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Preface

Dimensionality plays a critical role in determining the properties of materials due
to, for example, the different ways that electrons interact in 3D, 2D and 1D
structures. 1D nanowires (NWs), with diameters reaching to the molecular or
quantum regime, have been the focus of research for two decades and today remain
at the forefront of both scientific research and developing nanotechnologies. In
particular, semiconductor NWs represent one of the most important and versatile
nanometer-scale structures. In contrast to other classes of 1D nanostructures, such
as carbon nanotubes, semiconductor NWs can be rationally and predictably syn-
thesized in single crystal forms with all key parameters controlled, including
chemical composition, diameter, length, doping and electronic properties. Thus,
semiconductor NWs represent one of the best-defined classes of nanoscale building
blocks, and the precise control over key variables has correspondingly enabled a
wide range of devices, assembly strategies and integrated nanosystems to be pur-
sued, as well as opening new directions at the interface with other fields. This book
provides an overview of this vibrant area of nanoscience and nanotechnology
research starting from early efforts that recognized the importance and began to
develop this class of building blocks through to state-of-the-art directions today,
including quantum devices, energy technology and interfacing to biological
systems.

Chapter 1 will introduce the emergence of the semiconductor NW research
platform, including the concept and importance, synthetic challenges and initial
design, and the development of vapor-liquid-solid crystal growth mechanism, as
well as other nanofabrication-based approaches explored in the early years of this
field.

In Chap. 2, we will overview major bottom-up strategies for the synthesis of
semiconductor NWs, including vapor phase, templated, and solution-based meth-
ods. Chapter 3 will further expand upon the basic synthetic methods to yield
controlled growth of a host of semiconductor NWs with modulated morphologies
and structures, including axial and radial heterostructures, kinked, branched, and/or
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modulated doped structures, where the increased complexity in the NWs can enable
unique functional properties.

To utilize these NW building blocks for nanoscale devices through integrated
systems, such as in electronics and photonics, requires controlled and scalable
assembly of NWs on either rigid or flexible substrates. In Chap. 4, we will sum-
marize advances in large-scale NW assembly by organizing pre-grown NWs onto
target substrates and the direct growth of aligned NWs on substrates.

Electronics obtained through the bottom-up approach of molecular-level control
of material composition and structure can lead to devices and fabrication strategies, as
well as new architectures not readily accessible or even possible within the context
of the top-down driven industry and manufacturing infrastructure. Chapter 5 will
present a summary of advances in basic nanoelectronics devices, basic circuits and
nanoprocessors assembled by semiconductor NWs.

In Chap. 6, we will review the advantages of the sub-wavelength diameters of
NW structures and tunable energy band gaps for investigating generation, detection,
amplification and modulation of light. The rational design and synthesis of NW
structures together with the capability of controlling and manipulating these
structures on surfaces to form single devices and networks has been crucial for
realizing NW-based photonic circuitry. Progress in the area of NW photonic
devices, including waveguides, light-emitting diodes, lasers, and photodetectors,
will be reviewed.

When the dimensions of the NWs become comparable to the electron charac-
teristic lengths, the fundamental quantum properties of charge carriers can dominate
the charge transport and new device properties become possible. Chapter 7 will
summarize studies over the past decade where quantum properties are critical to the
observed behavior, including quantum dot systems in semiconductor NWs, hybrid
superconductor-semiconductor NW devices, and NW topological insulators.

Substantial recent scientific effort has been focused on efficient energy storage
and conversion of renewable energy sources, where semiconductor NWs represent
attractive candidates since their composition, size and other factors that determine
basic electronic and optical properties can be synthetically manipulated in complex
ways. In Chaps. 8 and 9, the advantages of NW structures for efficient energy
storage and conversion will be illustrated and discussed.

Chapter 10 will introduce research advances exploiting NWs configured as
field-effect transistors for biomolecule analysis, as one of the most promising and
powerful platforms for label-free, real-time, and sensitive electrical detection based
upon the electrostatic gating effect on the surface. Representative examples of
semiconductor NW sensors will be described, including sensitive detection of
proteins, nucleic acids, viruses and small molecules.

The interface between nanosystems and biosystems is emerging as one of the
broadest and most dynamic areas of science and technology, bringing together
researchers and ideas from biology, chemistry, physics and many areas of engi-
neering, biotechnology and medicine. These efforts are leading to many advances,
for example, the creation of new and powerful tools that enable direct, sensitive and
rapid analysis of biological species and cellular activities. Research at the interface
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between nanomaterials and biology could yield breakthroughs in fundamental
science and lead to revolutionary technologies. In Chap. 11, we will introduce
studies focused on building interfaces between NWs with cells and tissues,
including extracellular and intracellular signal recording, synthetic cyborg tissues
and in vivo recording.

Finally, in Chap. 12, we will conclude this book and look into the future of the
exciting opportunities of NW science and technology moving forward.

We thank Yongjie Hu (University of California, Los Angeles), Wei Lu
(University of Michigan) and Yat Li (University of California, Santa Cruz) for
reviewing early drafts of several chapters.

Cambridge Anqi Zhang
Shanghai Gengfeng Zheng
Cambridge Charles M. Lieber
Jun 2016
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Chapter 1
Emergence of Nanowires

Abstract The design, development and understanding of synthetic materials, with
at least one dimension below 100 nm, have been driving a broad range of research
in the scientific community for a number of years given the potential of such
materials to substantially impact many areas of science and technology. In partic-
ular, one-dimensional nanowires, with diameters reaching to the molecular or
quantum regime, have been a focus of research over the past two decades. The
underlying principles for synthesis of one-dimensional materials have been inves-
tigated in different contexts for almost half a century ago, although significant
challenges existed in developing the critical understanding to control (i) diameters
to the deep nanoscale dimensions as well as (ii) structure and composition in the
axial and radial coordinates as necessary for the synthesis of materials with
designed and tunable functionality. In this chapter, the emergence of the nanowire
research platform is introduced, including the concept and importance, synthetic
challenges and initial design, and the development of vapor-liquid-solid crystal
growth mechanism. In addition, other nanofabrication based approaches explored in
the early years of this field will be briefly introduced.

1.1 Introduction: Motivation for Nanowires

“Nano” has become a nearly ubiquitous prefix used today in science and tech-
nology, and also one widely recognized by the general public. But what is the
science that can build nanotechnologies and may make nanotechnology a unique
field of endeavor that revolutionizes many other areas? Indeed, nanometer scale
structures represent an exciting, intellectually-challenging and rapidly expanding
area of research that crosses the borders between many areas of the physical sci-
ences and engineering [1, 2]. Nanostructures can be defined as systems in which at
least one dimension is less than 100 nm. That is, reducing 1, 2 or 3 dimensions
(D) of a bulk material to the nanometer scale produces nanometer thick 2D layers,
1D nanowires (NWs), or 0D nanoclusters, respectively. Interest in nanometer scale
structures has been driven by fascinating questions and the potential to impact basic
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science and technology. Three questions at the heart of basic chemistry and physics
research of nanomaterials are: (1) how can nanostructures that have controlled
dimensionality be synthesized or fabricated; (2) what are the intrinsic and poten-
tially unique physical properties of these synthesized nanostructures; and (3) how
can nanostructures with tailorable properties contribute to and even create break-
throughs in fields, including but not limited to, electronics, photonics, energy
conversion and storage, and the life sciences? Before delving in detail to these
questions in subsequent chapters of the book, an abbreviated history of the
development of the unique 1D nanostructure now known as NWs is reviewed.

1.1.1 Importance of One-Dimensional Materials

Dimensionality plays a critical role in determining the properties of materials due
to, for example, the different ways that electrons interact in 3D, 2D and 1D
structures [3–5]. The study of dimensionality has a long history in chemistry and
physics, although this has been primarily with the prefix “quasi” added to the
description of materials. That is, quasi-1D solids, including square-planar platinum
chain and metal trichalcogenide compounds [6, 7], and quasi-2D layered solids,
such as metal dichalcogenides and copper oxide superconductors [3, 5, 8, 9]. The
anisotropy inherent in quasi-1D and -2D systems is central to the unique properties
and phases that these materials exhibit, although the small but finite interactions
between 1D chains or 2D layers in bulk materials have made it difficult to address
the interesting properties expected for the pure low-dimensional systems [10, 11].

The focus on nanometer scale wires is motivated by basic scientific and tech-
nology questions. How can atoms or other building blocks be rationally assembled
into structures with nanometer size diameters but much longer lengths? By the end
of the 20th century, there had been relatively well developed methods for the
synthesis of 0D nanoclusters via arrested precipitation [12] and the growth of 2D
layers using molecular beam epitaxy (MBE), although general methods for the
growth of 1D structures with diameters less than 10 nm had not been available. In
addition, 1D structures with nanometer diameters, such as NWs, have great
potential for testing and understanding fundamental concepts about the roles of
dimensionality and size on physical properties. For instance, 1D systems should
exhibit density of states singularities, can have energetically discrete molecular
states extending over large distances, and may show more exotic phenomena, such
as spin-charge separation predicted for a Luttinger liquid [13]. There are also many
applications where 1D NWs can be exploited, including (i) functional nanostructure
materials, (ii) novel probe microscopy tips, (iii) nanoelectronics, (iv) nanophoton-
ics, (v) quantum devices, (vi) energy storage, (vii) energy conversion, (viii)
chemical and biological sensing, and (ix) nano-bio interfaces. To realize these and
other exciting uses of 1D nanostructures, however, requires an understanding of the
fundamental chemistry and physics questions raised above [11, 14].
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Semiconductor NWs represent arguable the most important and versatile
nanometer-scale wire structures. In contrast to another classes of 1D nanostructures,
such as carbon nanotubes (CNTs) [10, 11], semiconductor NWs can be rationally
and predictably synthesized in single crystal forms with all key parameters con-
trolled, including chemical composition, diameter and length, and doping and
electronic properties. Thus, semiconductor NWs represent one of the best-defined
classes of nanoscale building blocks, and this precise control over key variables has
correspondingly enabled a wide range of devices and assembly/integration strate-
gies to be pursued [15]. For example, early work showed that semiconductor NWs
could be assembled into functional electronic devices, including crossed NW
p-n diodes, crossed NW-FETs, nanoscale logic gates and computation circuits, as
well as optoelectronic devices such as nanoscale light-emitting diodes (LEDs) and
lasers. In addition, it is possible to combine distinct NW building blocks in ways
not possible in conventional electronics, and to leverage the knowledge base that
exists for the chemical modification of inorganic surfaces to produce semiconductor
NW devices that achieve new function and correspondingly lead to unexpected
device and system concepts [14, 16, 17]. In the past 20 years, the research com-
munity has witnessed a substantial increase in development of NW research with a
near exponential increase in publications, which reached over 20,000 new publi-
cations per year in 2014 (Fig. 1.1). Nonetheless, significant challenges existed at
the very early days when people started to explore the methodologies for 1D NW
synthesis.

Fig. 1.1 Histogram of citations by year to “nanowire(s)” (Search performed on 7th July 2015
with Web of Science)
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1.1.2 Synthetic Challenges and Initial Design

How can atoms or other building blocks be rationally assembled into structures with
nanometer size diameters but much longer lengths? Answering this question is
central to the preparation of 1D nanostructures, and correspondingly, research had
pursued several strategies to synthesize CNTs and NWs. For example,
multiple-walled CNTs had been prepared via the condensation of hot carbon
plasmas. The growth mechanism producing these 1D nanostructures is, however,
specific to the tubular structures of sp2-bonded carbon and isostructural hexagonal
boron nitride. It is also possible to favor the formation of single-walled CNTs from
carbon plasmas by adding certain metals [18]. These metals appeared to function as
catalysts, although a sufficiently good understanding of the growth mechanism
needed to control the diameter and helicity of SWCNTs had not been available by
the end of last century.

In general, the growth of 1D nanostructures requires two dimensions to be
restricted to the nanometer regime, while the third dimension extends to a much
greater length scale [10, 19]. This overall requirement is considerably more difficult
to achieve than the corresponding constraints needed for successful growth of 0D
and 2D structures [20]. For example, many important semiconductor materials
adopt a cubic zinc blende structure, and thus when growth is stopped at an early
stage, the resulting nanoscale structures are nanocrystals with various polyhedron
shapes but not 1D NWs. To achieve 1D growth in systems, where atomic bonding
is relatively isotropic, requires that the growth symmetry be broken rather than
simply arresting growth at an early stage.

By the end of the last century, considerable efforts had been placed on the bulk
synthesis of NWs, and various strategies had been developed to break the growth
symmetry either “physically” or “chemically”. A common theme in many of these
studies had been the use of linear templates, including the edges of surface steps
[21], nanofibers [22, 23], and porous membranes [24], to direct chemical reactions
and material growth in 1D. Although a promising and conceptually simple tech-
nique, template mediated growth generally produces polycrystalline materials with
diameters greater than 10 nm. Hence, it was unclear based on these previous
studies, whether a general method for the growth of single crystalline NWs with
diameters less than 10 nm existed [10, 11].

In order to understand the intrinsic behavior of 1D structures in a size regime
where quantum effects produce new phenomena, the first goal should be to develop
a general and predictive method for preparing compositionally diverse
single-crystal materials with nanometer to tens of nanometer diameters. From the
outset it was believed that a catalytic approach, in which the catalyst is used to
direct growth in a highly anisotropic or 1D manner, would enable one to meet this
overall goal [11]. Depending on the phases involved in the reaction, this approach is
typically defined as vapor-liquid-solid (VLS) [25, 26], solution-liquid-solid
(SLS) [27] or vapor-solid (VS) [28, 29] growth, which will be introduced in
more details later in this chapter and the following chapter.
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1.1.3 Top-Down and Bottom-Up Nanotechnology

Nanotechnology aims to be a revolution, not an evolution, in science and tech-
nology. It distinguishes itself from all previous scientific and industrial revolutions
in three major aspects [30]. For the first time in human history, one can (i) change
the fundamental properties (such as band gaps and luminescence) of matter as well
as make materials with desirable attributes; (ii) observe and manipulate nanoscale
objects (such as atoms and molecules); and (iii) fabricate and build
single-NW/nanotube single-electron/photon nanodevices. The first characteristic is
due to the so-called quantum-size effects whereby the properties of a material
change with its size in the nanometer regime. The second is made possible by the
invention of high-resolution transmission electron microscopy (HRTEM) and
scanning probe microscopy (SPM), including scanning tunneling microscopy
(STM) and atomic force microscopy (AFM). The third is the result of the devel-
opments of various nanofabrication techniques (such as nanoimprint and electron
beam lithography) as well as due to a physical phenomenon known as “quantum
confinement” in the nanorealm. It is quite possible that the nano-revolution will
ultimately impact most aspects of human activities, not just in science and
technology.

How can this revolution be realized? There are, in principle, two approaches to
nanotechnology: the bottom-up and the top-down strategies [31, 32]. The
bottom-up strategy focuses on building or assembling nanodevices from atomic or
molecular components. The top-down one seeks to fabricate nanodevices on silicon
or other semiconductor chips directly using increasingly high resolution lithography
[33]. It is widely held that present top-down semiconductor technology has not
exploited the chemistry and physics (e.g., quantum-size effects) of nanomaterials,
and also not taken advantage of the development of bottom-up nanotechnology
[30, 32]. Many reasons come to mind. First, nanomaterials and their properties in
the nanorealm, especially at the interface, are not well understood and/or still under
investigation. Second, the fabrication techniques, both at the materials level and at
the device stage, are not well-defined or fully developed. Third, connection to the
macroscopic world remains a real problem. Finally, even if all these problems can
be overcome, they are not at present mass producible and/or cost competitive
enough to challenge the existing semiconductor technology. For a stand-alone
bottom-up nanodevice to challenge the top-down nanodevice, it must overcome
these hurdles.

Thus, while each approach has its advantages and disadvantages, it is generally
believed that future development of nanotechnology will encompass both approa-
ches with their relative contributions depending upon specific applications and
taking into account pros and cons associated with factors such as performance
enhancement and materials improvement. In other words, application-specific
nanodevices can be fabricated using a combination of the two approaches. For
example, nanodevices can be made via the bottom-up strategy and assembled in situ
or “grown in place” on a nanochip fabricated via the top-down lithography
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techniques, which enable straightforward interfacing to the outside world. Such
hybrid nanotechnologies would allow the exploitation of advantageous attributes of
both approaches. In this book, we will focus on the developments of the bottom-up
synthesis strategy and NW structures and their characteristics that arise from this
bottom-up approach.

1.2 Micron-Scale Whiskers: VLS Concept

1.2.1 Concept and Key Results

In general, the preparation of wires requires that the addition of material during the
growth process be constrained to occur along only one direction. This is conve-
niently accomplished by taking advantage of ideas from vapor–liquid–solid
(VLS) growth [25, 26, 34, 35] (Fig. 1.2). In this mechanism, a metal catalyst, such
as a gold (Au) nanoparticle, forms a liquid metal-semiconductor eutectic alloy at an
elevated temperature by adsorbing the vapor reactant, such as silicon resulting from
silane (SiH4) decomposition. Continuous incorporation of the semiconductor
material in the alloy through the vapor/liquid interface ultimately results in
supersaturation of the semiconductor material, and this supersaturated state leads to
precipitation of the semiconductor material and formation of a liquid–solid interface
to achieve minimum free energy. Accordingly, the 1D crystal growth begins via the
transfer of the semiconductor material from the vapor reactant at the vapor/liquid
interface into the eutectic, followed by atom (e.g., Si atoms) addition at the
liquid/solid interface. In addition, because the gold nanoparticle remains at the tip of
the NW during VLS growth, it can define the diameter of the 1D NW as long as all
reactant addition is through the liquid/solid interface. An important feature of this
concept is that it readily provides the intellectual underpinning needed for the

Fig. 1.2 VLS growth
mechanism of Si wires
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prediction of good catalysts and synthesis conditions. First, one uses equilibrium
phase diagrams to choose a catalyst that can form a liquid alloy with the NW
material of interest. The phase diagram is then used to choose a specific compo-
sition (catalyst: NW material) and synthesis temperature so that there is a coexis-
tence of liquid alloy and solid NW material. Second, the liquid catalyst alloy cluster
serves as a preferential site for absorption of reactant (i.e., there is a much higher
sticking probability on liquid vs. solid surfaces) and, when supersaturated, the
nucleation site for crystallization. Preferential 1D growth occurs in the presence of
reactant as long as the catalyst remains liquid [11, 36].

