as well as 
reduced series resistance from the electrochemical reaction. A 
similar demonstration of one-dimensional nanostructures has 

been reported in several material systems, including hematite 
(α-Fe 2 O 3 ), [ 235 ]  ZnO, [ 236 ]  WO 3 , [ 237 ]  GaAs, [ 232 ]  GaP, [ 35,238 ]  GaN, [ 239 ]  
and Si. [ 240 ]  It is evident that the wire morphology is a general 
strategy to use less material and improve performance for 
photoelectrodes. 

 One extension of this geometry is the use of core-shell 
nanowire photoelectrodes. [ 241 ]  Although single-composition 
nanowire electrodes improve charge separation within the band-
bending region, charge transport through the electrode may still 
be hindered by the large resistivity of the bulk material in the 
core of the nanowire. A core-shell confi guration can alleviate 
this issue, by designing a photoactive shell for charge separation 
and a conductive core specialized for charge collection. Addi-
tionally, the heterojunction between the two materials may pro-
vide extra photovoltage for the device. [ 241a , 242 ]  Photoelectrochem-
ical characterization of core-shell nanowire photoelectrodes was 
fi rst reported on the combination of Si/TiO 2  with enhanced 
photoanode performance ( Figure    19  a). [ 241a ]  In this case TiO 2  is 
the shell material for water oxidation, and Si is the core mate-
rial for charge transport. Also it was found that a p-type Si core 
experiences downward band-bending and creates a more anodic 
onset voltage for photocurrent, while a junction between n-type 
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 Figure 19.    Examples of core-shell nanowire photoelectrodes. Owing to their good conductivity and tunable electrical properties, Si nanowire arrays 
were chosen not only to improve charge collection but also to provide extra photovoltage in the combination of a) Si/TiO 2  and b) Si/Fe 2 O 3 . The band 
bending in both material combinations provides additional photovoltage for water oxidation. Panel (a) reproduced with permission. [ 241a ]  Copyright 
2008, American Chemical Society. Panel (b) reproduced with permission. [ 248 ]  Copyright 2011, American Chemical Society.



2165

www.advmat.de

wileyonlinelibrary.com© 2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

R
EV

IEW

Si and TiO 2  induces upward band-bending in the Si and shifts 
the photocurrent curve cathodically. This demonstrates that 
the photocurrent performance of TiO 2  can be modifi ed by the 
band alignment with the core material. Subsequent reports have 
applied this idea to other material combinations. Silicon has 
been used as the core material for Si/TiO 2 , [ 241a , 243 ]  Si/Fe 2 O 3.  [ 242 ]  
(Figure  19 b), Si/WO 3 , [ 244 ]  and Si/In x Ga 1-x N, [ 245 ]  owing to its 
good conductivity, tunable doping, and desirable stability. Metal 
silicides, titanium silicide (TiSi) in particular, have also been 
chosen as a highly conductive material to realize TiSi/TiO 2 , [ 246 ]  
TiSi/WO 3 , [ 247 ]  and TiSi/Fe 2 O 3  [ 248 ]  photoanodes via atomic layer 
deposition. The optical properties of metal silicide NW arrays 
have been shown to exhibit highly effi cient light-trapping prop-
erties to minimize refl ection and enhance absorption, providing 
a highly conductive template for coating with a thin absorbing 
material. [ 249 ]  WO 3  has also been reported as a core material in 
combination with BiVO 4 , [ 250 ]  not only for the good conductivity 
of WO 3  but also for its desirable band-bending at the hetero-
junction, which enhances charge separation.  

 In spite of these potential benefi ts, the nanowire morphology 
is not a panacea. Nanowires present new opportunities, but 
careful design of their electrodes should be ensured. First of 
all, the diameter, doping level, and tapering of the nanowires 
should all be considered, [ 231,251 ]  and the effect of surface states 
should be understood at least qualitatively, for example via elec-
trochemical impedance spectroscopy. [ 240f , 252 ]  It has been shown 

that without these considerations, a nanowire electrode may not 
yield any gain in performance over a planar electrode. [ 231 , 252a ]  
Second, even though a nanowire morphology helps charge 
separation, the material properties, for example the life-time 
of photo-excited carriers, are still very important. Good mate-
rial quality ensures a better starting point when applying a 
nanowire morphology. [ 245 ]  Finally, since the participating redox 
couples have to be transported into/from the bulk solution, 
mass transport within the wire array may be a concern under 
conditions of concentrated illumination or low redox concentra-
tion. [ 253 ]  The complicated interaction among multiple factors for 
device optimization suggests the need for a view of materials 
engineering at the systems level [ 254 ]  ( Figure    20  a), analogous 
with systems biology. This is needed to fi rst answer the funda-
mental questions that underlie the experimental phenomena, 
to realize how these factors interact, and then to design a pos-
sible structure for device application. For example, as men-
tioned above, the introduction of a nanowire morphology helps 
for both the electrochemical reaction and charge collection, and 
usually both effects synergetically increase the photoactivity. 
One intriguing question is how much of this relative improve-
ment comes from the charge transfer occurring in the chemical 
reaction vs. from charge collection in the junction. A compara-
tive study by using different redox couples with various charge 
transfer rates could answer such a question, [ 255 ]  and can enlist 
directions for further device optimization.  
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 Figure 20.    a) Systems-level materials engineering is needed to balance various factors from multiple components in order to achieve optimized per-
formance in artifi cial photosynthesis. Reproduced with permission. [ 254 ]  Copyright 2012, Nature Publishing Group. b) To illustrate this concept, a fully 
integrated nanosystem composed of nanowires has been constructed, which demonstrated water-splitting performance comparable to that of natural 
photosynthesis. Reproduced with permission. [ 257 ]  Copyright 2013, American Chemical Society.
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carries out a half-reaction, most commonly proton reduction 
or oxygen evolution. But every electrochemical device requires 
both reduction and oxidation, and more specifi cally the dis-
cussed “Z-scheme” of artifi cial photosynthesis requires one 
photocathode and one photoanode to drive the overall reac-
tion. There have not been many efforts to answer whether 
the nanowire morphology can be used as the building block 
to fabricate a device capable of performing an overall pro-
cess to capture sunlight and produce fuels. Equipped with an 
understanding of its various interfaces, [ 256 ]  an integrated Si/
TiO 2  nanotree structure composed of nanowires has been 
designed and demonstrated for solar-driven water splitting 
(Figure  20 b). [ 257 ]  Analogous with the natural photosynthesis 
process, light-absorption, charge separation, and chemical reac-
tions have been carefully designed at a microscopic scale in 
an inorganic device. When compared to the same composite 
materials without the tree-shaped structure, the Si/TiO 2  nano-
system was at least one order of magnitude more active, and 
was capable of achieving an energy conversion effi ciency com-
parable to that of natural photosynthesis. This is quite remark-
able, considering that the overall effi ciency is limited by the 
TiO 2  photoanode that absorbs only ultraviolet light. Bearing 
the idea of systems-level materials engineering in mind (Figure 
 20 a), [ 254 ]  newly discovered components, for example a nanowire 
photoanode with a smaller bandgap, will be able to replace 
existing ones to yield better performance. 

 To summarize, it is clear that the concept of using nanowires 
has merit for solar-to-fuel conversion, both for energy capture 
from sunlight and for electrochemical charge transfer. More-
over, a core-shell nanowire heterojunction offers additional ben-
efi ts by combining the advantages of multiple materials. While 
nature has evolved for millions of years to tackle the challenges 

of photosynthesis, we are just beginning our journey toward 
producing fuels from sunlight. Nanostructures are powerful 
tools with which to design integrated microscopic systems, and 
it is possible that their use will enable practical applications of 
effi cient solar-to-fuel conversion.   