The first successful synthesis of Si wires, or filamentary Si crystals with
macroscopic dimensions, was reported in 1957 for the synthesis of Si whisker with
〈111〉 orientation [37]. In 1961, Greiner et al. [38] reported that silicon nanoribbons
were made by reacting silicon pellets with iodine and hydrogen in a closed tube in a
temperature gradient. Arsenic-doped silicon pellets with resistivity from 0.001 to
0.005 X-cm produced ribbons, in which the silicon source of 0.002 X-cm resis-
tivity gave optimum yields. The arsenic content of this silicon source material was
estimated to be 4 � 1019 atoms/cm3. Several years later, the illuminating work
performed by Wagner and Ellis [25, 26] established the mechanism of the Si
whisker growth, well recognized as the VLS mechanism, which until today still
represents the most important bottom-up approach to synthesize silicon nanowires
(SiNWs) [39, 40]. In these and subsequent studies, Si whiskers were grown by the
disproportionation of SiI2 or by hydrogen reduction of SiCl4. Three important facts
emerged: (a) silicon whiskers do not contain an axial screw dislocation; (b) an
impurity, such as Au, is essential for whisker growth; and (c) a small globule is
present at the tip of the whisker during growth. In this VLS mechanism, the role of
the impurity is to form a liquid alloy droplet of relatively low melting temperature.
Thus, the liquid droplet is a preferred site for deposition from the vapor, which
causes the liquid to become supersaturated with Si.

Typical of this early work, a small particle of Au was placed on a {111} surface
of a Si wafer and heated to 950 °C, forming a small droplet of Au-Si alloy [25, 26].
A mixture of hydrogen and SiCl4 was introduced. The liquid alloy acts as a pre-
ferred sink for arriving Si atoms, that is, as a catalyst for the chemical process
involved. The Si enters the liquid and freezes out, with a very small concentration
of Au in solid solution, at the interface between solid Si and the liquid alloy.
Continuation of this process results in the displacement of the alloy droplet from the
substrate crystal atop the growing whisker. The growth direction is 〈111〉, and the
side facets of the whisker are usually {211} and sometimes {110}. The whisker
grows in length by this mechanism until the Au is consumed or until the growth
conditions are changed. Similar results were obtained with Pt, Ag, Pd, Cu or Ni,
either by replacing a particle on the Si substrate or co-deposition [25, 26]. VLS
growth of twinned Si ribbons having a 〈211〉 or a 〈110〉 growth direction and {111}
main faces were also observed [25, 26].
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1.2.2 Limitations

The primary products identified in these early studies were micrometer to mil-
limeter diameter Si whiskers or wires [25, 26]. Within the framework of the VLS
mechanism, one can readily imagine synthesizing NWs of many different materials
and diameters, if catalyst clusters of nanometer dimensions are available. This
raises an important point, because equilibrium thermodynamics can be used to
define the minimum radius, rmin, of a liquid metal cluster as:

rmin ¼ 2rLVVL=RT ln r

where rLV is the liquid-vapor surface free energy, VL is the molar volume, R is the
ideal gas constant, T is the absolute temperature, and r is the vapor phase super-
saturation [11]. Substituting typical values into the above equation yields a minimum
radius on the order of 0.2 lm, and thus under equilibrium conditions, one does not
expect to be able to grow NWs with sufficiently small diameters to exhibit interesting
new properties. Indeed, previous studies using a growth process similar to that
described above, termed VLS growth, had only yielded micrometer diameter
whiskers [25]. The large micrometer diameter clusters at the ends of these whiskers
suggested strongly that the constraint imposed by the above equation led to the lower
diameter limit in these previous studies. This constraint from equilibrium thermo-
dynamics were overcome rationally by employing laser ablation and condensation,
which has been studied extensively in the past [41], to generate nanometer diameter
clusters. We will go into details of this breakthrough in Chap. 2.

1.3 Other Early Works

1.3.1 Top-Down Lithography-Based Si Nanopillars

In 1993, Chou and coworkers [42] reported the fabrication and preliminary pho-
toluminescence study of free-standing Si pillars with diameters as small as about
10 nm and aspect ratio greater than 15. The pillars were fabricated using
electron-beam lithography (EBL), chlorine-based reactive ion etching (RIE), and
subsequent hydrofluoride (HF) wet etching. Photoluminescence with a peak at
720 nm was repeatedly observed from an array of nanoscale pillar with *20 nm
diameters, although the origin of such photoluminescence was not clear. They
further presented the fabrication of sub-50 nm Si pillars, ridges, and trenches using
ultrahigh resolution EBL and chlorine based RIE [43].

On the other hand, Chen and Ahmed [44] reported the fabrication of high aspect
ratio, sub-10 nm size structures in silicon without any wet chemical etching. A 50-nm
thick double layer of low and high molecular weight polymethylmethacrylate
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(PMMA) resist was exposed to an 80 kV electron beam with a beam diameter smaller
than 5 nm. After exposure, the resist was developed and a 5-nm-thick AuPd film was
deposited and sub-10 nm AuPd dots were obtained by liftoff. These dots served as a
RIE etch mask on the Si substrate, yielding silicon nanocolumns with 5–7 nm
diameters about 7:l aspect ratios. Similarly, about 15 nm silicon nanopillars were
fabricated using gold colloidal nanoparticles as the etch mask [45].

1.3.2 Carbide Nanorods

In 1995, the Lieber group [22] reported an alternative approach to the synthesis of
nanoscale structures based on nanotubes, in which the carbon nanotubes were used
as templates and converted to carbide rods by reacting with volatile oxide and/or
halide species. In this way they were able to prepare solid carbide nanoscale rods of
TiC, NbC, Fe3C, SiC and BCx in high yield with typical diameters of between 2 and
30 nm and lengths of up to 20 lm. Preliminary studies showed that these rods
shared the properties of the bulk materials, such as magnetism and superconduc-
tivity, suggesting that they might allow the investigation of the effects of confine-
ment and reduced dimensionality on such solid-state properties. This was especially
important as it articulated the key importance of controlling composition—not being
limited to simply Si or C—to enable unique functional properties.

Systematic temperature-dependent growth studies of TiC nanorods produced
from spatially separated Ti metal and carbon nanotubes in the presence of iodine
showed that reaction proceeds initially via the formation of a thin, uniform carbide
coating and that further reaction proceeds via inward growth of this coating with a
concomitant consumption of the carbon nanotube until a solid nanorod is formed
[46]. The coatings and nanorods were polycrystalline, cubic TiC. Similar results
were also obtained in growth studies of NbC nanorods from Nb metal and carbon
nanotubes. These data showed that the growth of TiC and NbC nanorods involves a
template mechanism in which the carbon nanotubes define the overall morphology
and furthermore demonstrated that new TiC and NbC nanotubes could be prepared
by controlling the growth conditions.

1.3.3 Nanowiskers by Vapor Phase Epitaxy

In 1992, Yazawa et al. [47] showed that selective heteroepitaxy of nanometer-scale
InAs whiskers on SiO2-patterned GaAs substrates was induced by surface con-
tamination with Au resulting from the fluorocarbon plasma etching process used to
etch the SiO2 mask. It was demonstrated that high-density (*1010/cm2) InAs
nanowiskers with 20–30 nm in diameter could be epitaxially grown on InAs (111)B
substrates onto which 1 monolayer of Au atoms had been deposited. This pillar-like
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growth yielded primarily tapered or cone-like structure and appeared to be induced
by ultrafine alloy droplets generated by the reaction between Au-nanoclusters and
InAs substrates. Later, these researchers [48, 49] demonstrated the growth of GaAs
cone-like structures with diameters of 15-100 nm and lengths up to 2 lm on a GaAs
substrate by metal-organic vapor-phase epitaxy. It was found that the growth
direction was parallel to the [111] arsenic dangling-bond direction and were con-
trolled by the crystallographic orientation of the GaAs substrate surface. It was
further found that the whisker/cone-like structures were zinc-blende type for the
growth temperature range of 460–500 °C, but changed to the wurtzite type at 420 °C
and temperatures higher than 500 °C. These studies represents important steps
forward in extending conventional substrate-based epitaxial growth to out-of-plane
structures, but faced many of the same limitations of conventional 2D processing
that general synthesis of NWs with arbitrary structure and composition that was
needed to realize the potential promise as building blocks for nanotechnology.

1.4 Beginning of Rapid Growth: Vapor-Phase
Nanocluster Catalyzed Growth

It has long been recognized that metal vaporization can be easily accomplished by
irradiation with pulsed high-power lasers [50], much earlier than its use in the
growth of 1D nanostructures. For instance, Smalley and coworkers [41] combined
the laser vaporization technique with the pulsed supersonic nozzle technology for
generating nanometer-sized metal nanoclusters. In 1997 and 1998, the Lieber group
[34, 51] introduced a laser ablation method for VLS growth of Si and germanium
(Ge) NWs in truly nanoscopic dimensions. Specifically, laser ablation was used to
prepare nanometer-diameter catalyst clusters that define the size of wires produced
by VLS growth. This approach was used to prepare bulk quantities of uniform
single-crystal SiNWs with diameters of 6–20 nm, and germanium NWs with
diameters of 3–9 nm, respectively. The lengths of these NWs ranged from 1 to
30 lm. Studies carried out with different conditions and catalyst materials con-
firmed the central details of the growth mechanism and suggested that
well-established phase diagrams can be used to rationally predict catalyst materials
and growth conditions for the preparation of NWs.

In 1998, Lee and coworkers [52] also reported a high-temperature laser-ablation
method for the preparation of SiNWs, although a distinct oxide catalyzed NW
growth mechanism was proposed. The growth rate was measured as 10–80 lm/h.
TEM investigation showed that the NWs were crystalline Si, and had diameters
ranging from 3 to 43 nm and lengths up to a few hundreds of microns. Twins and
stacking faults were observed in the Si core of the NWs. The lattice structure and
constant of the NWs were nearly identical to those of bulk Si, although the relative
XRD peak intensities were different from those of randomly oriented Si crystallites.
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Raman scattering from the NWs showed an asymmetric peak at the same position
as that of bulk crystalline silicon.

These two independent efforts immediately opened up a new era with substantial
opportunities in this research field [36]. Significant progress has been achieved
subsequently in controlling the morphology, size, composition and doping, on
length scales ranging from the atomic and up [17, 53]. In the next chapter, we will
focus on the metal nanocluster catalyzed VLS-growth as a representative method
for the bottom up approach.
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Chapter 2
General Synthetic Methods

Abstract Over the past two decades, remarkable progress has been made in
research focused on the synthesis of 1D NWs leading to the rational design and
synthetic control of key properties, where the capability of design and control of
NWs has opened up the potential for revolutionary advances in diverse areas ranging
from electronics and photonics to energy and healthcare. Scaling NW diameters to
the deep nanometer and even molecular regime, as well as controlling their mor-
phology, composition and structure represents fundamental challenges critical to
exploiting NWs for applications in science and technology. In this chapter, we
overview major bottom-up strategies for the synthesis of NWs, including vapor
phase, templated, and solution-based methods. The advantages and challenges of
different methods will be discussed, with representative examples illustrated.

2.1 Introduction

Semiconductor NWs can be prepared by a variety of methods, which can be
generally categorized as either top-down or bottom-up approaches [1–6]. In the
top-down approach, the NW features are patterned at the surface of bulk materials,
typically single crystal semiconductor wafers, by a combination of lithography,
doping, etching and deposition. An advantage of top-down methods is that
lithographically-defined NWs are formed at well-defined locations that facilitate
integration into systems. While developments continue to push the resolution limits
of the top-down approaches, these improvements in resolution are accompanied by
two limitations. First, lithography-based patterning yields surface roughness that
can become substantial fraction of the total NW diameter, and second, there is a
near-exponential increase in cost associated with each new level of manufacturing
facilities. These material and economic limitations of top-down strategies have
motivated efforts worldwide the past two decades to search for new paradigms to
meet the demand for nanoscale structures. Bottom-up approaches, in which func-
tional structures are assembled from well-defined chemically/physically synthesized
nanoscale building blocks, represent an alternative yet powerful scenario to
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conventional top-down methods. The bottom-up strategy has the potential to go far
beyond the limits and functionality of top-down technology by defining key
nanometer-scale metrics through synthesis and subsequent assembly [1, 6, 7].
Moreover, it is highly likely that the bottom-up approaches will enable entirely new
device concepts and functional systems, and thereby create technologies that people
have not yet imagined. In this chapter, we will focus on the bottom-up fabrication
methods, which can be divided into three categories: vapor phase growth, templated
growth and solution-based methods. Several reviews on NW synthetic methods
have appeared [3, 5, 6].

2.2 Vapor Phase Growth

The most widely used NW synthetic methods have focused on vapor phase growth
since these have yielded NWs with high crystallinity, monodispersity, as well as and
controlled morphology and electrical properties. This section introduces vapor phase
growth strategies, such as the dominant nanocluster-catalyzed vapor-liquid-solid
(VLS) approach, and other related schemes, including vapor-solid-solid and
oxide-assisted growth.

2.2.1 Laser-Assisted Catalytic Growth

In 1997 and 1998, the Lieber group [8, 9] reported a method combining laser
ablation cluster formation and VLS growth for the synthesis of semiconductor
NWs. This method, termed as “laser-assisted catalytic growth (LCG)”, which was
capable of producing nanometer scale clusters [10] required to nucleate and direct
the growth of NWs, was used to prepare single-crystal silicon and germanium NWs
with diameters of 6–20 and 3–9 nm, respectively, and lengths ranging from 1 to
30 lm. The NW growth was readily achieved by laser ablation of a composite
target containing the metal catalyst and NW material in a heated flow tube
(Fig. 2.1a). The background pressure within the flow reactor was used to control
condensation of the ablated material and thereby cluster size, while the temperature
is varied to maintain the catalyst cluster in the liquid state for VLS growth. When
the laser-generated clusters become supersaturated with the desired NW material, a
nucleation event occurs to produce a NW solid-liquid (NW-catalyst alloy) interface.
To minimize the interfacial free energy, subsequent solid growth/crystallization
occurs at this initial interface, which thus imposes a highly anisotropic growth
constraint that leads to 1D nanoscale wires. This approach was shown early on to be
general for the synthesis of NWs of most important semiconductor materials,
including group IV elemental (Si, Ge) and alloys (SiGe), group III–V (GaAs, GaP,
GaAsP, InAs, InP, InAsP), II–VI (ZnS, ZnSe, CdS, CdSe), and IV–VI (PbTe)
compound semiconductor NW materials [11–14].
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A key feature of the VLS growth approach for NW synthesis is that equilibrium
phase diagrams can be used to predict the catalyst material, chemical composition,
and growth conditions, thus enabling rational and predictable synthesis of new NW
materials. For example, binary phase diagrams have been used to predict the
composition and growth temperatures for the synthesis of elemental semiconductor
NW materials such as silicon and germanium NWs [9]. Predictable catalytic growth
of compound NWs is more challenging than that of Si and Ge NWs, due to the
complexity of ternary or higher ordered phase diagrams. However, such complexity
can be greatly simplified by considering pseudo-binary phase diagrams for the
catalyst and compound semiconductor of interest. For example, the pseudo-binary
phase diagram of Au-GaAs (Fig. 2.1b) shows that Au-Ga-As liquid and GaAs solid
are the principle phases above 630 °C in the GaAs-rich region of the phase diagram
[15]. This information implies that Au can serve as a catalyst to grow GaAs NWs
by the LCG method, if the target composition and growth temperature are chosen to
be within this region of the phase diagram. Indeed, LCG growth of GaAs NWs
using Au as the catalyst produced samples consisting primarily of wire-like
structures with diameters on the order of 10 nm, and lengths extending up to tens of
micrometers [11, 16] (Fig. 2.1c).

Gold has been used extensively as a catalyst for growth of a number of NWs of
III–V and II–VI material. However, Au exhibits poor solubility of N and thus is not
ideal for GaN NW growth. Instead, analysis of phase diagrams showed that Fe and
Ni can dissolve both gallium and nitrogen, but do not form a more stable compound
than GaN. Subsequent LCG using Fe and Ni as catalysts led successfully to the
growth of GaN NW [13].

Fig. 2.1 a Schematic of a laser-based NW growth apparatus. b Pseudobinary phase diagram of
the GaAs-Au system. c SEM image of GaAs NWs produced by LCG. Reproduced from [11].
Copyright 2000 John Wiley and Sons
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2.2.2 Chemical Vapor Deposition

Chemical vapor deposition (CVD) is now one of the most widely applied methods
to synthesize semiconductor NWs. For example and in the case of SiNWs, a volatile
gaseous precursor, such as SiH4 or SiCl4, serves as the silicon source for growth.
The gaseous precursor, which may partially decompose in a heated reactor, is
transported by inert carrier gases, typically Ar or H2, to the surface of metal catalyst.
At the nanocluster catalyst sites the precursor decomposes into its elemental (i.e.,
Si) constituent. In 2001, Cui et al. [17] first demonstrated CVD-based nanocluster-
catalyzed VLS growth of SiNWs (Fig. 2.2a). Figure 2.2b shows SEM images of the
SiNWs produced from 10-nm Au nanoclusters. The NW density was comparable to
the nanocluster density, suggesting that the SiNW nucleation was dominated by
these clusters. TEM image (Fig. 2.2b, bottom inset) further showed that the Au
particle at the NW end controlled the NW diameters.

Fig. 2.2 a Schematic illustrating size-controlled synthesis of SiNWs from Au nanoclusters.
b AFM image of 10 nm Au nanoclusters dispersed on the substrate (left) and FESEM image of
SiNWs grown from the nanoclusters (right). The inset is a TEM image of a SiNW with a gold
catalyst at the end. Reproduced from [17]. Copyright 2001 AIP Publishing LLC. c In situ TEM
images recorded during the process of NW growth. i Au nanoclusters in solid state at 500 °C; ii
alloying initiates at 800 °C, at this stage Au exists in mostly solid state; iii liquid Au/Ge alloy; iv
the nucleation of Ge nanocrystal on the alloy surface; v Ge nanocrystal elongates with further Ge
condensation and eventually (vi) a wire forms. d Au-Ge binary phase diagram including
(I) alloying, (II) nucleation, and (III) axial growth. Reproduced from [18]. Copyright 2001
American Chemical Society
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In the same year, Wu et al. [18] reported the first real-time observation of
semiconductor NW CVD growth in a high-temperature TEM, which unambiguously
demonstrated the validity of the nanocluster-catalyzed VLS growth mechanism.
Figure 2.2c shows a sequence of TEM images during the growth of a GeNW in situ.
Three stages, including the alloying process, the nucleation, and the subsequent axial
growth, are clearly identified. (1) Alloying process (i–iii). With the increasing
amount of Ge vapor condensation and dissolution, Ge and Au form an alloy and
liquefy. The volume of the alloy droplets increases, due to dilution of the heavy
metal Au with the lighter element Ge, while the alloy composition crosses
sequentially, from left to right, a biphasic region (solid Au and Au/Ge liquid alloy)
and a single-phase region (liquid) (Fig. 2.2d). (2) Nucleation (iv–v). When the
composition of the alloy crosses the second liquidus line, it enters another biphasic
region (Au/Ge alloy and solid Ge), which starts the NW nucleation. (3) Axial growth
(iv–vi). Once the Ge nanocrystal nucleates at the liquid/solid interface, further
condensation/dissolution of Ge vapor into the system increases the amount of Ge
crystal precipitation. The existing interface then moves forward to form a NW.

During VLS growth, SiNWs are formed in near-equilibrium condition, and the
growth processes can thus be considered primarily thermodynamically driven. As a
result, the preferred growth direction is the one that minimizes the total free energy.
Wu et al. [19] and Schmidt et al. [20] found that the growth directions of intrinsic
SiNWs can be influenced by the diameters of the NWs. The larger intrinsic SiNWs
with diameters above *20 nm exhibit a dominant 〈111〉 growth direction, whereas
NWs with smaller diameters (3–10 nm) tend to grow along the 〈110〉 direction, and
〈112〉 NWs are obtained in the transition region. These results can be understood as
arising from the increasing contribution of the silicon/vacuum surface energy to the
total free energy in smaller NWs. In addition, system pressure during growth and
doping level can play an important role in determining NW growth orientations [5,
21, 22], and represents an area for further study in the future.

In the case of compound semiconductor NWs, atomic-level precision growth
requires better control of the conditions. By growing GaP NWs in a TEM, the Ross
group [23] measured the local kinetics in situ as each atomic plane is added at the
nanocluster catalyst-NW growth interface by the VLS process. During growth of
GaP NWs at typical V/III ratios, they found surprising fluctuations in the growth
rate, even under steady-state growth conditions, though these variations can be
suppressed by switching to growth conditions with a low V/III ratio. The authors
derived a growth model showing that this unexpected variation in local growth
kinetics reflects the very different supply pathways of the V and III species. The
model explains under which conditions the growth rate can be controlled precisely
at the atomic level.

Generally, a CVD process requires a temperature sufficiently high to initiate
decomposition of the precursor, while there are a number of methods to achieve low
temperature CVD [5]. Hence, the choice of precursors can be important in achieving
growth close to the minimum temperature predicted by phase diagrams for formation
of the nanocluster catalyst/semiconductor liquid solution necessary for VLS growth.
For example, disilane (Si2H6), which decomposes at low temperature than SiH4,
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enables growth of SiNWs at lower temperature [24, 25]. Another approach to
achieving lower temperature growth involves using plasma-enhanced CVD
(PECVD) [26, 27], where the plasma in the NW synthesis reactor facilitates pre-
cursor decomposition at temperature lower than a purely thermal process.

2.2.3 Chemical Vapor Transport

Chemical vapor transport (CVT) provides another approach for conveniently
yielding volatile precursors for nanocluster-catalyzed VLS growth of NWs. When a
condensed phase, typically a solid, has an insufficient vapor pressure for growth, the
effective vapor-phase concentration can be increased by utilizing a thermodynam-
ically reversible reaction with the gaseous transport species to form a discrete
volatile complex. There is a long history of CVT, often using halogens, to grow
crystals [28, 29].

In 2000, the Yang group [30] reported the synthesis of GeNWs by
nanocluster-catalyzed VLS growth, where the Ge reactant was generated by the
CVT in a sealed-tube. In their experiments, a mixture Ge and GeI4 was put at one
end of a quartz tube, and a gold-coated Si (001) substrate was put at the opposite
end of the tube. The temperature gradient between the source material and the
substrate was 100–200 °C to enable transport of the volatile GeI2 complex, and
GeNWs were collected on the Si substrate surface. Later, the same research group
applied CVT to generate reactant species for nanocluster-catalyzed VLS growth of
several different composition NWs, including ZnO [31, 32], B [33] and
GaN/AlGaN core-shell heterostructures [34].

Song et al. [35] reported the large-scale synthesis of ultralong Ni2Si NWs iodine
CVT of Ni2Si powder as the source material, where Ni was assumed to be the
catalyst for VLS growth. The reaction was carried out in a continuous flow CVT
reactor tube as illustrated in Fig. 2.3a. At the higher temperature (T1 = 1000 °C),

Fig. 2.3 a Schematic setup for the synthesis of Ni2Si NWs using CVT. b–d Representative SEM
images of Ni2Si NWs found on substrates at various magnifications. e Dark field optical image of
Ni2Si NWs dispersed on a silicon substrate highlighting up to 1 mm NW length. Reproduced from
[35]. Copyright 2007 American Chemical Society
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iodine reacts with the Ni2Si powder to produce gaseous NiI2 and SiI4 and are
transported downstream by the inert argon carrier gas flow to the lower temperature
(T2 � 850 °C) Ni2Si NW growth zone. Representative SEM images and dark field
optical image are shown in Fig. 2.3b–e.

2.2.4 Molecular Beam Epitaxy

Since 2000, molecular beam epitaxy (MBE) techniques have been employed to
synthesize Si [36–38], II–VI [39] and III–V [40, 41] compound semiconductor
NWs based on the nanocluster-catalyzed VLS growth mechanism [3, 5]. The MBE
technique provides an ideal clean growth environment, where the atomic structure,
doping and junctions (or heterostructures) can in principle be well controlled.
Different from other synthesis techniques, MBE is carried out under ultra-high
vacuum conditions, where the mean-free-path of atomic/molecular species is gen-
erally longer than the separation between reactant source and growth substrates. In
this regime, reactant atoms or molecules will travel line-of-sight from sources to
substrate since there are no collisions. MBE-based nanocluster-catalyzed VLS
growth has several advantages, including that the atomic reactants do not require
elevated temperatures to decompose prior to incorporation in metal nanocluster
catalysts like many molecular precursors. On the other hand, the line-of-site
delivery of reactants represents a serious limit to reactant flux/concentration at the
nanocluster catalysts, which direct growth, although surface diffusion of reactants
collected on the substrate to these growth tips can alleviate this issue.

To exemplify MBE NW growth consider the case of SiNWs [37]. Elemental Si,
instead of a chemical Si compound such as SiH4, serves as the source for growth.
SiNW growth is achieved by evaporating Si atoms onto a catalyst covered substrate
(Fig. 2.4). Prior to initiating NW growth, Au is deposited onto a clean single-crystal

Fig. 2.4 a Schematics of MBE SiNW growth. b SEM image of Au-catalyzed SiNWs on Si 〈111〉.
Reproduced from [5]. Copyright 2010 American Chemical Society
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Si-substrate and annealed above the Au–Si eutectic temperature to form nanosized
particles that serve as the nanocluster catalysts for the subsequent VLS SiNW
growth. During MBE NW growth, Si evaporated onto the substrate surface diffuses
until it either crystallizes directly or dissolves into a gold nanocluster catalyst
droplet. Because the MBE growth strongly relies on Si surface diffusion, growth
temperatures are typically higher than 500 °C to facilitate this diffusion process.
Doping of NWs during MBE growth can be carried out by co-evaporation of
dopants such as B or Sb along with Si to yield SiNWs with well controlled doping
profiles [38]. If additional evaporation sources, such as Ge, are available, then axial
NW heterostructures can be achieved by sequential switching of the elemental
sources [37].

2.2.5 Vapor-Solid-Solid Growth

In 2004, Persson et al. [42] proposed a modified mechanism for NW growth termed
vapor-solid-solid (VSS), where the nanocluster catalyst remains in a solid versus
liquid state. Their VSS proposal was based on electron diffraction measurements of
Au nanocluster-catalyzed GaAs NW growth showing that the Au particle did not
melt in the temperature range used for growth. Using in situ TEM, Kodambaka
et al. [43] showed that for the classic Ge/Au system, the nanocluster catalysts can be
either liquid or solid below the eutectic temperature (Te), depending on thermal
history. NWs grow in both VLS and VSS processes, although at different rates with
much slower rates observed for VSS. The catalyst state depends on Ge2H6 pressure
as well as temperature. The supersaturation of Ge in the alloy during growth
appears to be essential in stabilizing the liquid below Te. Subsequent reports on
real-time observations of VSS growth of Cu-catalyzed SiNWs [44] and Ni-induced
GaN NWs [45] further confirmed this observation. In 2015, Cui et al. [46]
demonstrated a step-flow kinetics model for the VSS growth and performed a
kinetic analysis taking into account the steady-state atom transport kinetics with
three surfaces and one slow interfacial diffusion processes. Their model fit the
step-flow behavior at the interface between the NW and catalyst, and revealed that
the cyclical change of atom concentration was responsible for the successive
side-to-side ledge flow. These theoretical results also described the growth kinetic
process with growth rate as a function of temperature and pressure, and length and
diameter of SiNWs.

2.2.6 Vapor-Solid Growth

There have been numerous reports on 1D nanostructure formation from vapor phase
precursors in the absence of a metal catalyst or obvious VLS mechanism. A model
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that can lead to 1D material structures without a metal catalyst particle has been
termed vapor-solid (VS) growth [2, 3, 47, 48]. Using thermodynamic and kinetic
considerations, the formation of NWs can be achieved through an anisotropic VS
growth mechanism [48–50]. In addition, 1D growth can be realized in the context of
defect-induced growth models [51, 52] and self-catalytic VLS growth [2, 3, 53–56].

Anisotropic growth mechanism [48–50]. The anisotropic properties of different
surfaces in a crystal can lead to preferential reactivity and binding of reactants (on
specific surface facets), and thereby wire- or rod-like shapes. The typical aniso-
tropic properties of crystals are, however, insufficiently large to obtain length to
diameter ratios greater than 100 [3].

Defect-induced growth models [51, 52]. Screw dislocations can significantly
enhance the crystal growth of metals and some molecular materials [57]. This
classical mechanism is based on the fact that the growth of a crystal proceeds by
adding atoms at the kink sites of a surface step. Kink sites always exist on the steps
even at the thermal equilibrium state. Due to the advance of the kink along the
surface by the addition of atoms, the crystal grows perpendicularly to the surface.

Self-catalytic VLS [53–55]. NW growth has been achieved without nanocluster
catalysts on the growth substrate or catalyst material in the source. In these cases,
the nanocluster nuclei necessary for VLS growth of NWs can form through internal
chemical reactions. This mechanism is considered to be a self-catalytic VLS
growth. For example, Zn metal forms from disproportionation of ZnO in vacuum,
and serves as the catalyst for subsequent ZnO NW growth [53].

2.2.7 Oxide-Assisted Growth

Lee’s group [58] first reported a metal catalyst-free “oxide-assisted growth (OAG)”
method to obtain SiNWs. The growth process involved thermal evaporation of
either mixed powders of SiO2 and Si to produce SiO vapor [58, 59] or a pure SiO
powder [60, 61]. The powders and Si wafers are placed inside a heated alumina
tube, where nucleation of SiNWs occurs from SiO vapor on the substrates due to
disproportionation. The disproportionation reaction also leads to a thick SiOx shell,
with x values between 1.5 and 2, on the SiNWs. Figure 2.5 highlights a comparison
between OAG and VLS. In the OAG approach, SiNW growth is proposed to be
assisted by “semi-liquid” SiOx, while the solid SiO2 shell can prevent lateral growth
during elongation [62]. While useful for growth of intrinsic SiNWs, it remains
unclear whether this OAG approach can be used to introduce dopants in a con-
trolled and/or modulated manner, which is critical for most electronic and
opto-electronic applications of SiNWs, and whether the method could be used more
generally (like VLS) to prepare NWs of other materials.
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2.3 Templated Growth

Template-based growth of 1D nanostructures can be achieved using both vapor-
and solution-based process [63, 64]. The diameter, density and length of NWs and
nanorods can be conveniently controlled, based on the pre-formed template
dimensions. The template-based synthetic approach also has limitations, including
(i) fabrication of templates with desired pore channel diameters and lengths,
(ii) typical polycrystalline (vs. single crystalline) NWs obtained during synthesis,
and (iii) post-synthesis removal of templates without compromising the integrity of
the NWs. This section focuses on template based approaches used to synthesize
NWs, including nanopores, self-assembled surfactants, existing nanostructures and
superlattices.

2.3.1 Formation Inside Nanopores

Porous anodic aluminum oxide (AAO) [40, 65–70], zeolites [71, 72], track-etched
polymer membranes [73, 74], or other types of porous structures can serve as
templates for NW synthesis [63, 64]. There are two approaches to guide 1D growth
using such templates. The first approach is to use the template to deposit metal dots
on a substrate surface with the size and spacing defined by the template, and grow
NW arrays (Sect. 4.3.1.3) [40, 65, 66]. The second approach is direct formation of
NWs inside the nanopores of the template, where we discuss studies of AAO as a
representative example [67–70]. Porous AAO is one of the most commonly used
and commercially available templates. The membranes produced by anodization of
aluminum foils in acidic solutions contain hexagonally arranged 2D parallel arrays
of cylindrical pores with a uniform size. Porous template-based growth of NW

Fig. 2.5 A schematic diagram comparing the OAG (left) and VLS growth (right). Reproduced
from [62]. Copyright 2003 John Wiley and Sons
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arrays can be achieved using well-established techniques such as electrochemical
deposition, electrophoretic deposition and template filling in AAO. Then, the NWs
can be released from the templates by selective removal of the host matrix.
Accordingly, free-standing NW arrays integrated on a large surface area are
obtained. Various inorganic materials, including metals, metal oxides and semi-
conductors, have been synthesized within AAO templates [64, 75]. One intrinsic
advantage of AAO templates regarding NW synthesis is that different materials can
be deposited successively to produce axial modulated structures [69, 70]. Qin et al.
[76] and Liu et al. [77] have extended these structures by “on-wire lithography”
(OWL) in which one component of the modulated structure is preferentially etched.

2.3.2 Templating Against Self-assembled Structures

It is well-known that surfactant molecules can spontaneously organize into
rod-shaped micelles when their concentration reaches a critical value [78]. These
self-assembled structures provide another class of versatile templates for generating
1D nanostructures. Based on this principle, Yu et al. [79] reported the synthesis of
Au nanorods on micelles formed by cetyltrimethylammonium bromide (CTAB) and
another much more hydrophobic cationic surfactant (e.g., tetraoctylammonium
bromide, TOAB). Kwan et al. [80] also studied the synthesis of BaWO4 nanorods
with uniform dimensions using this approach. In another demonstration, Li et al.
[81] synthesized single crystalline tungsten NWs by templating WO4

2� ions against
the lamellar phase of CTAB, followed by pyrolysis in vacuum.

Meso-phase structures self-assembled from surfactants are able to generate NWs
on a large scale. This method has several challenges, however, such as non-uniform
pore filling in high aspect-ratio structures, template degradation during extended
synthetic procedures, and poor crystallinity of the resulting NWs.

2.3.3 Construction on Existing Nanostructures

Existing nanostructures can be used as physical or chemical templates to generate
NWs. As physical templates, carbon nanotubes (CNTs) can be applied to confine
the reaction, resulting in GaN nanorods having a diameter similar to that of the
original NTs [82]. In another case, CNTs are used as substrates for deposition of
various metals (Au, Pd, Fe, Al, and Pb) by evaporation [83]. He et al. [84]
demonstrated that pre-synthesized NWs could serve as substrates for epitaxial
growth of another material to produce bilayer nanotapes with sharp interfaces. As a
proof of concept, TiO2, Co0.05Ti0.95O2, or BaTiO3 were deposited onto a collection
of SnO2 nanoribbons to yield composite nanotapes. The Belcher group [85–87]
reported the directed synthesis of NWs based on virus templates, followed by
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annealing of the virus-particle assemblies into high aspect ratio crystalline NWs
through oriented aggregation-based crystal growth. Lee et al. [88] showed that
inorganic NWs of gold(I) cyanide can grow directly on pristine graphene, aligning
themselves with the zigzag lattice directions of the graphene. The NWs are formed
through a self organized growth process in aqueous solution at room temperature,
which indicates that the inorganic material spontaneously binds to the pristine
graphene surface. First-principles calculations suggest that this assembly originates
from lattice matching and p interaction to gold atoms.

A more important and seminal example of using nanostructures in NW synthesis
is their application as chemically reactive templates [33, 89, 90]. For example, Dai
et al. [89] obtained carbide nanorods via the reaction of carbon nanotubes with
volatile transition-metal and main group halide or oxide species. Gates et al. [90]
converted selenium NWs with triangular cross-sections into single crystalline NWs
of Ag2Se by the reaction of SeNWs with aqueous AgNO3 solutions at room tem-
perature. In another demonstration, Wu et al. [33] transformed boron NWs into
MgB2 NWs by reacting with Mg vapor.