 8.     Nanowires for Lithium-Ion Batteries 

 Batteries are important for a wide range of applications from 
portable electronics to electric vehicles to backup power sup-
plies. These devices are often characterized in terms of a 
Ragone plot, which compares the energy density (J/kg) and 
power density (W/kg) of various storage technologies. Both of 
these properties should be optimized to fi t the needs of the 
specifi c application. For example, in the transportation sector, 
a large energy density is desirable to maximize the range of the 
vehicle, while a large power density is desirable to maximize the 
performance of the vehicle. Additionally, both volumetric (J/m 3 ) 
and gravimetric (J/kg) energy density are critical for mobile 
applications such as portable electronics. Therefore, improved 
battery technologies should maximize and maintain the energy 
stored per unit volume and weight, while also maximizing the 
rate of charging/discharging the storage unit. 

 To address these challenges, the nanowire geometry has 
been studied due to several favorable properties ( Figure    21  a). 
In the case of lithium-ion batteries, the ability to improve the 
density of lithium stored the electrode materials is desirable 
to increase capacity. However, when inserting large amounts 
of lithium into a solid electrolyte, volume expansion can cause 
mechanical degradation due to large volumetric strains. A 
nanowire geometry can compensate for this, by allowing for 
larger strains, enabling the use of materials such as silicon as 
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 Figure 21.    Nanowire array electrodes for batteries. a) Schematic of advantages of NWs for battery electrodes. (top) Bulk materials such as Si suffer from 
large volume expansions upon lithium insertion, leading to large mechanical strains and failure after cycling. (bottom) NW arrays allow for strain relaxa-
tion, leading to improved mechanical stability upon fracture. NW arrays also provide a direct current pathway to the current collector, while minimizing 
lithium diffusion lengths inside the NW. b) Crystalline Si NW anode voltage profi les for fi rst and second galvanostatic cycles and c) capacity vs. cycle 
number for the fi rst 10 cycles at a C/20 rate. Frames (a-c) reproduced with permission. [ 258 ]  Copyright 2008, Nature Publishing Group. d) TEM image 
with SAED pattern of a crystalline-core amorphous-shell Si NW and e) capacity (left y-axis) and coulombic effi ciency (right y-axis) vs. cycle number of 
core-shell NW arrays with a cutoff voltage of 150 mV and discharge rate of 0.2C. Reproduced with permission. [ 260 ]  Copyright 2008, American Chemical 
Society. f) SEM image and g) capacity vs. cycle number at two different discharge rates of mesoporous Co 3 O 4  NW arrays. Reproduced with permis-
sion. [ 261 ]  Copyright 2008, American Chemical Society.
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an anode. [ 258 ]  Furthermore, the nanowire architecture provides 
a direct current pathway to the electrode, improving charge 
transport compared to nanoparticle electrodes, which rely on 
inter-particle charge transfer. Nanowires grown directly on a 
metal electrode surface can also avoid the need for adding a 
binder material to the electrode. The high surface-areas and 
short required ionic diffusion lengths in the electrode material 
have the potential to increase charge-discharge times, although 
a high electrode-electrolyte interfacial area may also accelerate 
undesirable side reactions at this interface. [ 259 ]  Another chal-
lenge is the reduced packing density of nanowires compared 
to bulk materials, which can lead to a lower volumetric energy 
density, highlighting the need for high density arrays. Here we 
highlight several examples of both anode and cathode materials 
which have incorporated nanowires.   

 8.1.     Anodes 

 The potential advantages and disadvantages of nanoscale mate-
rials have been experimentally studied by many groups, with 
long-recognized potential advantages of short diffusion lengths 
and improved strain accommodation. [ 259 ]  In the case of the 
anode (negative electrode) of the battery, the standard material 
used is graphite. While this material has several advantages 
such as relatively low cost and high electrical and ionic conduc-
tivity, it is limited to a theoretical capacity of ∼372 mA-h/g, and 
suffers from capacity loss during repeated charge/discharge 
cycles. Therefore a variety of different anode materials based 
primarily on either intercalation, alloying, or conversion (redox) 
reactions with lithium are being explored in the nanowire 
geometry. [ 262 ]  

 Among the various metal oxide materials that employ an 
intercalation mechanism, TiO 2  has been heavily studied. 
An early example of the study of lithium intercalation into 
nanowire arrays was performed on TiO 2 -B nanowires synthe-
sized by a hydrothermal method. [ 263 ]  A lithium storage capacity 
of up to 305 mA-h/g was measured, with very little capacity 
loss upon cycling, and a rate capability superior to nanopar-
ticle electrodes of the same diameter. TEM analysis confi rmed 
that the nanowire morphology was maintained after 200 cycles, 
without evidence of the formation of a solid-electrolyte inter-
face (SEI) layer on the surface. These electrodes were used to 
fabricate rechargeable lithium-ion polymer batteries using 
either LiFePO 4  or LiNi 0.5 Mn 1.5 O 4  as a cathode material. [ 264 ]  A 
capacity of 225 mA-h/g was measured, with excellent capacity 
retention. A rate capability of 80% of the low-rate capability was 
maintained at a discharge rate of C/5 (full capacity discharged 
over 5 hours), demonstrating the advantage of the nanostruc-
tured morphology for high power applications. Around the 
same time, the spinel phase Li 4 Ti 5 O 12  was fabricated via hydro-
thermal synthesis, which also showed improved rate capability 
compared to the bulk spinel material. [ 265 ]  

 A variety of metal oxide materials (based on Co, Ni, Cu or 
Fe) that undergo conversion reactions have also been explored 
due to their high theoretical capacities. [ 266 ]  The Tarascon group 
demonstrated high rate capabilities using Cu-Fe 3 O 4  core-shell 
nanorods fabricated by templated electrodeposition. [ 267 ]  Sim-
ilar to photoelectrochemical core-shell structures, this strategy 

is attractive to improve electronic transport along the NW 
axis. These electrodes demonstrated a factor of six improve-
ment in power density compared to planar electrodes, and 
maintained a capacity of over 80% at a discharge rate of 8C. 
Biological templating using viruses has also been used to fab-
ricate Co 3 O 4  NWs, and Co 3 O 4 -Au hybrid nanowires. [ 268 ]  It was 
found that by incorporating Au nanoparticles into the Co 3 O 4  
NWs, the capacity increased due to either a catalytic effect from 
the Au, or an improved conductivity of the NWs. In addition, 
self-assembly of viruses was used to create a 2-D assembly of 
NWs, demonstrating the potential benefi ts of biological self-
assembly for creating ordered NW arrays. Co 3 O 4  NWs were 
also fabricated by templating in mesoporous Si, which showed 
an initial increase in capacity fi rst 10–15 cycles, followed by 
dramatic decrease attributed to loss of morphology to isolated 
particles. [ 269 ]  However, these NWs required the addition of a 
conductive binder to form the electrode, which reduces some of 
the potential benefi ts of the NW array morphology compared to 
nanoparticle approaches. To address this challenge, single-crys-
talline, mesoporous Co 3 O 4  NWs were fabricated using a solu-
tion-based approach [ 261 ]  (Figure  21 f). These arrays were grown 
directly on a conductive substrate, providing a direct current 
path to the electrode. An irreversible capacity loss was observed 
after the fi rst discharge cycle, followed improved reversibility in 
subsequent charge-discharge cycles, resulting in a capacity of 
700 mA-h/g after 20 cycles (Figure  21 g). Additionally, 50% of 
the capacity was retained at a discharge rate of 50C, confi rming 
the benefi ts of short ionic diffusion lengths in NW electrodes. 

 SnO 2  has also been extensively studied as an anode material 
due to a high theoretical capacity, although it suffers from sig-
nifi cant capacity fading due to the large volume changes which 
occur upon lithium uptake, suggesting a potential benefi t from 
the NW geometry due to strain relaxation. Self-catalyzed growth 
of SnO 2  NWs showed higher initial Coulombic effi ciency, and 
decreased capacity fade compared to SnO 2  powders. [ 270 ]  This is 
another successful example of the benefi ts of a 1D geometry, 
including short lithium diffusion lengths associated with the 
NW diameter, and improved charge transport along the NW 
length. It was also found that by creating core-shell In 2 O 3 -SnO 2  
NWs, both the electrical conductivity and anode performance 
could be improved, although capacity fade still remained an 
issue for these materials. [ 271 ]  A decreased capacity fade was 
observed in very small, polycrystalline SnO 2  NWs fabricated by 
a templating method in in mesoporous SiO 2 , but the NW mor-
phology was observed to degrade into aggregated nanoparticles 
after several discharges. [ 272 ]  Again, the use of these template 
wires required a binder, and an increased percolation pathway 
for charge transport. In contrast, hydrothermal SnO 2  NWs 
grown directly on fl exible metal foil substrates without the need 
for a binder [ 273 ]  exhibited a reversible capacity of 580 mA·h/g 
after 100 cycles at a rate of 0.1C. 

 To visualize and gain an improved fundamental under-
standing of the insertion of lithium into SnO 2  on a single-NW 
level, an in situ electrochemical cell for TEM observation was 
fabricated based on a SnO 2  NW, an ionic-liquid based electro-
lyte, and a LiCoO 2  cathode [ 274 ]  ( Figure    22  a). This allowed for 
direct observation of the expansion in the length and diameter 
of the NW, accompanied by large plastic deformation in the 
NW shape. The propagation of the lithium into the nanowire 
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was accompanied by a region with a high density of disloca-
tions at the interface between the pristine SnO 2  material and 
the reacted portion of the NW. This dislocation region led to 
the amorphization of the crystalline material, and facilitated 
lithium insertion into the crystalline SnO 2 . Observation of 
the diffraction pattern during lithiation showed the loss of the 
crystalline SnO 2  structure, and the eventual formation of Li x Sn 
and Sn nanoparticles dispersed in an amorphous Li 2 O matrix. 
Despite the dramatic increase in volume and morphology 
changes, fracture of the NW was not observed, providing fur-
ther evidence of the mechanical robustness of the NW geom-
etry under large stresses.  

 Among the various potential anode materials, silicon has 
the highest known theoretical charge capacity (4,200 mA-h/g), 
which is signifi cantly higher than graphite or the previously 
mentioned metal oxide materials. However, to accommodate 
this large quantity of lithium, a signifi cant expansion of the 
silicon material is required (∼400% volume expansion), leading 
to large mechanical strains and fracture behavior in bulk or 
micro-structured materials. To address this issue, VLS-grown 
Si nanowires were grown directly on stainless steel substrates 
and tested as an anode material. [ 258 ]  The measured capacity 
during the initial charge was 4,277 mA-h/g, which is essen-
tially equivalent to the theoretical capacity (Figure  21 b). The 
coulombic effi ciency during the fi rst discharge was 73%, fol-
lowed by a second charge capacity of 3541 mA-h/g. After this 
initial loss of capacity, the little capacity loss was measured 
for the fi rst 10 cycles (Figure  21 c). The NW anodes also dis-
played high capacities and excellent cyclability at higher dis-
charge rates. Around the same time, top-down metal-induced 
chemical etched Si NWs were tested as a promising anode 
material, although the specifi c capacity of the NWs could not be 
measured due to contributions from the Si wafer substrate. [ 277 ]  

 The use of a NW architecture allows for ex situ TEM observa-
tion of the evolution of the Si crystal structure and morphology 
during charging/discharging. During the initial charging, the 
Si material in the VLS-grown NWs was observed to transform 

from crystalline Si into amorphous Li 4.4 Si. [ 258 ]  The evolution 
from a crystalline NW to the formation of an amorphous shell 
and subsequent amorphization of the entire wire was observed 
at different potentials. Additionally, in situ TEM analysis has 
been performed on single Si NW electrochemical cells to 
directly observe the lithiation process. Liu et al. fabricated a 
cell based on a single Si NW, an ionic liquid electrolyte, and 
a LiCoO 2  cathode  [ 275 ]  (Figure  22 b), similar to the single SnO 2  
NW cell. They observed a dependence of lithium charging 
speed and storage capacity on the doping of the NW, which was 
also increased by incorporating a carbon coating. The initially 
crystalline Si wire was transformed to amorphous Li x Si during 
the lithiation process, which was subsequently transformed to 
Li crystalline Li 15 Si 4 . In another study, the authors observed ani-
sotropic swelling of the NWs during lithiation, leading to the 
formation of a dumbbell cross-section which resulted during 
the propagation of lithium along the length of the wire. [ 278 ]  This 
was attributed to variations in the diffusion rate along different 
crystallographic directions, which led to anisotropic stress pro-
fi les in the material. Anisotropic swelling was also observed by 
SEM analysis of Si NWs with different growth directions after 
fi rst lithiation, showing a transformation from initially circular 
cross-sections to cross, ellipse, or hexagonal shapes based on 
growth direction [ 276 ]  (Figure  22 c). This is explained by a fast 
lithium diffusion rate along the <110> direction. 

 After the initial development of Si NW anodes, the concept 
was extended to core-shell NW architectures. To improve upon 
the single-crystalline Si NW design, crystalline-amorphous 
core-shell NWs were grown directly on stainless steel sub-
strates [ 260 ]  (Figure  21 d). By limiting the charging potential, the 
amorphous core could be selectively used to store Li, while 
the crystalline Si core remains intact, providing structural sta-
bility and improved charge transport. While the initial lithium 
storage capacity is less in this architecture (∼1000 mA-h/g), the 
core-shell architecture leads to improved capacity retention, 
with ∼90% capacity retention over 100 cycles (Figure  21 e). TEM 
analysis confi rmed that the core remained crystalline under 
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 Figure 22.    Single nanowire lithiation studies. a) In situ TEM investigation of lithiation of a single SnO 2  NW. (top) Schematic of experimental cell with 
a LiCoO 2  cathode, ionic liquid electrolyte, and SnO 2  NW anode. (bottom) TEM image of a nanowire with a crystalline unreacted region, amorphous 
lithiated region, and “dislocation cloud” at the reaction front. Reproduced with permission. [ 274 ]  Copyright 2010, American Academy for the Advance-
ment of Science. b) Time lapse TEM series of the lithiation of a single Si NW using a similar setup. Reproduced with permission. [ 275 ]  Copyright 2011, 
American Chemical Society. c) SEM images of anisotropic expansion of Si nanopillars with three different crystallographic orientations after lithiation. 
Reproduced with permission. [ 276 ]  Copyright 2011, American Chemical Society.
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these charging conditions. This concept was subsequently 
extended to carbon nanofi ber-amorphous Si core-shell archi-
tectures, [ 279 ]  which allowed for charging to ∼2000 mA-h/g due 
to the lower lithium capacity of carbon, while maintaining the 
benefi ts of improved cycle life and charge transport through 
the conductive core. This anode allowed for an improved area 
capacity of ∼4 mA-h/cm 2 , which is comparable to commercial 
battery materials. Si NW anodes have also been coated with 
conducting polymer coatings, which has shown to signifi cantly 
enhance cycle stability compared to pristine NWs. [ 280 ]  

 While Si anodes allow for a high charge capacity, the overall 
capacity of the battery using traditional cathode materials will 
still be limited by the cathode. Therefore, Si NW anodes have 
been used in combination with nanostructured Li 2 S/carbon 
composite cathode to demonstrate lithium-metal free bat-
tery with high theoretical capacity. [ 281 ]  In another approach to 
achieve a lithium-metal free battery with high capacity, prelithi-
ated Si NWs loaded to 2000 mA-h/g were combined with a 
sulfur cathode. [ 236b ]  This removes the requirement to use pre-
lithiated cathode materials, opening up the possibility for a new 
class of batteries based on high-capacity cathodes. 