2.3.4 Superlattice Nanowire Pattern Transfer

Superlattice nanowire pattern transfer (SNAP), a technique based on translating thin
film growth thickness control into planar wire arrays, is capable of producing
ultrahigh-density arrays of aligned metal and semiconductor NWs [91]. The SNAP
synthetic procedure is illustrated in Fig. 2.6a. A GaAs/Al0.8Ga0.2As superlattice

Fig. 2.6 a Process diagram to create small pitch wires. i The GaAs/AlGaAs superlattice, ii after
selectively etching the AlGaAs, iii metal deposition while tilted at 36°, iv contact of superlattice
onto adhesive layer, v release of metal wires by etching GaAs oxide, and vi after optional O2

plasma to remove adhesive layer. b–d SEM images of a NW array showing Pt wires created by
SNAP technique. Reproduced from [91]. Copyright 2003 the American Association for the
Advancement of Science
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was grown on the [92] surface of a GaAs substrate by MBE techniques. A dilute
mixture of buffered hydrofluoric acid was used to selectively etch the AlGaAs
layers roughly 20–30 nm deep. Metal wires were then evaporated onto the top of
the GaAs template layers, by orienting the superlattice at 36° with respect to the
evaporative flux within the vacuum chamber of an electron beam metal evaporation
system. This tilt caused the metal to be deposited only on the GaAs layers because
of their elevation relative to the etched AlGaAs layers. The wire widths were
defined by the thickness of the GaAs layers, and the separation between wires was
defined by the thickness of the AlGaAs layers. Wires deposited with this technique
were uniform and continuous over the 2- to 3-mm length of the GaAs superlattices,
with remarkably few defects (Fig. 2.6b–d).

2.4 Solution-Based Methods

Compared with the vapor-phase growth process, solution-based synthetic routes
have advantages, such as relatively low reaction temperatures, low cost, and
composition/surface chemistry control. These features make solutions-based
approaches promising for large-scale and environmentally benign synthesis of
NWs [93, 94]. In this section, we introduce several representative solution-phase
NW growth approaches. The synthetic routes are mainly classified into four cate-
gories, solution-liquid-solid (SLS) growth, supercritical fluid-liquid-solid (SFLS)
growth, solvothermal/hydrothermal synthesis and directed solution-based growth.

2.4.1 Solution-Liquid-Solid Growth

In the mid-1990s, the initial discovery of solution-liquid-solid (SLS) growth was
reported by the Buhro group [95], where a solution synthesis of crystalline III–V
semiconductor NWs at low temperature was reported. The SLS mechanism, by
analogy to the VLS growth, is a solution-based nanocluster catalyzed growth
mechanism in which nanometer-scale metallic droplets catalyze the decomposition
of metallo-organic precursors with resultant crystalline NW growth (Fig. 2.7a, b)
[96, 97].

In the SLS mechanism, the NW diameter is controlled by liquid-metal droplets,
similar to the case of VLS growth. Because of the limited temperature stability of
most organic solvents, it is necessary to prepare mono-dispersed catalyst clusters
with low melting point, such as Bi [96]; moreover, the chosen metal must have a
eutectic point with the semiconductor of interest that is lower than the solvent
boiling point. The SLS growth method has been applied to the synthesis of several
types of NWs, including III–V (GaP, GaAs, InP, InAs) and II–VI (CdSe, CdTe,
ZnTe) [92, 98–101]. For example, by using nearly monodispersed Bi nanoparticles
as catalysts, CdSe NWs were synthesized from cadmium stearate and n-R3PSe
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(R = butyl or octyl) in trioctylphosphane oxide (TOPO) at 240–300 °C [92]. The
diameter of NWs was controlled by controlling the size of Bi nanoparticles and the
reaction temperature. From these procedures, crystalline CdSe NWs with a diameter
of 5–20 nm were obtained (Fig. 2.7c). In another case, Grebinski et al. [101]
reported the synthesis of CdSe NWs by using Au/Bi nanoparticles as catalyst, CdO
and TOPSe as precursors, and octanoic acid as Cd-coordinating surfactant, pro-
viding good control over the growth kinetics of NWs. Both straight and branched
NWs were synthesized by varying the Cd/Se precursor ratio and the excess amount
of TOP ligand. All of resulting crystalline NWs had diameters below 10 nm with
lengths of 1–10 lm.

In comparison with the VLS method, the SLS method has synthesized crys-
talline NWs using low-melting-point metal catalysts at a lower growth temperatures
(<350 °C); in principle the same metal and low growth temperatures should be
possible for VLS growth, if suitable gas-phase reactants with comparable decom-
position temperatures are used.

2.4.2 Supercritical Fluid-Liquid-Solid Growth

At temperatures and pressures beyond the critical point in the vapor-liquid coex-
istence curve (at T > Tc and P > Pc), only a single-phase fluid (supercritical fluid,
SCF) exists (Fig. 2.8). In this single-phase region of the phase diagram, the density,
viscosity and diffusivity are intermediate between those of liquids and gases, and
vary continuously from gas-like to liquid-like with modest changes in temperature
and pressure. During the past decade, the use of solvents heated and pressurized to
their SCF regions has been explored for nanocrystal and NW synthesis, stabiliza-
tion, and processing [102].

Supercritical fluid-liquid-solid (SFLS) NW growth, which has been described by
the Korgel group [103], is analogous to the VLS mechanism. Specifically, they
have used colloidal metal nanocluster catalysts and semiconductor precursor in a
reactor with organic solvent in its SCF region. In their initial experiments,

Fig. 2.7 a VLS mechanism for NW growth. b SLS mechanism for analogous growth from
solution. Reproduced from [96]. Copyright 2006 American Chemical Society. c TEM images of
SLS-grown CdSe NWs. Reproduced from [92]. Copyright 2003 American Chemical Society
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diphenylsilane, SiH2(C6H5)2, was used as the Si precursor along with gold
nanoparticles and hexane in a high pressure reactor. At pressures of 200–270 bar
and a temperature of 500 °C, SiNWs were observed as the product [103].

SCF solvents provide access to high temperatures (350–600°C) that are well
above the boiling points of conventional solvents. Although, as compared with the
SLS method, the synthetic conditions of the SFLS method are somewhat hazardous
due to the high temperature and pressure, smaller monodispersed metal nanopar-
ticles are available as catalysts. Because metal nanoparticles are protected by an
organic monolayer, the size of nanoparticles is maintained even at the reaction
temperature. Thus, the SFLS method has yielded very small diameter crystalline
semiconductor NWs, including highly covalent materials, such as Si [103] and Ge
[104, 105].

In an alternative approach aimed at the reduction of seed particle agglomeration,
monodispersed Au nanocrystals were covalently-linked to a substrate, and served as
the catalysts for SiNW growth [106]. This approach, which is analogous to the
procedures used in many VLS studies, has two distinct advantages. First, undesired
byproducts are easily removed from the synthesized NWs. Second, a continuous
flow approach allows the precursor concentration in the reactor to be maintained at
a controlled value, thereby enabling the study of the critical kinetic growth factors
involved in NW nucleation and growth. The supply rate of Si to the seed particle
can be easily adjusted by changing the flow rate or concentration of the precursor
solution, or by tuning the decomposition kinetics through changes in the synthesis
temperatures.

2.4.3 Solvothermal/Hydrothermal Synthesis

In a sealed vessel, solvents can be heated to temperatures well above their boiling
points due to the increase of pressure with heating. Chemical reactions under such

Fig. 2.8 Schematic of
pressure-temperature phase
diagram showing the triple
point, the critical point and
the supercritical region.
Reproduced from [102].
Copyright 2004 American
Chemical Society

2.4 Solution-Based Methods 29



conditions are referred to as solvothermal or, in the case of water as solvent,
hydrothermal. In the past decade, considerable advances have been made in the
solvothermal/hydrothermal synthesis of 1D semiconductor NWs with controlled
size and morphology, although the products usually suffer from low purity and poor
uniformity in size and morphology, and the growth mechanism remain largely
unclear due to the inherent complexity of the process [94, 107, 108].

For example, in a mixed solvent of ethylenediamine and dodecanethiol,
high-yield CdS NWs with an average diameter of 25 nm and lengths of 20–40 lm
were synthesized [109]. Time-dependent examination revealed that the formation
process of CdS NWs involved two sequential processes: a short-period solid-solid
transformation process in the initial stage, and a subsequent long-period Ostwald
ripening process.

Furthermore, 1D metal oxide nanostructures can also be synthesized via
solvothermal/hydrothermal method. Wang et al. [110] reported the hydrothermal
synthesis of 1D MnO2 nanostructures through oxidation of Mn2+ by S2O8

2�:
a-MnO2 with diameters of 5–20 nm and lengths ranging between 5 and 10 lm, and
b-MnO2 with diameters of 40–100 nm and lengths ranging between 2.5 and 4.0 lm.
In another case, Liu and Aydil [111] reported a hydrothermal method to grow
oriented, single-crystalline rutile TiO2 nanorod films on fluorine-doped tin oxide
(FTO) substrates. The diameter, length, and density of the nanorods were varied by
changing the growth parameters, such as growth time, growth temperature, initial
reactant concentration, acidity, and additives. Control experiments showed that the
small lattice mismatch between the FTO substrate and rutile TiO2 plays a key role in
driving the nucleation and growth of the rutile TiO2 nanorods on FTO.

2.4.4 Directed Solution Phase Growth

The shape of a crystal can be considered in terms of growth kinetics, by which the
fastest growing planes should disappear and leave behind the slowest growing
planes as the facets of the products [63, 112, 113]. Therefore, the shape of a crystal
can be controlled by introducing capping agents with specific binding effects. For
example, Sun et al. [114] reported a solution-phase methods that generates Ag NWs,
by reducing silver nitrate with ethylene glycol in the presence of poly(vinyl
pyrrolidone) (PVP). Pt or Ag nanoparticles serve as seeds for the heterogeneous
nucleation and growth of Ag NWs because of their close match in crystal structure
and lattice constants. In another report, gold seeds were synthesized and added to a
solution containing more metal salt, a weak reducing agent (e.g., ascorbic acid), and
a structure-directing surfactant (CTAB). Preferential binding of the surfactant CTAB
to a single-crystal face led to the unidirectional growth of the gold NWs [115].

In addition to capping agents, the formation of NWsmay also be directed by kinetic
control of diffusion and hydrolysis rates of precursors. For example, Zhang et al. [116]
reported the in-solution synthesis of silica NWs directed by reverse micelles via a
solution-solution-solid (SSS) mechanism (Fig. 2.9a, b). Specifically, highly
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concentrated PVPchains in reversemicelles tend to aggregate in the core of the droplet,
leaving an aqueous outer layer. Tetraethyl orthosilicate (TEOS) is then introduced,
immediately hydrolyzed and spontaneously polymerized at the droplet surface,
forming silica oligomers. The hydrolyzed TEOS species with strong hydrophilicity
diffuse into the reverse micelle and are polymerized into larger silica particles. In
addition, by accelerating the hydrolysis, the growth is controlled by the diffusion rate.
Thus, once hydrolyzed TEOS molecules are formed on the droplet surface, they are
deposited immediately as solid silica before reaching the droplet center, resulting in a
ring-shaped condensation front and a tubular structure (Fig. 2.9c, d).

2.5 Future Directions and Challenges

The continued scaling of devices on a chip has created a landscape that provided an
initial driving force for the mass production of NWs with high uniformity and
controllability. Today, many other directions and applications of these materials are

Fig. 2.9 a Schematic illustration of the growth of silica NWs by a condensation-controlled
process. b Evolution of silica NWs by TEM records during growth after 0, 10, 30 and 60 min,
respectively. c Schematic illustration of the growth of silica tubes by a diffusion-controlled
process. d Evolution of silica tubes by TEM records during growth after 0, 10, 20 and 40 min,
respectively. Reproduced from [116]. Copyright 2014 IOP Publishing Ltd.
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emerging, and it is likely that several of these may be more important than the
original goal of replacing the top-down computer chip. Various synthetic methods
have been investigated extensively in the past decades. Semiconductor NWs, cre-
ated by rational synthesis, can realize unprecedented structural and functional
complexity as nanoscale building blocks. Nonetheless, considerable challenges still
exist and remain to be accomplished. In particular, one major challenge is to
ultimately control the NW synthesis to achieve chemical composition modulation
and doping with atomic accuracy. Thereby, consideration of a number of techniques
may be required when developing a NW growth process, and the benefits and
drawbacks of each technique should be carefully weighed against one another so as
to identify the technique best suited for synthesis of the desired complex NW
products. Furthermore, the synthetic methods should be compatible with the sub-
sequent assembly steps, which will be discussed in Chap. 4.
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Chapter 3
Structure-Controlled Synthesis

Abstract Advances in nanoscience and nanotechnology critically depend on the
development of nanostructures whose properties are controlled during synthesis.
The ability to control and modulate the composition, doping, crystal structure and
morphology of semiconductor NWs allows researchers to explore applications of
NWs for investigating fundamental scientific questions through developing new
technologies. The chapter expands significantly upon the basic methods introduced
in the previous chapter for NW synthesis by focusing on controlled growth of a host
of NWs with modulated morphologies and structures, including axial and radial
heterostructures, kinked, branched, and/or modulated doped structures, where the
increased complexity in the NWs can enable unique functional properties.

3.1 Introduction

The capability of creating new nanomaterials and assemblies, with tunable com-
position and structure on many length scales, offers a driving force towards the
scientific breakthroughs that enable revolutionary advances and future technologies.
In this regard, one-dimensional (1D) semiconductor NWs serve as one of the most
powerful platforms available today in nanoscience, given that it is now possible to
rationally design and synthetically realize these structures [1]. These capabilities,
unique among different NWs, allow for creating systems or building blocks with
predictable physical properties and enable testing fundamental limits of perfor-
mance. With these characteristics and capabilities, it is also possible to assemble
hybrid or multi-component functional architectures using these diverse NW
building blocks, leading to rational exploration of possible applications. In this
chapter, we summarize the synthesis of five distinct NW structural classes:
homogeneous NWs, axial modulated NW structures, radial/coaxial modulated NW
structures, branched/tree-like NWs, and kinked NW structures.

© Springer International Publishing Switzerland 2016
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3.2 Homogeneous Nanowires

Previously in Chap. 2, we have described different synthetic methods to generate
homogeneous NWs. In this section, we will discuss diameter-, length-, and
doping-controlled synthesis of NWs in more detail.

Central to the nanocluster catalyzed VLS approach to NW growth is the idea that
the size of the metal catalysts determine NW diameter, and thus NWs with a narrow
size distribution should be obtained from approximately monodisperse nanocluster
catalysts. This important idea has been verified through the demonstration of
diameter-controlled growth of GaP [2], InP [3], and Si NWs [4] from nearly
monodisperse Au nanocluster catalysts. Significantly, the widths of the NW
diameter distributions observed in these studies were essentially the same as those
of the starting Au nanoclusters, thus demonstrating that NW diameter can be
controlled predictably by the nanocluster catalyst.

Pushing the limits of nanocluster catalyst size-controlled growth, Wu et al. [5]
described in 2004 the controlled growth of single-crystal SiNWs with diameters
approaching molecular dimensions (*3 nm), exhibiting the smallest diameter
SiNWs obtained via VLS process. The cross-sectional high-resolution TEM
(HRTEM) images of a representative 3.6-nm SiNW with a 〈110〉 growth axis
revealed that the NW had a hexagonal cross section with well-developed facets
(Fig. 3.1a–d). Analysis of the lattice-resolved image showed that these facets
corresponded to the low-free-energy (111) and (100) planes, consistent with the
equilibrium shape (Fig. 3.1d).

Factors affecting the length limits have also been explored in several studies
[6–8]. Ultra-long (up to several millimeters) NWs with controlled electronic and/or
optical properties could be beneficial for device integration by facilitating the
interconnection of individual NWs and NW arrays. Several techniques such as the
high-temperature thermal evaporation of silicon monoxide [6] and silicon powders
[7] have previously been reported for obtaining millimeter-long SiNWs. However,
this goal was still challenging for the nanocluster catalyzed VLS-growth method, as
most of the growth rates reported were predominantly in the order of 1–2 lm per
minute [9–11]. In the case of SiNWs, the growth rate is strongly temperature-
dependent [11, 12], suggesting that the kinetics of thermal decomposition of SiH4

into atomic Si species could be the rate-determining step and much more important
than gas-phase mass transport. Thus, accelerating the decomposition step can sig-
nificantly enhance the overall growth rate. Due to the lower activation energy for
cleavage of Si–Si versus Si–H bonds, disilane (Si2H6) was selected as the Si gas
precursor for a higher catalytic decomposition rate [8]. Notably, the average SiNW
growth rate using Si2H6 at 400 °C was 31 lm/min, while the growth rate deter-
mined for SiH4 reactant under similar growth conditions was 130 times lower.
Thus, the growth rate of SiNWs can be enhanced by almost 2 orders of magnitude,
leading to ultra-high aspect ratio SiNWs, with tens of nanometers in diameter
and * 2 mm in length (Fig. 3.1e–g).
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Fig. 3.1 a TEM images of 3.6-nm SiNWs grown along the 〈110〉 direction, c HRTEM
cross-sectional image, and equilibrium shapes for the b NW and the d NW cross sections predicted
by Wulff construction. Reproduced from [5]. Copyright 2004 American Chemical Society. e SEM
image of as-grown ultra-long SiNWs. f A series of 20 SEM images of a 2.3 mm long SiNW
transferred onto a SiO2/Si substrate. Insets are SEM images of the starting and end segments of this
NW. g Dark-field optical image of the same wire. Reproduced from [8]. Copyright 2008 American
Chemical Society
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In addition to diameter, morphology and length control, doping of NWs is
crucial for tuning their physical and chemical properties. In one of the first
demonstrations of controlled doping, Cui et al. [13] in 2000 reported LCG-based
VLS method to introduce controllably either boron or phosphorus dopants during
the vapor phase growth of SiNWs. However, the observed electron mobility values
were much lower than expected for n-type silicon. Later, substantial efforts focused
on studies of hole-doped (p-type) SiNWs, while electron-doped (n-type) received
relatively less attention, although the intrinsic electron mobility in bulk silicon is
substantially larger than the intrinsic hole mobility. In 2004, Zheng et al. [10]
reported the first example of controlled growth and phosphorus doping of SiNWs,
and the fabrication of high-performance n-type field effect transistors (FETs) from
these nanomaterials.