 VLS-grown germanium nanowires have also been grown 
under a similar scheme as the VLS Si NWs, and were tested 
as anodes. [ 282 ]  In the case of Ge, the initial charge capacity was 
2,967 mA-h/g, which is signifi cantly higher than the theoretical 
capacity of 1,600 mA-h/g. This was attributed to irreversible 
side reactions. The fi rst discharge capacity at a rate of C/20 was 
1141 mA-h/g, which remained relatively constant over the fi rst 
20 cycles. A high rate capability was observed at discharge rates 
up to 2C, with Coulombic effi ciency >99%. Similar to the Si 
NW anodes, the Ge NWs became amorphous upon lithiation, 
but did not pulverize after cycling, demonstrating the generality 
of strain relaxation benefi ts in the NW geometry.   

 8.2.     Cathodes 

 While signifi cant research has been performed on NW anodes 
for Li-ion batteries, there has also been work performed on the 
cathode (positive electrode) side. Various candidates to replace 
LiCoO 2  are being investigated, due to the potential for reduced 
cost and/or increased capacity. For example, LiFePO 4  is a can-
didate cathode material due to its very low cost, although it has 
a lower voltage of 3.5 V. [ 262 ]  LiFePO 4  NWs have been fabricated 
by a hard templating method in porous SiO 2 . [ 283 ]  Similar to the 
anode NWs fabricated by this method, these NWs required 
the use of carbon black and a binder material. The electrodes 
showed a high capacity retention of 89% at a discharge rate of 
15C. Amorphous FePO 4  NWs were also fabricated based on 
a virus-based templating method, [ 284 ]  analogous to the Co 3 O 4  
NW anodes. To improve the electrical conductivity between 
the NWs, a two-gene engineering approach was developed to 
attach single-walled carbon nanotubes to one end of the virus. 
This improved the high rate performance of the NW cathodes 
to provide performance comparable to crystalline LiFePo 4 , 
with virtually no capacity fade at a discharge rate of 1C after 
50 cycles. 

 Another lithiated metal oxide material of interest as a 
cathode is spinel LiMn 2 O 4  due to its low cost and nontoxicity. 

However, this material suffers from relatively slow lithium 
diffusion rates in the electrode, making it a good candidate 
for the NW morphology when used in high power applica-
tions. LiMn 2 O 4  nanorods fabricated by a topochemical method 
resulted in highly crystalline spinel material, which exhibited 
low capacity fade and a high rate performance with 88% of 
the capacity retained at a discharge rate of 5C. [ 285 ]  Likewise, 
LiMn 2 O 4  nanorods fabricated by hydrothermal synthesis of 
MnO 2  followed by a simple solid-state conversion reaction dem-
onstrated over 85% retention of charge capacity after 100 cycles 
at a discharge rate of 1C (148 mA/g), [ 286 ]  which is a much higher 
capacity retention at this fast discharge rate than commercial 
LiMn 2 O 4  powders. Again, this is attributed to the relatively high 
surface areas and short required Li diffusion lengths in the NW 
geometry. Much longer faceted single-crystalline LiMn 2 O 4  NWs 
fabricated by reacting hydrothermally grown Na 0.44 MnO 2  in a 
molten salt containing lithium demonstrated even higher rate 
performance, with over 90% of the capacity remaining at a dis-
charge rate of 5 A/g, and 75% at 20A/g. [ 287 ]  Moreover, after 100 
discharge cycles, these NW electrodes maintained a capacity of 
over 100 mA-h/g, without losing their single-crystalline mor-
phology. High capacity retention at similar discharge rates was 
also observed in ultrathin single-crystalline NWs fabricated 
by solvothermal synthesis of α-MnO 2  followed by solid-state 
lithiation. [ 288 ]  

 Vanadium oxide (V 2 O 5 ) has also been extensively studied 
in nanostructured architectures as a cathode material with 
the potential for improved lithium storage capacity. [ 289 ]  
For example, lithium insertion into single-crystalline V 2 O 5  
nanorods fabricated by templated electrodeposition exhibited a 
capacity 5 times larger sol-gel derived thin-fi lms at a discharge 
rate of 0.7 A/g. [ 290 ]  The size dependence of lithium insertion 
into V 2 O 5  nanoribbons was studied, and it was found that 
in thin ribbons the transformation into the Ω-Li 3 V 2 O 5  phase 
occurred within 10 seconds, suggesting a diffusion constant 3 
orders of magnitude higher than in bulk materials. [ 291 ]  Ultra-
long hierarchical V 2 O 5  NWs with millimeter lengths have 
been fabricated by a low-cost electrospinning and annealing 
process, [ 292 ]  which provided an initial discharge capacity of 
390 mA-h/g and a capacity of 201 mA-h/g after 50 discharges 
when cycled between 1.75 V and 4.0 V. This geometry was 
found to prevent aggregation compared to shorter nanorods, 
while retaining the improved rate capability associated with the 
1-D NW geometry. 

 In summary, NW electrodes present several advantages for 
batteries due primarily to geometric advantages compared to 
bulk materials. The short diffusion lengths for ions in the radial 
direction allow for improved performance at high discharge 
rates, because a lower driving force is required to supply ions 
at a high rate. Additionally, strain relaxation in the NW geom-
etry allows for successful use of high capacity materials such 
as silicon, which suffer from severe mechanical degradation 
in planar architectures. To maximize the benefi ts of the NW 
geometry, wires can be grown directly off of a conductive charge 
collector, to avoid the need for adding binder materials and 
decrease the percolation pathway for electronic charge trans-
port. The core-shell geometry was also shown to be benefi cial 
to reduce electrical resistivity in the electrodes. However, chal-
lenges remain, including a reduced packing density (reducing 
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undesirable side reactions at the electrode-electrolyte interface, 
which can increase when using high surface-area electrodes. 
While signifi cant progress has been made in these NW battery 
materials, commercialization of the technologies will rely on 
continued improvement of energy density while maintaining 
the high rate capability benefi ts and minimizing capacity loss 
after large numbers of charge-discharge cycles.    

 9.     Nanowire Mechanics 

 In addition to the novel optical, electronic, and thermal proper-
ties of nanowires, technological advances have been achieved 
based on the mechanical properties of nanowires. Due to the 
high surface-to-volume ratio of nanowires, their mechanical 
properties are strongly infl uenced by the nature of the surface 
atoms. In addition to a different bonding nature of surface 
atoms, surface stresses play an important role in the mechan-
ical properties of nanowires.  

 9.1.     Elastic Properties of Nanowires 

 The elastic properties of a material are characterized by the 
Young’s modulus, which is a measure of the strain response to 
an applied stress. This has been measured experimentally for 
various types of nanowires using bending, resonance, or ten-
sion techniques. Early measurements of the elastic modulus of 
nanowires were performed by bending individual wires with 
an atomic force microscope (AFM) tip, and measuring the 
corresponding force-displacement data. [ 293 ]  Tensile testing has 
also been performed to extract the stress-strain behavior. [ 294 ]  
Alternately, individual NWs can be resonantly excited by a 
conductive AFM tip to extract the elastic properties. [ 295 ]  Reso-
nance measurements can also be performed in situ in a TEM, 
allowing for a direct observation of the wire including struc-
tural and crystallographic information. [ 296 ]  

 Several experimental measurements of nanowires have 
demonstrated size-dependent phenomena in the elastic mod-
ulus. [ 295,297 ]  These deviations are often explained by surface 
stress effects, which have been supported by computational 
simulations of NW surfaces. [ 298 ]  Additionally, a continuum 
approach has been developed for NWs with larger diameters, 
using the Young-Laplace equation to incorporate the effects 
of surface stress into the Euler-Bernoulli equation. [ 299 ]  These 
surface stresses can lead to atomic reconstructions on the 
surface, which affect the diameter dependence of the elastic 
properties. [ 297b ]  Variations in the effect of the nanowire geom-
etry on the elastic properties depend on the type of material, 
type and concentration of defects present, crystallographic ori-
entation, and cross-sectional shape. Furthermore, simulations 
have shown that as the NW diameter becomes smaller, the 
measured elastic properties will vary based on the measure-
ment technique employed, due to an increased concentration 
of stress at the surface during bending conditions compared to 
tension testing. [ 300 ]  This highlights the need for multiple testing 
techniques to gain a full picture of the elastic properties of 
NWs.   

 9.2.     Plastic Deformation and Failure of Nanowires 

 In addition to variations of the elastic properties between 
nanowires and bulk materials, the nanowire geometry affects 
the plasticity and eventual failure mechanisms of nanowires 
under applied stress. By applying a downward force to a hori-
zontically suspended NW which is clamped on both ends over 
a trench, the entire force-displacement behavior of a NW can be 
measured from elastic strain to yielding and fracture. [ 301 ]  This 
technique was used to demonstrate ultrahigh-yield strength in 
gold nanowires, which exhibited strain-hardening with diam-
eters down to 40 nm. [ 293c ]  Additionally, the bending strength of 
NWs can be measured by the lateral defl ection of a vertically-
oriented NW with an AFM tip, which was used to measure a 
bending strength near the theoretical maximum in VLS-grown 
Si NWs. [ 302 ]  

 The fracture mechanics of NWs can also be measured by 
axial tension stress-strain techniques. By employing a MEMS-
based nanoscale testing stage, the fracture behavior of indi-
vidual ZnO NWs has been observed in situ in a TEM. [ 303 ]  
This approach allows for the measurement of the stress-strain 
behavior of individual NWs until fracture occurs. In the case of 
ZnO wires, brittle fracture was observed, which was preceded 
by the observation of localized stress concentrations at the site 
of failure. This allowed a quantitative analysis of the fracture 
statistics of NWs, as well as an observation of the smooth frac-
ture surface, which is consistent with brittle fracture. Tensile 
testing on VLS-grown Si NWs has also been performed using 
an AFM cantilever inside an SEM to measure force. [ 294 ]  Linear 
elastic behavior was observed until fracture, with no detect-
able plasticity for wires down to a diameter of 15 nm. Both 
the fracture strength and strain were observed to increase with 
decreasing wire diameter, showing the robustness of the NW 
geometry for applications which involve mechanical forces. 

 The compressive behavior of NWs has also been observed, 
and NW buckling has been measured. The buckling behavior 
of individual Si NWs was measured by manipulation using 
a tungsten probe, and measurement of the force-displace-
ment behavior under compression using an AFM inside of 
an SEM. [ 304 ]  Bucking behavior characteristic of a thin column 
under an axial compressive load was observed, without fracture 
for very large deformations, indicating that the NW geometry 
greatly increases the fl exibility of the crystalline Si material 
beyond the bulk. Buckling behavior is also infl uenced by sur-
face stresses, which must be taken into account when meas-
uring the mechanical properties of NWs under compression. [ 305 ]  
Additionally, buckling behavior [ 306 ]  and the hardness [ 307 ]  of NWs 
can be tested using a nanoindentation technique. 

 The plastic deformation of NWs has been modeled by com-
putational simulations. [ 298b ]  For example, molecular dynamics 
(MD) simulations have provided atomic-scale insight into 
plastic deformation and failure mechanisms as a function of 
temperature and strain rate, [ 308 ]  as well as cross-sectional geom-
etry. [ 309 ]  Simulations have also predicted phenomena such as 
stress-induced phase transformations in ZnO wires. [ 303 ]  How-
ever, discrepancies remain between the simulations and experi-
mental results, which are compounded by variations in the 
experimental data. This could be attributed to a number of fac-
tors, including defects in experimental wires, strain-rate effects, 
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and inadequate potentials for the simulations, suggesting the 
need for multi-scale models based on quantum mechanical 
considerations. [ 298b ]    

 9.3.     Nanowire Mechanical Resonators 

 Nanowires are of interest as mechanical resonators, due to 
their ability to achieve resonant frequencies in the very high 
frequency (VHF) range, allowing for improved sensitivity as 
sensors and in nanoelectromechanical systems (NEMS) appli-
cations. [ 310 ]  The damping behavior of resonators is character-
ized by the Q-factor, which is a function of several variables 
including both internal and external damping forces. While 
high Q factors can be achieved in vacuum for top-down [ 310 ]  
and bottom-up synthesized NWs, [ 311 ]  a low mechanical Q 
factor due to viscous damping for the NW geometry (compa-
rable to the damping of micro-scale cantilevers in water) limits 
the sensitivity of resonators in air. [ 312 ]  Additionally, surface 
roughness is an important factor to maximize the Q-factor, as 
observed in the high Q-factor for GaN NWs (∼3000 in high 
vacuum) [ 297a ]  compared to top-down Si NWs of the same sur-
face-to-volume ratio. This is attributed to the smooth GaN NW 
surfaces, minimizing “internal friction” losses compared to 
etched NWs. 

 VHF resonators based on double-clamped VLS-grown Si 
NWs ( Figure    23  a) were demonstrated to have quality factors 
of up to Q ≈ 13100 for pristine unmetalized NWs. [ 311b ]  How-
ever, due to the large electrical impedance (∼1–100 kΩ) of these 
wires, metalized Si NW with impedances compatible with 
standard 50 Ω RF components were also fabricated based on 
these structures, which exhibited Q values of Q ≈ 2000–2500 
at a frequencies near 200 MHz. These wires have the potential 

for extremely low mass sensitivity on the zeptrogram scale. 
Suspended doubly-clamped resonators were subsequently engi-
neered to produce room-temperature VHF frequency on-chip 
transducers, [ 313 ]  which exploit the large piezoresistance effect 
in Si NWs. [ 314 ]  By incorporating NWs with diameters below 
100 nm, effi cient displacement transducers can be fabricated 
which operate at frequencies up to 100 MHz, and with mass 
sensitivities in the sub-zeptrogram range. This mass sensitivity 
allows for real-time, single biomolecule detection, and it was 
proposed that smaller diameter wires could produce mass sen-
sitivities approaching the single Dalton level (1 amu).  

 Beyond simply mass detection, by measuring the splitting 
of resonance frequencies of singly-clamped NW resonators it 
has been shown that the position of the adsorbate on the NW 
surface can be measured (Figure  23 c), as well as the stiffness of 
the adsorbate. [ 315 ]  The stiffness sensing resolution for Si wire 
resonators using this approach is approximately 0.1 kPa per 
femtogram of sample, suggesting the capability of measuring 
small changes in biomolecules, such as variations in the stiff-
ness as a result of mutations. Furthermore, parallel arrays of 
aligned singly-clamped nanowire resonators have been devel-
oped using self-assembly techniques (Figure  23 b), demon-
strating the ability to integrate large numbers of NW resonators 
fabricated off-chip into on-chip device architectures. [ 316 ]    