3.3 Axial Modulated Structures

Modulated nanostructures in which the composition and/or doping are varied on the
nanometer scale represent important targets of synthesis, since they can enable new
and unique function and potential for integration in functional nanosystems. In this
section, we will describe the synthesis of longitudinal NW heterostructures,
including semiconductor superlattices, metal-semiconductor junctions, modulation-
doped NWs, as well as NWs with ultra-short morphology features. Several reviews
focused on semiconductor NW heterostructures have appeared [14, 15].

3.3.1 Early Work

Silicon whiskers with modulated doping concentration were made in the pioneering
studies of Wagner for the purposes of elucidating the VLS growth mechanism in
1970 [16]. In 1992, Haraguchi et al. [17] made substantial progress on the growth
of GaAs whiskers, including the fabrication of p–n junctions within whiskers. They
employed gold catalyst particles in a reduced-pressure metal-organic chemical
vapor deposition (MOCVD) reactor with trimethylgallium (Ga(CH3)3) and arsine
(AsH3) as precursors to produce cone-shaped nanostructures of micron lengths and
ca. 100 nm average diameters. Later, Hu et al. [18] reported two approaches to
prepare metal-semiconductor junctions between carbon nanotubes (CNTs) and
SiNWs using either a common Fe-based nanocluster catalyst to grow CNTs from
the ends of SiNWs or growth of SiNWs from gold clusters electrodeposited onto the
CNT free ends.
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3.3.2 Semiconductor Heterojunctions

In 2002, a significant step in the controlled synthesis of NW heterostructures was
demonstrated by three groups almost simultaneously, with the growth of NW
superlattices in a number of systems [19]. Wu et al. [20] combined thermal CVD
using SiCl4 with the laser ablation of a solid germanium target to produce Si/SiGe
NWs. During the growth process, when the laser was turned on, Ge vapor was
generated and both Ge and Si species were deposited into the alloy droplets. The
SiGe alloy then precipitated from the solid/liquid interface. By periodically turning
the laser on and off, Si/SiGe superlattices were created on every individual NW in a
block-by-block fashion. In addition, Björk et al. [21–23] used nanocluster catalysts
and MBE techniques to prepare modulated InAs/InP NW structures with periods
ranging from 100 to just several nanometers. Significantly, their lattice-resolved
TEM images suggested that the interfaces were atomically perfect.

Using a nanocluster catalyzed CVD method, Gudiksen et al. [24] successfully
synthesized GaAs/GaP, n-Si/p-Si, and n-InP/p-InP axial NW heterostructures and
superlattices. As shown in Fig. 3.2a, to create a single junction within the NW, the
addition of the first reactant was stopped during growth, and then a second reactant
was introduced for the remainder of the synthesis; repeated modulation of the
reactants during growth produces NW superlattices. In principle, this approach can
be successfully implemented if a nanocluster catalyst suitable for growth of the
different superlattice components under similar conditions is used. Figure 3.2b
shows a TEM image of a typical GaAs/GaP junction region. Local elemental
mapping of the heterojunction by energy dispersive X-ray spectroscopy (EDS) was
carried out to probe composition variations across the heterostructure junction
(Fig. 3.2c–f). The elemental mapping shows that Ga is uniformly distributed along
the length of the NW, while P (Fig. 3.2e) and As (Fig. 3.2f) appear to be localized
in the GaP and GaAs portions of the NW heterostructure, respectively. However,
quantitative analysis of the P and As composition variations (Fig. 3.2g) show that
the junction is not atomically abrupt, but has a transition segment between GaP and
GaAs phases over a length scale of 15–20 nm. This length scale is consistent with
the expectation that the *20 nm Au catalyst must re-alloy with GaP after initial
GaAs growth. By repeating the modulation process, NW superlattices are produced,
in which the number of periods and repeat spacing are readily varied during growth.
In this work, a 21-layer GaAs/GaP superlattice was demonstrated, with arbitrary
repeat spacing and the segment lengths controlled by the number of pulses deliv-
ered to each target.

3.3.3 Metal-Semiconductor Heterostructures

Besides semiconductor heterostructures, metal-semiconductor axial heterostructures
and superlattices have also been demonstrated using various methods [25–27]. For
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example, Pena et al. [25] directly synthesized Au/CdSe/Au and Ni/CdSe/Ni seg-
mented NWs by the template method through sequential deposition of materials in
polycarbonate membranes, using commercially available plating solutions for Au
and Ni segments and acid solution of CdSO4 and SeO2 for deposition of the
semiconducting CdSe segments.

Fig. 3.2 a Synthesis of NW superlattices: i A nanocluster catalyst nucleates and directs
one-dimensional semiconductor NW growth with the catalyst remaining at the terminus of the
NW; ii upon completion of the first growth step, a different material can be grown from the end of
the NW; iii repetition of steps i and ii leads to a compositional superlattice within a single NW.
b, c HRTEM of a GaAs/GaP junction. d–f Elemental mapping of the Ga (shown grey), P (red) and
As (blue) content of the junction shown in c. g Line profiles of the composition through the
junction region. Ga black, P red and As blue. Reproduced from [24]. Copyright 2002 Nature
Publishing Group

44 3 Structure-Controlled Synthesis



In contrast to direct synthesis, Wu et al. [26] reported that NiSi, a metal, could be
obtained from Si via solid phase reaction with Ni. As a result, metallic NiSi NWs
were produced by first evaporating Ni on SiNWs, followed by heating the sample
above the NiSi transition temperature (Fig. 3.3a). A dark-field optical image of a
NiSi/Si NW patterned in this way, using 1 lm wide nickel regions on a 2 lm pitch
(Fig. 3.3b), exhibited periodic variations in contrast extending over the full length
of the 65-lm-long NW. Analysis of the image showed that the average lengths of
the Si and NiSi regions were both 1 lm, in good agreement with the width and
pitch of nickel metal deposited on the NW during fabrication. TEM images of
similar NiSi/SiNW heterostructures (Fig. 3.3c) showed a similar periodic contrast
variation that was consistent with NiSi (dark) and Si (light) materials within the
heterostructure. Detailed examination of NiSi/Si heterostructure by HRTEM
(Fig. 3.3d) showed that the transformation yielded an atomically abrupt interfaces.
The single crystalline nature of the NiSi/Si structures contrasts the polycrystalline
structures obtained by templated-based electrodeposition, and moreover, represents
ideal atomically-resolved structures for investigating fundamental electrical trans-
port questions.

In subsequent work, Lin et al. [27] extended this work with the formation of
PtSi/Si/PtSi NW heterostructures (Fig. 3.3e–g). The SiNW device with platinum
contacts was fabricated on Si/Si3N4 substrate using e-beam lithography and e-beam
evaporation (Fig. 3.3e). Then, the device was annealed at high temperature to allow
platinum to diffuse into the SiNW and form partially (Fig. 3.3f) or fully silicidized
PtSi NW (Fig. 3.3g). The phenomenon was attributed to the fact that many plat-
inum atoms were dissolved into silicon through the contacts between SiNWs and Pt
pads so that supersaturation was reached. Hence, nucleation and growth of platinum
silicide occurred from both platinum pads.

3.3.4 p-n Homojunctions

A general scheme for realizing dopant modulation in the frame of metal nanocluster
catalyzed NW synthesis involves varying the dopant reactant concentration in the
vapor phase during growth. In this approach, it is essential to avoid radial over-
coating during growth (Fig. 3.4a), since this can eliminate the desired electronic
modulation in NW properties. To meet the desired synthetic goals, Yang et al. [28]
carried out growth in H2, which suppressed the decomposition of silane, and slowed
the growth rate by uncatalyzed processes on the SiNW body. In addition, a local
substrate heater was adopted to reduce reactant heating and possible homogeneous
decomposition prior to delivery to the substrate and nanocluster catalyst. TEM
studies of modulation-doped n+-n-n+ SiNWs (Fig. 3.4b), where n+ and n represent
the heavily and lightly doped n-type regions, respectively, showed that the NWs
prepared in this way had uniform diameters for lengths of >10 lm. The diameters
of the opposite ends of a representative n+-n-n+ SiNW were 17.4 and 17.1 nm,
respectively. The 0.3-nm variation was on the order of a single atomic layer and
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showed that radial overcoating was effectively eliminated during growth of these
modulation-doped structures. Representative scanning gate microscopy (SGM) data
taken on modulation doped n+-(n-n+)N SiNWs with N = 3, 6 and 8 were shown in
Fig. 3.4c–e. The pitch spacings in these dopant modulated structures, defined as the

Fig. 3.3 a Fabrication of NiSi/SiNW heterostructures and superlattices: i SiNWs (blue) dispersed
on a substrate are ii coated with photoresist (grey) and lithographically patterned, iii selectively
coated with Ni and iv annealed to form NiSi NWs. b Dark field optical image of a single
NiSi/SiNW heterostructure. The bright green segments correspond to silicon and the dark
segments to NiSi. c TEM image of a NiSi/SiNW heterostructure. The bright segments of the NW
correspond to silicon and the dark segments correspond to NiSi. d HRTEM image of the junction
between NiSi and Si showing an atomically abrupt interface. Reproduced from [26]. Copyright
2004 Nature Publishing Group. e–g Schematic illustrations and corresponding SEM images
depicting growth of a PtSi/Si/PtSi nanoheterostructure and PtSi NWs. e SiNW device with two Pt
contact pads before reaction. f PtSi/Si/PtSi heterostructure obtained through partial silicidation of
the SiNW. g PtSi NW after complete silicidation. Reproduced from [27]. Copyright 2008
American Chemical Society
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separation between two nearest n regions, were readily controlled by growth time,
with the average values of 3.2 lm (Fig. 3.4c), 1.6 lm (Fig. 3.4d) and 0.8 lm
(Fig. 3.4e), and could even be varied within a single NW (Fig. 3.4f). Detailed
studies revealed that the pitch spacing was directly proportional to growth time
(Fig. 3.4g).

In another study, the experimental realization of axial modulation-doped p-i-n and
tandem p-i-n+-p+-i-n SiNWs was reported [29] (Fig. 3.4h). The heavily doped n+ and
p+ regions were readily identifiable because of their positions in the tandem device,
reduced degree of post growth wet chemical etching, and expected lengths

Fig. 3.4 a Schematic of the synthesis of modulation doped SiNW. Au colloid (yellow) catalyses
growth of a heavily doped region (red) and lightly doped region (pink) NW superstructures. 1 Pure
axial growth, resulting in dopant modulated NW super structure. 2 Axial and radial growth,
resulting in a layer of homogenous overcoating (red) and a taped NW structure. b Schematic and
TEM images of a representative n+-n-n+ modulation doped SiNW. c–f SGM images of n+-(n-n+)N
NWs. g Repeat spacing versus growth time under fixed growth conditions. Reproduced from [28].
Copyright 2005 the American Association for the Advancement of Science. h Schematic and SEM
image of a selectively etched tandem p-i-n+-p+-i-n SiNW. Reproduced from [29]. Copyright 2008
American Chemical Society
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(*0.5 lm). These results confirm that the synthetic approach can yield the desired
tandem junction sequence and allow precise control over the length of the doped
regions.

3.3.5 Ultrashort Morphology Features

The formation of ultrashort NW structures could allow for superior and uncon-
ventional device performance. Cohen-Karni et al. [30] reported a new synthetic
method that combines gold-nanocluster catalyzed VLS and VSS NW growth modes
to produce synthetically encoded NW devices with ultra-sharp (<5 nm) n-type
highly doped (n++) to lightly doped (n) transitions along the NW growth direction.
The abrupt n-Si/n++-Si junctions were made possible due to slow growth rates of
the VSS mechanism, which were at least 10-100 times lower than for VLS grown
NWs.

Later, Christesen et al. [31] reported a bottom-up method to break the conven-
tional “wire” symmetry and synthetically encode a high-resolution array of arbitrary
shapes, including nanorods, sinusoids, bowties, tapers, nanogaps, and gratings,
along the NW growth axis. Rapid modulation of phosphorus doping combined with
selective wet-chemical etching enabled morphological features as small as 10 nm to
be patterned over wires more than 50 lm in length. In their experiments, SiNWs
were grown by a VLS mechanism in a home-built, hot-wall CVD system using Au
nanoparticles as catalysts, SiH4 as the source of Si, and H2 as the carrier gas. As
illustrated in Fig. 3.5a, an additional flow of phosphine (PH3) was rapidly modu-
lated during growth to encode varying levels of P, an n-type substitution dopant
with high solubility in Si. The etching rate of doped Si with aqueous KOH solution
was decreased with higher dopant concentration. NWs with six intrinsic segments
encoded along the axis for increasingly short time scales were obtained (Fig. 3.5b).
The authors also used other complex doping profiles to encode the range of mor-
phological features shown in SEM images in Fig. 3.5c. These structures included
periodic (images 1–4) or nonperiodic (image 5) gratings, nanogaps with gap sizes
as small as 10 nm (images 6–7), suspended nanorods (image 8), and sinusoidal
profiles (images 9–10).

3.4 Radial/Coaxial Modulated Structures

During VLS growth of semiconductor NWs, two compositionally-distinct material
surfaces are exposed to the vapor: that of the metal-semiconductor liquid nan-
ocluster catalyst and that of the solid semiconductor (Fig. 3.6a). If vapor
decomposition/adsorption continues exclusively at the surface of the
metal-semiconductor catalyst, crystalline growth of the new semiconductor will
continue, inducing axial growth (Fig. 3.6b). On the other hand, if the new
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vapor/reactant does not decompose/adsorb exclusively at the catalyst surface, but at
the surface of the semiconductor NW, a shell of material will grow on the original
NW surface (Fig. 3.6c). Subsequent introduction of different reactants and/or
dopants can then be used to produce multiple shell structures of nearly arbitrary
composition (Fig. 3.6d), although the epitaxial growth of these shells requires
consideration of the lattice structures [32]. The interfacial kinetics, controlled by
varying the pressure, flow rate, temperature, reactant species and background gases,
is therefore necessary to control the dominant growth mode. In the previous section,
we have discussed the formation of axial NW superlattices, which can be induced
by repeated changing of reactants in a regime favoring axial growth. In this section,
core-multi-shelled radial structures formed by changing reactants in a radial-growth
regime will be introduced.

3.4.1 Semiconductor Radial Structures

One of the first reports of core/shell NW heterostructures was reported by Lauhon
et al. [32] by using a nanocluster catalyzed CVD approach to grow NW core/shell
homo- and heterostructures from Si and Ge, with different dopant concentration and
types including i-Si/p-Si, Si/Ge and Ge/Si core-shell NWs. TEM images of the i-Si/
p-Si product showed a uniform core-shell structure consisting of a crystalline Si

Fig. 3.5 a Schematic illustration of NW with heavily doped n-type (n) and undoped intrinsic
(i) segments. b SEM image of a NW grating encoded (from left to right) with sequential intrinsic
segments for 200, 100, 50, 25, 10, and 5 s. c SEM images and phosphine flow profiles for the
synthesis of SiNWs with complex morphology. The measured phosphine flow profile used to
encode the morphology of each segment is depicted in red to the left of each SEM image.
Reproduced from [31]. Copyright 2013 American Chemical Society
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core and an amorphous Si shell (Fig. 3.7a). In contrast, TEM images of the
i-Si/SiOx/p-Si core/shell/shell structures showed a smooth and abrupt interface
between the crystalline core and amorphous shell (Fig. 3.7b, c). These results
demonstrated that the thin oxide layer disrupted homoepitaxial growth.
Further TEM studies showed that oxidation inhibited crystallization of the shell
under annealing conditions. The authors also explored the synthesis of Si/Ge
core/multishell NW structures. Figure 3.7d shows the bright-field TEM images and
elemental mapping of a core/shell structure that is consistent with Ge-core (dark)
and Si-shell (light) structure. High-resolution TEM images and cross-sectional
elemental mapping of both Si/Ge and Ge/Si core-shell NWs are displayed in
Fig. 3.7e, f. Later, Qian et al. demonstrated the synthesis of core/multishell NWs
with an n-GaN core, InxGa1−xN/GaN/p-AlGaN/p-GaN shells [33] and highly uni-
form (InGaN/GaN)n quantum wells [34]. In the latter case, cross-sectional STEM
images of three distinct multi-quantum-well (MQW) NWs (Fig. 3.7g–i) showed
structures with resolvable 3, 13, and 26 periods, quantum-well thicknesses of about
2.4, 3.0 and 1.5 nm and average GaN barrier thicknesses of about 40, 10 and 1 nm,
respectively.

In 2013, Kempa et al. [35] demonstrated regioselective NW shell synthesis in
studies of Ge and Si growth on faceted SiNW surfaces. Generally, the structures
were realized by breaking the rotational symmetry of conventional radial shell
growth (Fig. 3.7j, k). To explore more complex and opto-electronically active

Fig. 3.6 a Gaseous reactants (red) catalytically decompose on the surface of a gold nanocluster
leading to nucleation and directed NW growth. b One-dimensional growth is maintained as
reactant decomposition on the gold catalyst is strongly preferred. c Synthetic conditions are altered
to induce homogeneous reactant decomposition on the NW surface, leading to a thin, uniform shell
(blue). d Multiple shells are grown by repeated modulation of reactants. Reproduced from [32].
Copyright 2002 Nature Publishing Group
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nanostructures, the authors encapsulated nanoscale Ge regions within a Si p-n in-
terface. The targeted architecture included a faceted template with p-type and
intrinsic Si shells, facet selectively grown Ge, and finally a conformal shell of
n-type Si (Fig. 3.7l). Bright-field TEM image of the nanostructure cross sections
verified that Ge was selectively embedded within the nanostructure while pre-
serving the radial Si p-n junction. Later, the same group [36] demonstrated
facet-selective growth of CdS on SiNWs. The crystalline CdS is grown epitaxially
on the {111} and {110} surface facets of the SiNWs but the {113} facets remain
bare. Further analysis of CdS on SiNWs grown at higher deposition rates to yield a
conformal shell reveals a thin oxide layer on the Si{113} facet. This observation
and control experiments suggest that facet-selective growth is enabled by the
preferential formation of an oxide, which prevents subsequent shell growth on the
Si{113} NW facets.