 9.4.     Nanowire Piezoelectrics 

 The piezoelectric effect is a well-known property of certain ani-
sotropic crystalline materials, leading to the formation of an 
electric fi eld within the material when a mechanical stress is 
applied. Conversely, when an electric fi eld is applied to a piezo-
electric material, a mechanical strain results. This can be used 
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 Figure 23.    Nanowire mechanical resonators. a) SEM image of a double clamped suspended Si NW grown on a SOI wafer. Reproduced with permis-
sion. [ 314 ]  Copyright 2006, Nature Publishing Group. b) Schematic (top) of a double clamped NW resonator, with a fi nite element analysis simulation 
(bottom) of the NW strain during defl ection. Reproduced with permission. [ 313 ]  Copyright 2008, American Chemical Society. b) SEM images of nanowire 
resonator arrays fabricated by bottom-up assembly. Scale bar is 10 μm (top) and 1μm (bottom). Reproduced with permission. [ 316 ]  Copyright 2008, 
Nature Publishing Group. c) (bottom) Schematic illustration of measurement of mass position of an adsorbate on a NW resonator surface by splitting 
of resonance frequencies in orthogonal directions. (top) Plot showing relative frequency shifts of a NW resonator with a 3 fg adsorbate deposited at 
various z-positions. The measured data (symbols) match well to a theoretical model (dashed line) allowing for z-position measurement. Reproduced 
with permission. [ 315 ]  Copyright 2010, Nature Publishing Group.
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force/acoustic sensing, and energy harvesting. 
 The Wang research group fi rst demonstrated the concept of a 

piezoelectric nanogenerator using ZnO NWs, which were bent 
using a conductive AFM tip. [ 317 ]  The Schottky junction formed 
between the metallic tip and semiconducting NW allowed for 
charge separation, and an electric current could be extracted 
upon bending. This concept has subsequently been developed 
in the form of single NW and NW array devices, [ 105b , 318 ]  as well 
as laterally-packaged NWs attached to a fl exible substrate, [ 319 ]  
with a continual improvement of output voltage. [ 320 ]  The ini-
tial array device design was based on a zigzag top electrode, 
which acted as an array of tips to generate and extract a DC cur-
rent from the NW arrays due to excitation from an ultrasonic 
wave. [ 318 ]  This design was improved upon by creating vertical 
and lateral arrays with metal contacts bonded on both ends of 
the wires, which acted as an AC generator when actuated by a 
periodic mechanical force ( Figure    24  a-d). [ 219b ]  The voltage can 
be increased by connecting arrays of NWs in series, allowing 
for voltages useful for powering devices. [ 219b , 321 ]  By replacing 
the Schottky junction between the metal contact and NWs by an 
insulating PMMA layer, the output voltage could be increased 
up to 58 V for ZnO arrays. [ 322 ]  These nanogenerators have the 
potential to harvest energy from sources such as mechanical 
vibrations, ambient pressure gradients, and biological sources. 
The nanogenerators are sensitive to a wide bandwidth of excita-
tion frequencies, [ 105b ]  and are being explored for wireless power 
for electronic devices that do not require a battery [ 219b ]   

 Beyond power generation, the properties of piezoelectric 
NWs have been exploited for electronic devices known as piezo-
tronics. For example, a piezoelectric fi eld effect transistor can 
be formed, [ 323 ]  which is gated by mechanical strain rather than 
an applied electric fi eld. This can lead to charge accumulation 
or depletion at a semiconductor/metal Schottky contact such 
that the charge transport properties across the interface are 
modifi ed by the strain. [ 324 ]  Therefore, strain can be used to con-
trol an electrical signal in a device. These devices can be fully 
packaged on fl exible substrates, for strain sensing in a variety 
of applications [ 325 ]  (Figure  24 e-f). In addition to the piezoelec-
tric effect, giant piezoresistive effects compared to bulk have 
been observed in Si nanowires, which can also lead to signifi -
cant variations in conductivity under applied strain. [ 314 ]  These 
effects open the possibility for interaction between mechanical 
systems, including biological systems, and electronic devices 
for sensing and/or control. [ 326 ]  For example, large-scale arrays 
of piezotronic transistors have been fabricated as active pres-
sure/force sensors, capable of mimicking the tactile sensing 
capabilities of human skin. [ 327 ]  

 In addition to coupling the mechanical and electronic prop-
erties of piezoelectric semiconductor-metal junctions, the inter-
action of these devices with optoelectronic effects has been 
termed the piezo-phototronic effect. [ 326,328 ]  The ability to couple 
piezotronic effects with photon absorption or emission, has led 
to enhanced performance and unique effects in photodetec-
tors [ 329 ]  and LEDs. [ 330 ]  This effect has been used to develop pres-
sure sensors based on arrays of individual NW-LEDs, which can 
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 Figure 24.    Nanowire piezoelectrics. a) Schematic of a vertical ZnO NW array integrated nanogenerator, and b) voltage response of (left) single vertical-
array nanogenerator and (right) device with 3 generators connected in series. c) Schematic of a lateral ZnO NW array integrated nanogenerator and 
d) principle of operation, showing polarization of NWs upon deformation. Reproduced with permission. [ 219b ]  Copyright 2010, Nature Publishing Group. 
e) Schematic of a fl exible piezotronic strain sensor based on a single ZnO NW, and f) typical I-V characteristics of a sensor at different levels of strain. 
Reproduced with permission. [ 325 ]  Copyright 2008, American Chemical Society. g) Optical image and h) electroluminescence image of n-ZnO/p-GaN 
NW LED arrays with a convex mold on top, allowing for visual mapping of applied pressure from the mold with high spatial-resolution. Reproduced 
with permission. [ 331 ]  Copyright 2013, Nature Publishing Group.
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map pressure variations through light emission with microm-
eter resolution [ 331 ]  (Figure  24 g,h).    

 10.     Nanowire-Cell Interface 

 The nanowire-living cell interface is another emerging area of 
great interest. First, the cross sections of nanowires are much 
smaller than the typical cell dimensions yet larger than that of 
the lipid bi-layer, which means they can easily penetrate cell 
membranes while leaving the cellular structures and functions 
intact. [ 332 ]  Second, their high surface to volume ratio ensures 
proper cell−nanowire interaction for chemical/bio/electrical 
sensing, [ 333 ]  as well as payload delivery. [ 334 ]  The most unique 
feature of nanowires, when compared with other nanoscale 
materials for bioassay such as quantum dots or gold nano-
particles, is their high aspect ratio, which makes it feasible 
to communicate optical and electrical signals across cellular 
membranes. [ 333b , 333c , 334b ]  This provides an extra handle for targeted, 
high-resolution, and even addressable intracellular monitoring. 
For the past two decades, a comprehensive understanding of 
controlled nanowire synthesis, functionalities, device fabrica-
tion and surface modifi cation has offered an ideal starting point 

for implementation of nanowires as a powerful platform to 
interface with living cells for various purposes. These include 
precise and/or high throughput delivery of small and macro 
bio-active molecules into the cytoplasm, measurement and 
recording of neuronal action and response to study neuron 
circuit-connectivity and physiology, high spatiotemporal resolu-
tion subcellular imaging and sensing, as well as their potential 
use as a universal platform for guided stem cell differentiation.  

 10.1.     Nanowire FET Based Neuron Physiology 

 The fi rst attempt of interfacing nanowire with live cells was the 
tour de force demonstration by the Lieber group of high den-
sity silicon nanowire transistor arrays for the detection, stimu-
lation, and inhibition of neuronal signal propagation. [ 335 ]  The 
multiplexed and individually addressable arrays of nanowire 
transistor-neuron junctions enabled simultaneous measure-
ment of the rate, amplitude, and shape of signals propagating 
along individual axons and dendrites of a single living neuron 
( Figure    25  a). This task was very diffi cult to fulfi ll if not impos-
sible with traditional micropipettes because of the diffi culty 
in signal multiplexing, or microfabricated electrode arrays 
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 Figure 25.    a) Optical image of a neuron (green) with an axon crossing an array of 50 nanowire FET devices (yellow) with 10 μm pitch. Signal propa-
gation along the axon can be monitored in real time. Reproduced with permission. [ 335 ]  Copyright 2006, American Academy for the Advancement of 
Science. b) Differential interference contrast microscopy images an HL-1 cell and 60° kinked nanowire probe showing that the cell internalized the 
nanoprobe. A pulled-glass micropipette (inner tip diameter ∼5 μm) was used to manipulate the cell. Reproduced with permission. [ 349 ]  Copyright 2010, 
Nature Publishing Group. c) Scanning electron micrograph (SEM) of a mouse embryonic stem cell growing on vertical silicon nanowires. Reproduced 
with permission. [ 332a ]  Copyright 2007, American Chemical Society. d) SEM image of a vertical nanowire electrode array (VNEA) pad constituent of 
nine Si nanowires (blue) with metal coated tips (white) (left; scale bar, 1 μm), and a rat cortical cell (yellow) on a VNEA pad (blue; scale bar, 2.5 μm), 
showing nanowires interfacing with the cellular membrane (inset; scale bar, 2.5 μm). Reproduced with permission. [ 333b ]  Copyright 2012, Nature 
Publishing Group. e) Schematics of nanowire endoscope for highly localized subcellular illumination (left) and microscope images showing the dark 
fi eld (second left) of a living Hela Cell and QD fl uorescence images comparing focused laser (second right) and endoscope (right) excitations of two 
adjacent quantum dot clusters in the cell. The endoscope can selectively excite one of the clusters, showing the capability of high-resolution imaging. 
Reproduced with permission. [ 334b ]  Copyright 2012, Nature Publishing Group.
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lation of neuronal activity at the level of individual axons and/
or dendrites. This pioneering work marked the debut of the 
nanowire FET-based neuron physiology technique that is now 
capable of recording extracellular [ 336 ]  and intracellular [ 333a , 337 ]  
action potentials of individual heart muscle cells with high 
signal to noise ratio, in-vivo recording of the beating of a whole 
heart, [ 338 ]  as well as multiplexed mapping of neural circuits in 
acute brain slices with simultaneous high temporal and spatial 
resolution. [ 339 ]   

 Lately, the scope of the nanowire FET-live cell interface has 
been further expanded to the engineering of “cyborg-tissue” to 
address the long-standing problem in the fi eld of tissue engi-
neering of getting biomaterials to monitor or interact with 
chemical and electrical changes around them, like normal 
human tissue does. The strategy proposed to mimic these 
natural feedback loops in synthetic tissues is to use integrated 
nanowire FETs arrays with biocompatible extracellular scaf-
folds, from which the Lieber group has demonstrated the 
three-dimensional (3D) culture of neurons, cardiomyocytes 
and smooth muscle cells into tissue, as well as the capability 
to monitor the local electrical activity throughout their 3D and 
macroporous interior and their response to cardio- or neuro-
stimulating drugs in real-time. [ 340 ]  The development of such 
“cyborg-tissue” will directly benefi t pharmaceutical industry by 
allowing for drug testing in 3-D tissues, and advance our fun-
damental understanding of human functions and the body’s 
ability to detect and response to external stimuli.   

 10.2.     Vertical Nanowire Arrays for Cell Culture, Payload Delivery, 
Neurophysiology and Therapy 

 In contrast to nanowire FETs, which are primarily specialized 
for interacting with electrically active cells with the aim of high 
spatial- and temporal-resolution in electrical measurements, 
vertically aligned nanowire arrays represent a more universal 
and versatile platform for high throughput live cell manipula-
tion and assays. In 2007, the Yang group successfully cultured 
mammalian stem cells (mouse embryonic stem cells) directly 
on a Si nanowire array with a uniform diameter of ∼90 nm and 
length of ∼6 μm, demonstrating for the fi rst time the direct 
interconnection of nanowires with living cells (Figure  25 c). [ 332a ]  
The cells grown on the nanowire array were penetrated by the 
Si nanowires within approximately 1 hour as they settled on 
to the substrate without the application of external force. The 
stem cells pierced by nanowires not only survived for days, 
but also continued to differentiate into beating heart muscles 
on the bed of needles. As a proof of concept, the researchers 
also showed that they could introduce a small amount of DNA 
into human embryonic kidney cells, demonstrating the feasi-
bility of the Si nanowire arrays for gene delivery. This ground-
breaking work holds profound implications for many aspects 
of live cell research, including cell culture, attachment and 
manipulation, drug discovery, cellular reprogramming, cell and 
system biology, neuron electrophysiology, and potentially tissue 
engineering, where vertical nanowire arrays can be expected 
to introduce programmable electrical and chemical stimuli to 
guide stem cell differentiation. 

 The exciting potential of this work has been extensively 
explored over the last several years. A wide variety of cell 
lines have been successfully cultured on different nanowire 
arrays to study the nanowire-cell interface, as well as the 
impact of nanowire impalement on live cell functions and 
structure. [ 332b , 341 ]  Park and co-workers have developed these 
vertical Si nanowire arrays into a universal platform to intro-
duce a broad range of exogenous materials (siRNAs, peptides, 
DNAs and proteins) into multiple mammalian cell types, both 
immortalized (Hela) and primary (human fi broblasts, rat 
neural progenitor cells and rat hippocampal neurons), with 
high throughput by attaching biomolecules to nanowire arrays 
pretreated with 3-aminopropyltrimethoxysilane (APTMS), a 
chemical that would allow molecules to bind relatively weakly 
to the surface of the nanowires. [ 334a ]  These nanowire arrays can 
also manipulate genes in various primary immune cell lines 
without activating an immune response or interfering with 
their immune functions. [ 342 ]  This nanowire-based approach 
was quickly adopted by biologists to deliver genes into fragile 
immune cells that are extremely diffi cult to transfect otherwise, 
which has led to the discovery of new components in a crucial 
pathway that allows immune cells to detect viral invaders [ 343 ]  
and the molecular circuitry controlling the differentiation of T 
helper 17 (T H 17) cells, a type of white bold cell that has been 
linked to autoimmune diseases, such as multiple sclerosis and 
type 1 diabetes. [ 344 ]  

 The fact that cells can engulf vertical nanowires arrays into 
their interior without affecting their vitality, structures and 
functions has offered an intriguing solution for intracellular 
mapping of neuron activity. The fl ow of electrical currents in 
a given cell was traditionally measured using micropipette 
electrodes, however, it is extremely hard to conduct such meas-
urement without harming the cell’s membrane or interfering 
with its activity. It is also diffi cult to monitor multiple cells 
simultaneously. Recently, two research groups independently 
devised nanoelectrode arrays based on vertical nanowire arrays 
for intracellular recordings. Park and co-workers [ 333b ]  built their 
electrode arrays from doped, conducting Si nanowires (150 nm 
in diameter and 3 μm in height) that are capped with a con-
ducting metal tip (Figure  25 d). Cui and co-workers [ 333c ]  built 
arrays of nanopillars made of platinum that are also 150 nm 
in diameter, but slightly shorter in height (1–2 μm). Since cells 
cultured on nanowire arrays wrap the nanowires in a thin layer 
of cell membrane to separate the nanowire from the cell inte-
rior, [ 345 ]  both groups had to resort to a technique called mem-
brane electroporation to get the nanowires effi ciently into 
cells, where they applied small electrical currents through the 
nanoelectrodes to make infi nitesimal holes in the cell mem-
brane near the electrodes. Both of these nanoelectrode arrays 
allowed for intracellular monitoring of action potentials from 
multiple cells simultaneously over a long period of time (hours 
to days), and are much less damaging to the cells than conven-
tional micrometer-sized pipettes. However, the amplitude of 
recorded signals were one order of magnitude smaller than that 
of micropipette electrodes and nanowire FETs with a branched 
nanotube inserted into the cell. [ 337b ]  Nonetheless, these nano-
electrode arrays hold great promise for studying bioelectricity 
in nerves and heart muscles, and for brain activity mapping by 
packing hundreds of thousands of these nanowire electrodes 
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into fl exible sheets that conform to the surface of the brain with 
minimal tissue damage. 