The Plateau–Rayleigh instability was first proposed in the mid-1800s to describe
how a column of water breaks apart into droplets to lower its surface tension. This
instability was later generalized to account for the constant volume rearrangement
of various one-dimensional liquid and solid materials. The Lieber group [37]
reported a growth phenomenon that is unique to one-dimensional materials and

Fig. 3.7 a TEM image of an unannealed intrinsic silicon core and p-type silicon shell NW.
b, c TEM images of an i-Si/SiOx/p-Si NW. d Bright-field image and scanning TEM elemental
maps of Ge (red) and Si (blue) concentrations of an unannealed Ge/Si core-shell NW. e, f HRTEM
image and elemental mapping cross-section of an unannealed (e) and an annealed (f) Ge/Si
core-shell NWs. Reproduced from [32]. Copyright 2002 Nature Publishing Group. g–i Dark-field
cross-sectional STEM images MQW NW structures. Reproduced from [34]. Copyright 2008
Nature Publishing Group. j Schematics depicting isotropic versus anisotropic growth of Ge (red)
on a faceted Si template (green). k SEM of a faceted Si template (left) and of a nanostructure
(right) after selective deposition of Ge (lighter contrast) on Si. l Schematic and bright-field TEM
image of the cross section of a complex nanostructure with Ge regions selectively embedded
within a p-i-n junction. Reproduced from [35]. Copyright 2013 American Chemical Society
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exploited the underlying physics of the Plateau–Rayleigh instability. This phe-
nomenon can be used to grow periodic shells on one-dimensional substrates.
Specifically, the authors showed that for certain conditions, depositing Si onto
uniform-diameter Si cores, Ge onto Ge cores and Ge onto Si cores can generate
diameter-modulated core–shell NWs. Rational control of deposition conditions
enables tuning of distinct morphological features, including diameter-modulation
periodicity and amplitude and cross sectional anisotropy. The results suggested that
surface energy reductions drive the formation of periodic shells, and that variation
in kinetic terms and crystal facet energetics provide the means for tunability
(Fig. 3.8).

3.4.2 Coaxial Modulated Structures

In addition to semiconductor radial structures, coaxial modulated NW structures
have also been demonstrated [38–40]. For example, Tian et al. [39] reported the
realization of p-i-n coaxial SiNWs (Fig. 3.9a). In this work, SiNW p-cores were
first synthesized by the nanocluster catalyzed VLS method. Si shells were then
deposited at a higher temperature and lower pressure than for p-core growth
(Fig. 3.9a, right panel) to inhibit axial elongation of the SiNW core during the shell
deposition, where phosphine was used as the n-type dopant in the outer shell. SEM
images of a typical p-i-n SiNW (Fig. 3.9b) show the single crystalline NW core
expected for SiNWs obtained by the VLS method and polycrystalline shells with a

Fig. 3.8 SEM images of Si periodic shells deposited on SiNW cores achieved by Plateau–
Rayleigh growth. Reproduced from [37]. Copyright 2015 Nature Publishing Group
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grain size on the order of 30–80 nm. To characterize electrical transport through the
p-i-n coaxial SiNWs, the authors fabricated metal contacts selectively to the inner p-
core and outer n-shell (Fig. 3.9c, d), where NWs were etched selectively using
KOH solution to expose the p-core in a lithographically defined region, enabling the
deposition of metal contacts in a following lithography step.

3.5 Branched/Tree-Like Structures

There have recently been substantial interests in production of branched/tree-like
NW structures. The higher degree of complexity in such structures increases the
potential for NW applications by increasing the number of connection points and

Fig. 3.9 a Illustrations of the core/shell SiNW structure. The phase diagram of Au–Si alloy on the
right panel illustrates that the core is grown by means of the VLS mechanism, whereas the shells
are deposited at higher temperature and lower pressure to inhibit further NW axial elongation.
b SEM images of the p-i-n coaxial SiNW. c, d Schematics and corresponding SEM images of
selective etching to expose the p-core and deposition of metal contacts on the p-core and n-shell.
Reproduced from [39]. Copyright 2007 Nature Publishing Group
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providing a means for parallel connectivity and interconnection of functional ele-
ments. In this section, we introduce various methodologies and mechanisms
developed for the synthesis of branched structures, ranging from sequential
catalyst-assisted growth, solution growth on existing NWs, phase transition induced
branching, one-step self-catalytic growth and screw dislocation driven growth. The
growth of these branched NWs have been reviewed [41].

3.5.1 Sequential Catalyst-Assisted Growth

Similar to the VLS growth of 1D semiconductor NWs, growth of branched or even
hyperbranched NWs can be carried out in a controlled manner by introducing new
nanocluster catalysts onto the primary NW surfaces. As a result, many efforts to
grow these complex structures have been focused on the sequential catalyst-assisted
method [42–46]. Typically, the process of synthesizing hyperbranched NWs
involves sequential steps, as shown in Fig. 3.10a [42]: First, a NW backbone of
specific diameter and composition is prepared by nanocluster-mediated VLS growth.
Second, nanocluster catalysts of defined diameter are deposited on the backbone,
and then the first-order branches are grown by the VLS process. Third, the branch
growth steps can be repeated one or more times to yield higher order or hyper-
branched NW structures. This method allows good control of the density of branches
by adjusting the amount of Au particles deposited on the primary NW trunks, and
length of the branches by the growth time. Figure 3.10b–e show representative SEM
images of branched SiNW structures prepared by using increasing concentrations of
gold nanoclusters during the deposition process. Furthermore, this approach can be
extended to produce more complex NW architectures by a three-step growth pro-
cedure, in which 40, 20, and 10 nm gold nanoclusters were used to catalyze the VLS
growth of the SiNWs comprising the backbone, first generation, and second gen-
eration branches, respectively (Fig. 3.10f). Simultaneously, the Samuelson group
[43] also fabricated ordered arrays of GaP nanotrees (Fig. 3.10g) using a similar
method. Au aerosol particles were deposited onto the primary vertically-aligned
GaP NW stems for the subsequent VLS growth of GaP branches.

Compared with the above homobranched NWs, there had been much less reports
on heteroepitaxial growth of branches based on sequential catalyst-assisted method.
The heterobranch growth is more challenging, as the solubility of dissimilar
materials in the same metal catalyst are generally different, which requires different
growth temperature and partial pressure. In addition, possible crystal phase change
and lattice mismatching are also need to be considered and resolved. The reported
successful growths include CdS nanobranches on ZnS backbone NWs [47, 48],
GaAs, GaP and Ge nanobranches on SiNWs [49], and CdSe branches on ZnSe
NWs based on a sequential growth [50]. For example, Jiang et al. [49] reported the
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rational synthesis of branched NW structures, including group IV, III–V, and II–VI,
with metal branches selectively grown on core or core-shell NW backbones. The
composition, morphology and doping of core (core/shell) NWs and branched NWs
were well controlled during the synthesis.

Fig. 3.10 a Schematic illustrating the multistep syntheses of branched and hyperbranched NW
structures. b–e Branched SiNW structures prepared following deposition of gold nanoclusters
from b 1:20, c 1:8, d 1:3, and e 1:1 diluted stock solutions and subsequent growth. f SEM image of
a hyperbranched SiNW structure. The first-generation and second-generation branches are
indicated by orange and blue arrows, respectively. Yellow arrow indicates a 10 nm SiNW (from
second generation growth) grown from the backbone. Reproduced from [42]. Copyright 2004
American Chemical Society. g Ordered array of GaP nanotrees. Reproduced from [43]. Copyright
2004 Nature Publishing Group (Color figure online)
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3.5.2 Solution Growth on Existing Nanowires

Solution methods, including hydrothermal, solvothermal, chemical bath deposition
and electrodeposition, can be applied to produce hierarchically branched NWs
using pre-formed NWs as the growth substrate. Various types of 3D branched metal
oxide NW heterostructures have been realized by combining VLS growth for the
backbone NWs with the subsequent solution growth of branches [51–53].
VLS-grown SnO2 NWs are very stable and are ideal candidates for the backbones
of SnO2/ZnO, SnO2/Fe2O3 and SnO2/MnO2 branched NWs (Fig. 3.11a–c). Further,
this method has also been extended to fabricate Si/ZnO forest-like arrays by
hydrothermal growth of ZnO nanorods on lithographic-prepared Si nanopillars [54]
(Fig. 3.11d).

3.5.3 Phase Transition Induced Branching

The Alivisatos group [55–58] introduced a phase transition induced branching
method, through which branched NWs can be fabricated without the addition of
branching catalyst. The concept underlying their work rests on controlling the
relative stability and growth of two different crystal phases. Generally, these

Fig. 3.11 Branched NWs with different material combinations prepared by solution growth on
preformed NW backbones: a SnO2/ZnO. Reproduced from [51]. Copyright 2009 American
Chemical Society. b SnO2/Fe2O3. Reproduced from [52]. Copyright 2011 John Wiley and Sons.
c SnO2/MnO2. Reproduced from [53]. Copyright 2011 John Wiley and Sons. d Si/ZnO.
Reproduced from [54]. Copyright 2010 American Chemical Society
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materials are limited to those that can crystallize in either wurtzite (WZ) or zinc
blende (ZB) close-pack crystal structure or even mixed polytype under specific
conditions. In CdTe [56] and other tetrahedrally bonded compound semiconductors,
cubic and hexagonal crystal phases are often sufficiently close in energy such that
both can be accessed by simply varying the reaction conditions. Following initial
nucleation of cubic nanocrystallites, it was shown that four hexagonal arms can be
selectively grown in high yield from the tetrahedral cubic nuclei by using organic
surfactants to inhibit growth at the sides of the arms but not at their ends, thereby
resulting in selective elongation. Figure 3.12a, b display the model of a CdTe
tetrapod and TEM image of such crystallographic phase change-induced CdTe
nanotetrapod. In a later report, the authors demonstrated that branched and linear
junctions can be created not just at nucleation, but at any point during the growth of
heterostructures [57]. As a proof of concept, they obtained branched NWs with
CdSe in the first and CdTe in the second generation (Fig. 3.12c, d).

Fig. 3.12 a Proposed model of a CdTe tetrapod. b TEM images of the CdTe tetrapods.
Reproduced from [56]. Copyright 2003 Nature Publishing Group. c, d Branched tetrapods resulted
from nucleation of CdTe zinc blende branch points on the end of each arm. Reproduced from [57].
Copyright 2004 Nature Publishing Group
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3.5.4 One-Step Self-catalytic Growth

In contrast to the sequential multi-step nanocluster catalyst deposition and growth,
self-catalyzed growth allows preparation of 3D branched and even hyperbranched
NWs in a single step [59–62]. Wurtzite crystals like ZnO and ZnS often exhibit a
branched nanostructure. For example, Yan et al. [59] used the chemical vapor
transport (CVT) method to fabricate highly ordered 1D microscale ZnO arrays that
resembled comb structures (Fig. 3.13a). The individual NWs had uniform diame-
ters ranging from 10 to 300 nm, and were evenly spaced on a stem with a regular
periodicity of 0.1–2 lm. In another report, the same group [60] demonstrated CVT
synthesis of arrays of PbS, PbSe, and PbTe NWs. As shown in Fig. 3.13b, the NW
arrays were consisted of a central cube with NWs grown perpendicularly from each
of the six faces.

3.5.5 Screw Dislocation Driven Growth

It has been suggested that the screw component of an axial dislocation can provide
the self-perpetuating steps necessary to enable one-dimensional crystal growth
without a nanocluster metal catalyst used in the VLS growth of NWs. In 2008, two
groups reported NWs with rotating tree morphology made of PbS [63] and PbSe
[64], respectively. In the former case, the authors observed pine tree-like NWs of
PbS (Fig. 3.14) through CVD reactions [63]. These trees had trunks that are up to
hundreds of micrometers in length and branches typically tens of micrometers long.

Fig. 3.13 a SEM image of comb structures made of ZnO NWs. Reproduced from [59]. Copyright
2003 American Chemical Society. b SEM image PbTe branched NWs. Reproduced from [60].
Copyright 2007 John Wiley and Sons
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Individual wires grew consistently along the 〈100〉 crystallographic directions and
their diameters ranged from 40 to 350 nm. Closer examination of these nanos-
tructures revealed that each tree had four sets of epitaxial branches that were
perpendicular to the trunk, and rotated around the trunk in a helical staircase
fashion.

All dislocations create strain (and hence stress) within an otherwise perfect
crystalline lattice. Using elasticity theory, it was shown that in a finite cylindrical
rod containing an axial screw dislocation at the center, the stress field created by the
dislocation exerts a torque at the free ends of the rod, resulting in a twist of the rod
along the axial direction [63, 64]. The authors also carried out detailed examination
of the formation mechanisms and kinetics of spontaneous NW and nanotube growth
driven by screw dislocations [65, 66].

Fig. 3.14 High-magnification views of trees highlighting the twisting (Eshelby twist) of the
central trunk and helical rotating branches. Reproduced from [63]. Copyright 2008 the American
Association for the Advancement of Science

3.5 Branched/Tree-Like Structures 59



3.6 Kinked Structures

In this section, we will introduce methods to fabricate kinked NWs, which have
unique 2 and 3D topologies defined by the kinks. Two basic classes of growth
methods will be discussed, including the undersaturation/supersaturation-induced
and confinement-guided kinking methods.

3.6.1 Undersaturation/Supersaturation-Induced Kinking

The Lieber group [67] developed a “nanotectonic” approach that provides iterative
control over the nucleation and growth of NWs, and used it to grow kinked or
zigzag NWs, in which the straight sections (secondary building unit, SBU) were
separated by triangular joints (Fig. 3.15a). The SBU formation involves three main
steps during nanocluster catalyzed growth (Fig. 3.15b): (1) axial growth of
one-dimensional NW arm segments, (2) purging of gaseous reactants to suspend
NW elongation, and (3) re-supersaturation and nucleation of NW growth following

Fig. 3.15 a Schematic of a coherently kinked NW and the SBU, which contains two arms (blue)
and one joint (green). b Cycle for the introduction of an SBU by stepwise synthesis. c SEM image
of a kinked 2D SiNWs with equal (upper panel) and decreasing (lower panel) arm segment
lengths. d TEM image of a single kink. e Lattice-resolved TEM images from regions I and II in
(d). f Schematic illustrating the key stages of kink formation. Arrows 1–4 denote purge,
re-introduction of reactant, joint growth and subsequent arm growth, respectively. Reproduced
from [67]. Copyright 2009 Nature Publishing Group. g Representative SEM image of a kinked
p-n SiNW with 120° tip angle. Inset: Schematic of a kinked p-n NW with 120° tip angle. The blue
and red lines designate the p-doped and n-doped arms, respectively. Reproduced from [68].
Copyright 2012 American Chemical Society
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re-introduction of reactants. As illustrated for the case of silicon, the concentration
of silicon-reactant dissolved in the nanocluster catalyst drops during purging and
then reaches a maximum upon supersaturation. Repeating this cycle allows linking
a number of SBUs, thus generating a two-dimensional chain structure (Fig. 3.15c).
TEM images of a single kink further illustrate key SBU features (Fig. 3.15d, e). The
above studies suggest that the kink formation can be qualitatively explained by the
proposed stepwise model (Fig. 3.15f). In step 1, the reactant concentration drops in
the supersaturated catalyst during the purge, and if the concentration is reduced
sufficiently, elongation will cease. When reactant is re-introduced in step 2, the
catalyst becomes supersaturated again and undergoes heterogeneous nucleation and
growth. In step 3, growth proceeds with preservation of the most stable facets,
implying that the heterogeneous nucleation should occur preferentially at the active
edges of the three-phase boundary. In step 4, the kink is completed with a transition
to another direction, thus completing a single SBU with coherent arm growth
directions. Using a similar method, the same group [68] designed nanoscale axial
p–n junctions that were synthetically introduced at the joints of kinked SiNWs
(Fig. 3.15g).

Furthermore, the sterero configuration, such as cis- or trans-, has been demon-
strated for the controlled kink growth. For example, two or three cis-linked kinked
units can yield angles of 60° or 0°, respectively [69] (Fig. 3.16a, top and middle).

Fig. 3.16 a Schematics of 60° (top) and 0° (middle) multiply kinked NWs and cis (top) and trans
(bottom) configurations in NW structures. b SEM image of a doubly kinked NW with a cis
configuration. c cis/(cis + trans) versus L plot. Reproduced from [69]. Copyright 2010 the
American Association for the Advancement of Science. d Schematic and SEM image of a
U-shaped KNW with tip constructed from three 120° cis-linked kinks. e Schematic and SEM
image of a W-shaped kinked NW. Reproduced from [70]. Copyright 2013 American Chemical
Society
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A representative SEM image of an 80-nm diameter, doubly kinked SiNW with an
intervening segment length (L) of *160 nm between kink units (Fig. 3.16b) shows
well-defined cis-linkage and an overall 60° tip angle. To investigate the ability of
this method to synthesize this cis-linkage of kink structural units reproducibly, the
authors analyzed the plot of cis/(cis + trans), as L was varied from *700 to 50 nm
(Fig. 3.16c), showing that the cis-conformation becomes dominant as L decreases.
In a follow-up report, Xu et al. [70] presented zero-degree kinked NW structures
with U-shaped structures (Fig. 3.16d), as well as parallel kinked NWs with
W-shaped structures (Fig. 3.16e).

3.6.2 Confinement-Guided Kinking

Pevzner et al. [71] demonstrated a confinement-guided NW growth method that
allows unlimited control over geometry and location on a growth substrate.
Following the VLS mechanism, semiconductor NWs down to a pitch lower than
50 nm of different compositions in a wide variety of two-dimensional shapes, such
as any kinked (different turning angles), sinusoidal, linear, and spiral shapes, were
demonstrated.

A schematic description of their method is shown in Fig. 3.17a. First, open
trenches of a desired shape, size, number, density, orientation, and location are
patterned by electron-beam lithography direct writing on a resist film on a Si wafer
with a 600 nm thermal SiO2 layer (i and ii). Trenches are then defined in the SiO2

layer by chemical dry etching using RIE (iii). Second, titanium adhesion and gold
layers of controlled thickness were deposited, where the latter functions as both the
sacrificial material defining the enclosed channels and the catalyst for the following
VLS-growth of Si, Ge and additional semiconductor NWs (iv). Subsequently, the
resist film is lifted-off to reveal the gold lines on the substrate (v). Third, the
openings of the tunnels are defined by photolithography (vi). Afterwards, a SiO2

capping layer is deposited over the substrate by PECVD (vii). Finally, after the
remaining resist is lifted-off (viii), the gold buried under the SiO2 capping layer is
controllably removed by wet etching with gold etchant to form the shape-controlled
nanotunnels (ix). In order to retain a relatively short gold section at the end of the
nanotunnels, which will sequentially serve as VLS catalysts for the NWs growth,
the etching process is stopped by immersion of the substrate in deionized water. In
the next process, Si or Ge NW growth is carried out in a hotwall or cold-wall CVD
reactor via the VLS process (x). Finally, the removal of SiO2 capping layer is done
by chemical dry etching using RIE (xi). SEM images of synthesized NWs with a
wide variety of 2D shapes are shown in Fig. 3.17b. These shapes include kinked Si
and Ge NW structures with different turning angles of between 80 and 120° (i–iv),
sinusoidal NWs (v–vii) with different periods and even more complex shapes like
spirals (viii). The gold catalyst can be observed at the tip of the growing NWs (iii, v,
viii), indicating that the growth proceeds via the VLS catalytic process throughout
the entire synthesis.
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3.7 Future Directions and Challenges

The bottom-up paradigm of NW growth by the nanocluster catalyzed VLS method
provides the unique opportunity for realizing rational control of physical dimen-
sions and morphology, chemical composition, electronic structure and doping,
which are the central elements that determine predictable device functions. The
examples described in this chapter illustrate broadly how it is possible to achieve

Fig. 3.17 a Schematic illustration of the shape-guided growth method. b SEM images of
synthesized NWs with a wide variety of 2D shapes. i–iv Multiply kinked two-dimensional SiNWs
with different turning angles from 120 to 80°. v–vii Sinusoidal shape two-dimensional SiNWs with
different periods. viii SEM image of a two-dimensional spiral shape SiNW. The yellow arrows in
iii, v, viii highlight the position of the nanocluster catalyst. Reproduced from [71]. Copyright 2012
American Chemical Society (Color figure online)
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increasing control over key parameters of the basic NW building blocks from
homogeneous doped materials to increasingly complex axial, radial and branched
heterostructures, as well as simultaneous axial and radial modulated, and
topologically-defined structures.

Overall, the capability to design and synthesize diverse NW building blocks has
enabled and will continue to drive the exploration of physical limits of nanos-
tructures, investigating a broad range of scientific problems, discovering and/or
uncovering new concepts, and ultimately driving technologies of the future.
Nonetheless, in order to use these NW as building blocks to construct complex
architectures and systems with novel functions, the capability of patterning NW
assemblies into arrays over multiple length scales can be critical, and will be
addressed in the next chapter.
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Chapter 4
Hierarchical Organization in Two
and Three Dimensions

Abstract The rationally designed and synthesized semiconductor NWs offer as a
platform material with the potential to realize unprecedented structural and func-
tional complexity as building blocks. To utilize these building blocks for nanoscale
devices through integrated systems, for example in electronics and photonics,
requires controlled and scalable assembly of NWs on either rigid or flexible sub-
strates. In this chapter, we will summarize recent advances in large-scale NW
assembly and hierarchical organization with two general approaches. First, orga-
nization of pre-grown NWs onto target substrates in one or more independent steps,
where distinct NW building blocks can be used in each assembly step, and second,
the direct growth of aligned NWs on substrates will be discussed.

4.1 Introduction

In previous chapters, the rational design and controlled synthesis of complex NWs
has been discussed. To exploit these unique building blocks for the development of
NW-based device arrays and hierarchical architectures, which are important for
exploring fundamental questions and practical applications in areas ranging from
electronics and photonics to energy utilization and the life sciences. In the past, a
number of assembly methods have been developed for hierarchical organization of
individual NWs. In general, these NW assembly strategies can be placed into two
classes, including (1) methods based on transferring pre-grown NWs onto target
substrates in one or more distinct steps and (2) direct growth of aligned NWs at
spatially-defined positions on substrates.

As discussed in the two previous chapters, NWs by the bottom-up approaches,
such as nanocluster catalyzed VLS solution growth methods, often have random
alignment and orientation, and thus are not directly used for fabricating arrays of
devices or ultimately functional nanosystems. Below, we first will focus on the
post-growth assembly methods, including flow-assisted alignment, the Langmuir–
Blodgett technique, blown bubble methods, chemical binding and electrostatic
interactions, interface-induced assembly, electric/magnetic field-assisted alignment,
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poly(dimethylsiloxane) (PDMS) transfer, contact/roll printing techniques,
nanocombing, as well as other assembly methods. Several comprehensive reviews
regarding post-growth alignment of NWs can be found in [1–6]. In addition, we
will introduce methods for direct growth of aligned NW arrays, including epitaxial
growth from nanocluster catalyst arrays patterned by photolithography, EBL,
nanosphere lithography (NSL), porous alumina deposition and nanoimprint
lithography, as well as substrate-step-directed growth.

4.2 Post-growth Assembly

4.2.1 Fluidic Method

Liquid flow can be used for assembly because NWs will align along the flow
direction to minimize the shear force. In order to avoid turbulent flow, which would
produce uncontrolled fluid flow and corresponding shear force directions,
micrometer-sized channels can be applied to yield well-defined laminar flows [7, 8].
Messer et al. [9] reported a flow-assisted alignment approach incorporated with the
microfluidic technique for patterning [Mo3Se3

−]∞ NWs. Microfluidic channel net-
works are formed between a PDMS micromold and a silicon or glass substrate.
A droplet of NW solution is placed at the open end of the microchannels, filling the
channels within minutes via capillary action. Upon evaporation of the solvent and
PDMS removal, the NWs form bundles and align along the corners of the
microchannels [4].

This work by Messer et al. suggested a unique potential for using liquid flows to
align NWs, although it was not capable of producing individual aligned NWs nor
was it able to tailor the periodicity of NWs, as the NW suspension passed through
the microchannels only one time and then evaporated. To address these substantial
challenges and exploit the power of fluid flows, Huang et al. [10] designed a
flow-assisted assembly technique that combined fluidic alignment with
surface-patterning, whereby the separation and spatial location of individual NWs
were readily controlled. In this method, NWs or CNTs were aligned by passing a
suspension of NWs through microfluidic channel structures formed between a
PDMS mold and a flat substrate, pre-functionalized for enhancing the interaction
with NWs (Fig. 4.1a). The alignment of the NWs was found to extend up to
millimeter length scales, and was tuned by the size of the fluidic channels used. The
flow rate was used to control the degree of alignment, and the average NW density
increased systematically with the flow duration. Significantly, using a
layer-by-layer sequential deposition process, the fluidic flow assembly approach
was also shown to be capable of organizing NWs into more complex crossed
structures, which are important for building up dense nanodevice arrays (Fig. 4.1b).
The formation of crossed structures requires that the nanostructure-substrate
interaction is sufficiently strong, so that sequential flow steps do not affect
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preceding ones. This condition was readily achieved in these studies by modifying
the substrate surface with proper functional chemical groups [10]. For example,
alternating the flow in orthogonal directions in a two-step assembly process yielded
crossbar structures (Fig. 4.1c), while equilateral triangles were assembled in a
three-layer deposition sequence using 60° angles between the three flow directions
(Fig. 4.1d). The capability to control NW assembly in sequential steps as shown in
these studies is especially important since distinct NWs can be used in each step to
combine materials and structures in this bottom-up approach that would otherwise
be difficult to achieve by purely top-down fabrication.

To enable further control of spatial location and periodicity of assembled NW
arrays, complementary chemical interactions between chemically patterned sub-
strates and NWs have been explored (Fig. 4.1e). Specifically, NH2-terminated and
methyl-terminated surfaces were first lithographically patterned on substrates, with
NH2-terminated regions being selective to the oxide surface of SiNWs Following

Fig. 4.1 a Schematic of parallel NW arrays obtained by passing a NW solution through a channel
on a substrate. b, c Schematic (b) and SEM image (c) of crossed NW matrix obtained by
orthogonally changing the flow direction in a sequential flow alignment process. Flow directions in
(c) are highlighted by arrows. d An equilateral triangle of NWs obtained in a three-step assembly
process, with 60° angles between flow directions, which are indicated by numbered arrows. e,
f Schematic (e) and SEM image (f) of regular NW arrays obtained by flowing NW solution over a
chemically patterned surface. The light gray areas correspond to NH2-terminated surfaces, whereas
the dark gray areas correspond to either methyl-terminated surfaces. g Crossed NW device arrays
obtained with fluidic flow assembly. Reproduced from [10]. Copyright 2001 the American
Association for the Advancement of Science (Color figure online)
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flow alignment, regular parallel NW arrays with lateral periods the same as those of
the surface patterns were produced (Fig. 4.1f). Thus, the combination of
flow-assisted alignment with conventional lithography patterning can yield inte-
grated device structures as shown in Fig. 4.1g [11].

Yan et al. [12] reported a template-guided fluidic assembly based on oriented
polymer nanofibers. In their experiments, CdS NWs dispersed in solution were
selectively deposited and aligned at the central space of parallel
micro/nano-channels formed by the well-oriented nanofibers, as a result of
evaporation-induced flow and capillarity. Later, a new technique combining fluid
flow with stirring-assisted assembly was reported and applied in the alignment of
Ag NWs [13]. In contrast to the fluid flow alignment in microfluidic channels, the
stirred flow has no strict requirements on the morphology and shape of the sub-
strate. However, this method does not provide a high degree of control over the
spacing and orientation of individual NWs [6]. The Mirkin group [14] reported
the large-area alignment of multi-segmented NWs in nanoscale trenches. Briefly,
the solution containing NWs was dropped onto a PDMS stamp with trenches,
during the drying process, the droplet edge spontaneously shrank due to solvent
evaporation and moved over the trench area, and the NWs were aligned into the
trenches by nanoscale capillary forces.

Gas flows have also been used to guide the alignment of silica NWs during VLS
growth [15]. To achieve better controlled growth, a sandwich-like configuration
was employed; that is, a separate Si wafer was placed on top of the first Si wafer
coated with Au film, served as the growth substrate. Other growth conditions are
comparable to the commonly used nanocluster catalyzed VLS growth in CVD [16].
The sandwich-like structure functions as a microreactor for guiding the gas flow.
Unlike randomly entangled NWs on the uncovered substrate under common CVD
growth conditions, ordered NW arrays were grown along the flow of gaseous
species by confining the gas flow.

4.2.2 Langmuir-Blodgett Method

The Langmuir-Blodgett (LB) technique [17] is another method that has been used
to align and assemble NWs (Fig. 4.2). The LB process is carried out in a
water-filled trough equipped with a mobile barrier and a pressure sensor. In brief,
NWs are dispersed in a volatile solvent that is immiscible in water, and the solution
is then spread onto the water surface, forming a film of randomly oriented NWs at
the water-air interface. The mobile barrier is then used to laterally compress the
monolayer at a controlled speed, resulting in axially-aligned NWs [18, 19]. The LB
approach is attractive since (i) axially-aligned monolayers can be formed over
relatively large areas, (ii) these monolayers can be easily transferred to substrates,
and (iii) the axial alignment and transfer processes can be repeated to yield multiple
layers of the same or distinct materials [20]. The first demonstration of LB
technique-assisted NW alignment was reported by the Yang group [21–23], where
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NWs were rendered hydrophobic by surface functionalization of surfactant before
the LB experiments. While this work showed the potential for axial alignment, it
did not demonstrate control of spacing and other properties critical to integrated and
interconnected arrays.

An important development of the LB alignment was reported by Whang et al.
[24], who demonstrated the LB method for hierarchically organizing NW building
blocks en masse into integrated large-scale arrays tiled over areas up to 20 cm2 in
area (Fig. 4.3a–c). In this work, the average spacing between NWs was controlled
by reducing the area of the Langmuir monolayer, for example, by slow dissolution
of surfactant into the water sub-phase. The layer of aligned NWs was then trans-
ferred in a single step to a planar substrate to yield parallel NWs covering entire
substrate surfaces. Significantly, this process could be repeated in a second step
with the substrate orientation rotated 90-degrees to assemble crossed NWs over the
entire surface. In addition, photolithography was used to define a pattern over the
entire substrate, and the NWs outside the patterned area were then removed by
gentle sonication. Regular 10 µm � 10 µm square arrays with a 25 µm array pitch
of both parallel and crossed NWs were achieved over large areas (Fig. 4.3d, e).

An important, albeit expected, limitation of the above reports was the absence of
end-to-end registry in the transferred NWs. To overcome this issue, Acharya et al.
[25] used NW coalescence to yield large-scale NW alignment with remarkable
end-to-end and side-by-side registries using the LB technique. ZnSe wires capped
with octadecylamine molecules were dispersed on the surface of a LB trough.
Ordered superstructured islands randomly oriented in azimuth were observed in
local units, each consisting of equally spaced, parallel NWs arranged in rows. After
uniaxial compression, the NWs’ long axes were aligned parallel to the barrier irre-
versibly, exhibiting tight end-to-end registry along with side-by-side registry. Park
et al. [26] extended the LB method and introduced a gluing LB technique using a

Fig. 4.2 Schematic of a
water-filled LB trough from
the top (upper) and side views
(lower). Surfactant-coated
NWs at the surface of the H2O
subphase are highlighted in
the side view by filled green
circles with yellow outer
shell. Reproduced from [19].
Copyright 2008 American
Chemical Society (Color
figure online)
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lithographically patterned PDMS stamp. According to the orientation of the PDMS
line patterns relative to the air-water interface, aligned orientation of V2O5 NWs,
either parallel or perpendicular to the patterns, were obtained and attributed to the
moving direction of the water menisci formed between the PDMS stamp and water.

Fig. 4.3 a NWs in a monolayer of surfactant at the air-water interface are i compressed on a LB
trough to a specified pitch; ii The aligned NWs are transferred to the surface of a substrate to make
a uniform parallel array; iii Crossed NW structures are formed by uniform transfer of a second
layer of NWs perpendicular to the first layer. b, c Parallel and crossed NWs. d Image of patterned
10 µm � 10 µm parallel NW arrays. e Image of patterned crossed NW arrays. Reproduced from
[24]. Copyright 2003 American Chemical Society. f, g TEM image of parallel and crossed Te NW
assembly. Reproduced from [27]. Copyright 2010 American Chemical Society
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Although the LB technique has been a versatile and general tool for assembly of
1D nanosized materials, one limitation inherent in this fabrication method is that the
surface of nanomaterials must be functionalized with hydrophobic ligands,
restricting their subsequent application. In 2010, Liu et al. [27] showed that
assemblies of hydrophilic flexible Te NWs were produced by the LB technique
without any extra hydrophobic pretreatment or functionalization. Before adding to
the water–air interface, hydrophilic Te NWs were first dissolved in N,
N-dimethylformamide (DMF) and then added to a mixture of DMF and chloroform.
After the evaporation of the mixed solvent, ordered islands consisting of parallel
NWs were observed randomly oriented at the air/water interface. Due to the exis-
tence of the interfacial tension, NWs shrank to form close-packed arrays that could
be compressed to yield large scale orientationally-ordered structures (Fig. 4.3f, g).
This strategy was also extended to assemble other ultrathin 1D nanostructures, such
as Ag2Te NWs and Pt nanotubes.

Bottom-up assembled NWs can also be exploited as masks for patterning lines
with nanometer to micrometer scale pitches hierarchically over large areas [28]. The
approach is illustrated in Fig. 4.4a: (i) surfactant-stabilized core-shell NWs are
compressed on a LB trough to produce aligned NWs with a controlled pitch; (ii) the
aligned NW arrays are horizontally transferred onto hydrophobic substrates;
(iii) selective anisotropic etching is used to remove the oxide shell of core-shell
NWs; (iv) metals are deposited using the aligned NWs as shadow masks to create
arrays of nanoscale wires; (v) the NW masks are removed by isotropic wet etching
and sonication to expose the etched or deposited parallel line features. The resulting
sample shows well-defined metal lines with an average pitch of 90 nm and line
width of 40 nm (Fig. 4.4b).