 The engineered nanotopographic cell culture substrate and 
the ability of vertical nanowire arrays to effectively interact with 
the cell membrane and access the cell cytoplasm also provide 
new insight into effective cell capture, separation and assays. 
Immuno-functionalized transparent quartz nanowire arrays 
can effectively capture rare tumor cells from a heterogeneous 
cell population or even human whole blood, and has enabled 
laser scanning imaging cytometry for automated quantitation 
of captured cells and rapid evaluation of functional cellular 
parameters. [ 346 ]  Au nanoparticle coated Si nanowire arrays with 
antibody coatings are also capable of simultaneous capture and 
plasmonic photothermal therapy for circulating tumor cells. [ 347 ]  
Such functionalized nanowire arrays represent a powerful plat-
form for the investigation of the biology of rare tumor cells and 
for differential diagnosis of cancer progression and metastasis. 
In addition, endogenous enzyme activity in live cells can be 
detected by a “sandwich” assay, where cells are “sandwiched” 
in between a nanowire cell holder and a nanowire exogenous 
enzymatic substrate to allow well timed access of the enzymatic 
substrate into the cell cytoplasm. [ 348 ]  Subsequent dissembling 
of this nanowire–cell sandwich allows for detection of changes 
induced to the enzyme substrates by fl uorescence microscopy 
and mass spectrometry, demonstrating the assay’s potential for 
probing enzyme function in situ.   

 10.3.     Nanowire-Based Single Cell Endoscopy 

 To dissect the complexity of mammalian cells, where different 
subcellular functional units orchestrate a variety of biological 
processes, non-invasive optical tools that have high spatial 
and temporal resolution are central for the study of individual 
events inside these compartments. Current optical methods 
for studying subcellular events rely on high-precision optical 
imaging systems that are bulky, complicated and expensive. 
Furthermore, standard light microscopy is not applicable to the 
study of individual cells deep within living tissues. 

 Mobilizing optical spectroscopy techniques with our current 
knowledge of nanomaterials is an essential component to revo-
lutionize subcellular fl uorescent assay. In particular, the intro-
duction of a nanoscopic light source into the organism, without 
interfering with cellular functions or compromising the outer 
cell membrane, could lead to non-invasive means for in-situ 
living cell imaging and sensing with high spatial and temporal 
resolution and precision. Such light sources, or essentially a 
nano- endoscope, will be able to probe sub-cellular events (e.g. 
infection and pathogen response), sense local environments 
both optically and chemically for disease diagnostics, induce 
photo-destruction (i.e., photodynamic therapy) of cancerous 
cells or tissue, or induce local optical and chemical stimuli to 
guide stem cell differentiation. 

 Such a milestone device has been demonstrated recently by 
combining subwavelength optical waveguide and fi ber optic 
technology for highly localized optical imaging and cargo 
delivery in a single living cell (Figure  25 e). [334b]  Because of 
the small cross section of the nanowire probe (∼250 nm), the 
nanowire endoscope doesn’t kill the cell or induce any apparent 

cellular stress while being able to achieve an illumination/
detection volume down to picoliters to avoid the excitation and 
collection of unwanted signals from cellular autofl uorescence 
or other sources distant from the tip. Functionalization of the 
probe tip itself with a fl uorescent sensor can additionally con-
fi ne the signal and ensure measurement of only local changes, 
which was demonstrated with pH sensing in micro-droplets. 
The small dimension of the nanowire also enables localized 
delivery of payloads selectively into the designated spots in both 
nucleus and cytoplasm with active temporal control. Single cell 
endoscopes offer a unique instrumental platform for advancing 
our fundamental understanding of cellular functions, signal 
pathways and intracellular physiological processes.    

 11.     Conclusions and Future Directions 

 Each of these applications has been developed based on years 
of research into the synthesis, characterization, manipulation, 
and assembly of nanowires. The path from fundamental under-
standing to practical applications has led to numerous benefi ts 
for the entire materials research community. The interdiscipli-
nary nature of the research presented here represents the future 
of scientifi c discovery, where the boundaries between chemistry, 
physics, biology, and engineering are no longer relevant. 

 The dramatic improvements in computational simulation 
and modeling, for example, have led to a new paradigm of 
materials discovery where rapid screening of potential mate-
rials, including new material phases, can be performed to 
allow experimental researchers to focus on the most prom-
ising directions, and gain atomistic insight into novel results. 
In the past decade, tremendous advances have been made in 
the scale and speed of both quantum and classical simula-
tions, which has been partially facilitated by an increase of 
three orders of magnitude in the power of high performance 
computing resources. [ 350 ]  In particular, advances in predictive 
materials design and multiscale simulation tools will allow 
researchers to gain improved control over scientifi c and engi-
neering challenges ranging from individual atomic defects to 
the assembly and integration of nanomaterials into larger sys-
tems and devices. This allows for the development of models 
with increased complexity, which can integrate multiple basic 
physical phenomena (optical, electronic, magnetic, thermal, 
etc.) that may occur at different physical length scales, in order 
to understand their interactions in nanostructured materials. 

 The spatial and temporal resolution of tools for nanoscale mate-
rials characterization has also increased signifi cantly in the past 
decade (as well as their general availability to the research commu-
nity). In particular, the combination of scanning probe, electron 
microscope, atom probe, ultrafast optical, and synchrotron tech-
niques has enabled researchers to probe the physical, chemical, 
and electronic properties of nanowires with improved resolution. 
The insights from these measurements span a wide range of fi elds, 
including advances in fundamental physics, an improved under-
standing of the processes that occur during synthesis, dynamic 
processes that occur during device operation, and durability and 
failure mechanisms that dictate the lifetime and applicability of 
these materials. One trend that has been increasing in recent years 
is the application of these techniques for in situ characterization 
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of materials during synthesis and device operation, as discussed 
throughout this Review. This trend is likely to continue to increase 
in coming years, as an improved understanding of the dynamics 
of these processes has allowed researchers to improve the design 
and fabrication of complex nanostructures and nanosystems. In 
the future, the combination of these techniques to probe multiple 
processes simultaneously will provide additional breakthroughs. 
For example, the combination of ultrafast laser spectroscopy with 
electron microscopy can enable a new level of characterization of 
dynamic processes which occur at the nanoscale. [ 350 ]  

 Another important emerging phenomenon in nanowire 
research is the need for systems-level engineering of devices, 
rather than simply focusing on the individual components 
(Figure  19 a). [ 254 ]  This is analogous to biological systems, where 
a full understanding of their behavior requires not only an 
understanding of the individual parts, but also the interfaces 
between them and how their interactions determine the per-
formance of the entire system. In fact, these engineering 
approaches can often benefi t from studying natural systems, 
as in the case of artifi cial photosynthesis. This will require an 
improvement in our ability to assemble nanostructures into 
specifi c orientations with complex 3D geometries, as well as 
engineering of the interfaces which control the transfer of 
energy, force, charge, and/or mass across them. 

 Beyond the assembly of individual components into nano-
systems with engineered interfaces, these architectures must 
be fabricated at large scale, with high throughput and low cost, 
while simultaneously maintaining control of material proper-
ties at the nanoscale. Therefore, the development of advanced 
nanomanufacturing processes such as large-scale self-assembly, 
advanced reactor design, and roll-to-roll processes for nanowire 
growth and assembly will be critical for commercial adapta-
tion of these technologies. An emphasis should be placed on 
use of low-cost, environmentally-friendly, and earth-abundant 
materials, while minimizing the waste in utilization of more 
expensive elements in the processing. Avoiding energy-inten-
sive processing such as high temperature or vacuum levels 
will also help to reduce production costs. Additionally, novel 
metrology tools with the necessary spatial and temporal reso-
lution will be necessary to implement quality control in these 
high-throughput processes. This will facilitate the next era of 
nanotechnology, in which the technological, environmental, 
biomedical, and economic benefi ts of the aforementioned tech-
nologies to society are realized on a global scale.  
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