Previously reports of NW and NT FETs had used serial EBL to define inter-
connects, and thus precluded studies of large systems. To overcome this problem,
Jin et al. [29] developed a new strategy that enabled parallel and scalable integration
of NW devices over large areas without the need to register individual
NW-electrode interconnects. This approach used LB method to organize NWs with
controlled alignment and spacing over large areas, and subsequent photolithogra-
phy to define interconnects in a statistical manner. As the LB method has a defined
average value of pitch size but varies on the local scale, this approach allows for the
large-scale assembly and parallel interconnection with electrode arrays. Therefore, a
high yield of metal electrode-to-NW contacts was achieved simply by setting the
average NW separation comparable to the electrode width (Fig. 4.4c). This
approach includes the following steps (Fig. 4.4d): (i) a uniform parallel layer of
aligned NWs with a controlled average spacing is deposited onto a substrate surface
from NWs uniaxially aligned at the air-water interface on a LB trough; (ii) pho-
tolithography is used to remove extra NWs from regions outside of the designed
device area; (iii) electrode arrays are fabricated by photolithography patterning. The
method was demonstrated with the fabrication of large-scale NW-FET arrays
repeated over the entire substrate (Fig. 4.4e).
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Fig. 4.4 a i Alignment of NWs on the water surface of a LB trough. ii Transfer of aligned NWs
onto substrates. The top (left) and the cross-sectional (right) view show the core-shell NWs
compressed to close-packed structure. iii Selective anisotropic etching of the oxide shell of
core-shell NWs. iv Deposition of metal or other materials. v Removal of the NW mask to yield
parallel lines over the entire substrate surface. b SEM image of 15 nm thick Cr metal lines
following removal of the NW mask. Reproduced from [28]. Copyright 2003 American Chemical
Society. c Central electrode region of an of interconnected NWs (blue lines) obtained without the
registration of individual electrodes. d Schematic illustrating key steps of the interconnection
approach, including the deposition of aligned NWs, hierarchical patterning to produce fixed size
and pitch parallel NW arrays, and the deposition of a repeating metal electrode array using
photolithography. e Optical micrograph of integrated metal electrode arrays deposited on top of
patterned parallel NW arrays defined by photolithography. Reproduced from [29]. Copyright 2004
American Chemical Society
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4.2.3 Blown Bubble Method

Blown film extrusion is a well-developed process for the manufacture of plastic
films in large quantities, which involves extruding a molten polymer and inflating it
to obtain a balloon. In 2007, Yu et al. [30, 31] adapted the basic ideas underlying
this commercial film production method to develop the blown bubble film (BBF)
approach for making large-area thin films containing well-organized 1D nanos-
tructures. The method involves: (i) the preparation of a homogeneous solution
containing dispersed nanostructures, analogous to the polymer melt used in
industry; (ii) expansion of a bubble from the nanomaterial solution at a controlled
direction and speed, and (iii) transfer of the bubble to a substrate to yield
well-defined nanomaterial-incorporated thin films (Fig. 4.5a). The alignment of
nanomaterials in bubble films was attributed to the shear stress present in the
polymeric fluid during the bubble expansion process. Controlled bubble initiation,
expansion, and transfer were done using a 50-mm-diameter circular die with a gas

Fig. 4.5 a Schematic illustration of BBF approach. Nanomaterials (e.g. nanotubes, NWs,
nanobelts, and nanoparticles) are dispersed in a polymer solution, a volume of solution is expanded
as a bubble using a die, and then BBFs are transferred to substrates, including crystalline wafers,
plastic sheets, curved surfaces, and open frames. b Snapshots of the final stage of bubble
expansion and coating of BBF on two wafers. c Image of an SWNT-BBF transferred to a 200-mm
Si wafer. d Photograph of a plastic substrate containing nine SiNW-FETs device arrays. The
device arrays were prepared by transfer of the SiNW-BBF to the plastic. Inset is the optical image
of one device array. Reproduced from [30]. Copyright 2007 Nature Publishing Group
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inlet at the bottom and an outlet at the top surface. The nanomaterial-polymer
solution was deposited on the die surface and blown into a bubble by flowing gas
(Fig. 4.5b). The upward bubble expansion was stabilized and controlled by a
motor-driven ring. Bubbles were expanded in an elongated spherical shape (along
the vertical axis). Sample substrates, such as silicon wafers, were fixed close to the
central region of the elongated bubble during the transfer process. A representative
image of a single-walled carbon nanotube (SWCNT)-BBF transferred to a 200-mm
wafer (Fig. 4.5c) showed that the film was remarkably uniform across the whole
substrate. To illustrate the potential of NW-BBFs to be used as integrated elec-
tronics, a 3 � 3 repeating transistor array was fabricated (Fig. 4.5d), where each of
the nine elements of the overall array was consisted of 400 independently
addressable multi-NW transistors in a 20 � 20 array.

4.2.4 Chemical Interactions for Assembly

Hydrogen bonding, van der Waals interactions and electrostatic interactions
between NW surfaces and chemically patterned substrates can be utilized to
selectively deposit, assemble and align NWs. For example, Myung et al. [32]
reported a “surface-programmed assembly” method for high-precision assembly of
V2O5 NWs on solid substrates. In this case, the authors utilized positively charged
surface molecular patterns to align millions of NWs, and neutral surface regions
where they wanted to avoid absorption of NWs. Figure 4.6a shows the schematic

Fig. 4.6 a Schematic diagram depicting “surface-programmed assembly” of V2O5 NWs on solid
substrates. i Patterning a self-assembled monolayer with positively charged and neutral terminal
groups; ii assembly and alignment of NWs directed by surface molecular patterns; iii rinsing with
de-ionized water leaves aligned NW patterns; iv additional micro-fabrication process to fabricate
electrodes. b AFM topography image of V2O5 NWs assembled onto SAM patterns comprised of
ODT (neutral), MHA (negatively charged), and cysteamine (positively charged). Reproduced from
[32]. Copyright 2005 John Wiley and Sons
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diagram of this approach: (i) self-assembled monolayers (SAMs) of molecules are
patterned on substrates with positively-charged regions and neutral regions; (ii) the
patterned substrates are dip into the solution of negatively-charged V2O5 NWs and
(iii) rinsed with deionized water to remove weakly bound NWs; (iv) the NW arrays
are fabricated into integrated devices by deposition of electrodes using conventional
lithography methods. Figure 4.6b shows the typical absorption behavior of V2O5

NWs onto SAM patterns comprised of positively charged cysteamine, negatively
charged mercaptohexadecanoic acid (MHA) and neutral 1-octadecanethiol (ODT).
A large number of NWs were absorbed on cysteamine regions, while no NW were
observed on ODT regions, indicating selective adhesion in the positively charged
cysteamine regions. In a subsequent report, the authors studied two complementary
methods for assembly of ZnO NWs [33]. In the solution-phase method, ZnO NWs
were assembled and aligned selectively onto negatively charged surface patterns in
solution. A substrate bias voltage and capillary forces were used to further enhance
the adsorption rate and degree of alignment of ZnO NWs, respectively. In the
direct-transfer method, a NW film grown on a solid substrate was placed in close
proximity to a molecule-patterned substrate, and ultrasonic vibration was applied to
transfer directly and align the NWs onto the patterned substrate. Lee et al. [34] used
inert surface molecular patterns to direct the adsorption and alignment of NWs on
bare surfaces to form device structures without the use of linker molecules.
Applying bias voltages to the substrates could further enhance the density of
absorbed NWs.

Segmented metal NWs, such as Au/Ni [35], Au/Ni/Au [36], Au/Pd/Au [37]
NWs have also been assembled on various solid substrates, including Si, SiO2,
glass, Au and Al. For example, Lee et al. [37] used DNA hybridization to achieve a
highly specific and selective assembly of Au/Pd/Au NWs on pre-patterned Au
electrodes. In this method, two complementary single-stranded DNAs modified
with thiol tags were adsorbed onto Au electrodes and Au segments of the NWs,
enabling the NWs to be assembled across electrodes.

4.2.5 Assembly at Interfaces

Interfaces offer a significant opportunity for the organization of nanoscale building
block films, based on interfacial ordering effects [3], and served as an important part
of the LB assembly described above [21–29]. Building upon these ideas, Shi et al.
[38] introduced a three-phase interfacial assembly approach to produce
free-standing ordered Ag NW thin films. Figure 4.7a, b show SEM images of
disordered and ordered Ag NWs after assembly, respectively. The formation of
Ag NW arrays through this three-phase/two-interface approach is illustrated by
Fig. 4.7c–e. Figure 4.7f–i shows the corresponding optical photographs of the steps
shown in Fig. 4.7e. The three-phases of oil-water-air were formed by dropping
aqueous solution of Ag NWs onto the surface of chloroform. Initially, the Ag NWs
transferred from the water-oil interface to the water-air interface through the
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oil-water-air interface line, due to the chloroform evaporation. Then, the Ag NWs at
the water-air interface self-assembled, initially at the contact line of the beaker wall
and the water phase, denoted as the water-air-substrate interface. Finally, the film of
the Ag NWs at the water-air-substrate interface grew into a continuous,
well-aligned NW film. Later, Liu et al. [39] reported a water-oil interface assembly
strategy to fabricate large-area self-assembled nanofilms composed of various

Fig. 4.7 a SEM image of the disordered Ag NWs. b SEM image of the assembly NWs. The insets
of (a) and (b) are optical photographs of Ag NWs dispersed in distilled water and the assembled
NWs transferred to a silicon wafer. c Cross section of the three-phase interface. d Schematic
illustration of the movement of the Ag NWs in the first step with the evaporation of the oil phase.
e Schematic representation of the stages of film formation of the Ag NWs at the three-phase
interface. f–i Corresponding experimental optical photographs of the steps shown in (e).
Reproduced from [38]. Copyright 2010 John Wiley and Sons
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building blocks at room temperature, including nanoparticles, nanocubes, NWs, and
nanosheets.

4.2.6 Electric/Magnetic Field-Based Methods

4.2.6.1 Assembly Using Dielectrophoresis Or Electric Fields

Electric field (E-field)-assisted assembly, including dielectrophoretic
(DEP) assembly of NWs suspended in a dielectric medium between two electrodes,
offers another promising approach to align NWs, attributed to their highly aniso-
tropic structures and large polarizability [40]. Duan et al. [41] exploited the efficacy
of quasi-static electric fields to align and position individual NWs into parallel and
crossed arrays (Fig. 4.8a, b). This E-field assembly of NWs between arrays of
electrodes (Fig. 4.8c) showed that individual wires could be positioned to bridge
pairs of diametrically opposed electrodes and form parallel arrays. In addition, by
changing the field direction in sequential steps, layer-by-layer alignment of crossed
NW junctions was demonstrated (Fig. 4.8d).

Fig. 4.8 a Schematic view of E-field alignment. b Parallel array of NWs aligned between two
parallel electrodes. c Spatially positioned parallel array of NWs obtained following E-field
assembly. The top inset shows 15 pairs of parallel electrodes with individual NWs bridging each
diametrically opposed electrode pair. d Crossed NW junction obtained using layer-by-layer
alignment with the E-field applied in orthogonal directions in the two assembly steps. Reproduced
from [41]. Copyright 2001 Nature Publishing Group
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Significantly, high-yield single-NW integration over centimeter-scale chip areas
was achieved via dielectrophoresis combined with fluidic assembly, which intro-
duced additional molecular and capillary forces [42]. This work relied on a precise
balance of forces to trap single NWs between electrode pairs, while avoiding
trapping two or more NWs (which results in a self-limiting behavior). A colloidal
suspension of NWs in a solution of isopropanol and water was directed through a
channel over the array of electrode pairs, across each of which a relatively
high-frequency voltage was applied. As the NWs flowed past the electrodes in the
solution, the dielectrophoretic forces pulled NWs towards the electrodes.
Furthermore, electrostatic forces caused the NWs to repel each other and to be
attracted to the array surface. By ensuring uniform flow across the electrodes and by
fine-tuning flow speed, and the amplitude and frequency of the applied electric
field, highly-uniform large-scale assembly of NWs could be obtained [43].
Centimeter-scale high-yield integration of silicon and rhodium NW resonator arrays
(over 2000 single-NW resonators) was also demonstrated via a refined electric
filed-assisted assembly technique with three combined forces, electric-field, capil-
lary and NW lift-off [44].

4.2.6.2 Assembly Using Magnetic Fields

Magnetic fields can also be used to direct the alignment of magnetic NWs sus-
pended within a solution, although demonstrations have been limited to the
assembly of NWs composed of ferromagnetic and superparamagnetic materials.
Tanase et al. [45] reported the use of magnetic fields to assemble Ni NWs. In
viscous solvents, magnetic fields were used to orient the NWs, while in mobile
solvents, the NWs formed chains in a head-to-tail configuration when a small
magnetic field was applied. Besides parallel NW arrays, hierarchical structures such
as cross-junction and T-junction NW networks were also achieved via a sequential
changes in the magnetic-field direction [46]. In another study, a low external
magnetic field combined with a local dipolar magnetic field allowed assembly of
magnetic Ni NWs on Co nanomagnet arrays (the local field) with a *100 %
trapping efficiency [47]. It should be noted that nonmagnetic NWs capped with
magnetic ends could also be assembled using a magnetic field, including
multi-segmented Ni/Au/Ni, Ni/Bi/Ni [48], Ni/ZnO [49], and Au/polypyrrole/Ni/Au
[50] NWs.

4.2.7 PDMS Transfer Method

Printing techniques with elastomeric stamps can be used to transfer NW arrays to a
variety of substrates, while retaining good order and orientation. For example, the
Rogers group [51] reported using PDMS to transfer top-down fabricated GaAs NW
arrays to poly(ethyleneterephthalate) (PET) coated with a thin layer of cured
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polyurethane (PU). The whole process is shown schematically in Fig. 4.9a and
involves the following key steps: (i) anisotropic chemical etching of a GaAs wafer
using a SiO2 stripe mask produces GaAs NW arrays; (ii) contact between PDMS
and SiO2 leads to the formation of siloxane (Si-O-Si) bonds via a condensation
reaction; (iii) peeling the PDMS stamp from the GaAs substrate lifts off the wires;
(iv) polishing the remaining GaAs wafer enables a new cycle of wire fabrication
and lift-off; (v) contact between a PDMS stamp (with GaAs wires) and liquid film
of PU cast on the PET sheet caused the PU to flow and conform to the wires;
(vi) curing PU with UV light bonds the wires to the PU and the PU to the PET, and
then peeling off the PDMS stamp left the wires embedded in PU; (vii) buffered
oxide etching removes the SiO2 mask. Figure 4.9b–d show images of GaAs wire
arrays printed on PDMS and PU/PET substrates. The SEM image taken from GaAs
wire arrays bonded to a flat PDMS stamp via the SiO2 mask layer indicates that the
order of wires was preserved (Fig. 4.9b). Optical image collected from a PU/PET
substrate with embedded GaAs wires indicate that large-area of wire arrays could be
routinely printed on the PU/PET substrate using PDMS transfer approach
(Fig. 4.9c). PU/PET substrates with up to three layers of GaAs wire arrays were
obtained by repeating the printing process (Fig. 4.9d). Later, the same group [52]
used the transferred GaAs arrays to produce metal-semiconductor field-effect
transistors. In another report, they used PDMS stamps to transfer different semi-
conductor nanomaterials, such as CNTs and NWs of GaN, Si, GaAs, onto rigid or

Fig. 4.9 a Schematic illustration of the process of generating and transfer printing GaAs wire
arrays onto plastic substrates. b SEM image of a GaAs wire array bonded to PDMS via the SiO2

stripes. c, d Optical micrographs of GaAs wire arrays on PU/PET sheets with (c) single and
(d) triple layers of NWs. Reproduced from [51]. Copyright 2004 American Chemical Society
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flexible substrates to produce heterogeneously integrated electronic systems [53],
similar to work demonstrated previously with small numbers of NW devices [41,
54–56]. As a result, arrays of FETs, thin-film transistors, n-channel unipolar
inverters were fabricated.

McAlpine et al. [57] demonstrated PDMS transfer of hundreds of pre-aligned
SiNWs onto a PET substrate to yield highly ordered films for low-power sensor
chips. The process shown in Fig. 4.10a comprised the following steps: (i) SiNWs
were fabricated from a standard silicon-on-insulator wafer; (ii) a piece of PDMS
was brought into conformal contact with the wafer and (iii) then quickly peeled
back to delaminate the ordered NW arrays; (iv) a PET substrate pre-coated with
indium tin oxide (ITO) was spin-cast with a 2-lm SU-8 resist; (v) the PDMS was
conformally contacted with the substrate; (vi) peeling back the PDMS left behind
the NWs on plastic. SEM images of the plastic substrate following PDMS transfer
revealed that the highly aligned structure of the SiNWs similar to that defined
during the initial fabrication (Fig. 4.10b). Subsequently, sensor arrays from the
NW-on-plastic films were fabricated (Fig. 4.10c). Later, Lee et al. [58] also
reported transfer methods for fabricating NW devices, which broadened the
transferred substances to the entire NW devices, and demonstrated that this device
level transfer could be carried out not only with PDMS but also using tapes.

Fig. 4.10 a Illustration of the steps for transfer printing NWs onto plastic substrates. b SEM
image of the NWs transferred on plastic. c An array of NW sensors. Reproduced from [57].
Copyright 2007 Nature Publishing Group
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4.2.8 Printing

NWs prepared by nanocluster catalyzed VLS typically grow vertically from the
growth substrate surface, although can have a wide-range of orientational order. For
planar growth substrates, Javey et al. [59] developed a contact printing method to
prepare patterned NWs transferred directly from a NW growth substrate to a second
device substrate. As illustrated in Fig. 4.11a, a NW growth substrate was placed on
top of a photolithographically patterned device substrate, and with a gentle applied
force the growth substrate was translated in a specific orientation over the device
substrate (relative to the pattern) several millimeters. Finally, the growth substrate
was removed. Devices and circuits were then fabricated on the printed arrays of
NWs using conventional top-down lithography and metallization processes. To
build a 3D structure, the NW printing and device fabrication steps were iterated
multiple times, along with the deposition of an intervening insulating SiO2 buffer
layer between adjacent NW layers (Fig. 4.11b). It has also been reported that
surface chemical modification of the receiver device substrate can dramatically
improve the density of the printed NWs [60]. A structure consisting of 10 layers of
Ge/Si multi-NW-FETs was assembled and fabricated on a Si substrate (Fig. 4.11c)
[59]. To further demonstrate the versatility of the contact printing process,
Takahashi et al. [61] reported a patterned printing of NWs by using fluorinated

Fig. 4.11 a, b Overview of 3D NW circuit integration. a Contact printing of NWs from growth
substrate to pre-patterned substrate. b Three-dimensional NW circuit is fabricated by the iteration
of the contact printing, device fabrication, and separation layer deposition steps. c Optical
microscope image of 10 layers of Ge/Si NW-FETs. Each device is offset in x and y to facilitate
imaging. Reproduced from [59]. Copyright 2007 American Chemical Society. d Experimental
setup for transferring vertically grown ZnO NWs to a flexible substrate to make horizontally
aligned ZnO NW arrays with crystallographic alignment. e SEM image of the as-transferred
horizontal ZnO NWs. Reproduced from [62]. Copyright 2010 American Chemical Society
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self-assembled monolayers (SAMs) as the resist layer. By projecting a light pattern
on the surface of the SAM resist in an oxygen-rich environment, sticky and non-
sticky regions on the surface were directly defined in a single-step process, which
enabled the highly specific and patterned transfer of NWs by the printing process,
without the need for a subsequent lift-off step.

Recently, Zhu et al. [62] developed a related printing method to transfer verti-
cally aligned NWs onto a receiving substrate to form horizontally aligned arrays.
The major components of the transfer setup included two stages (Fig. 4.11d). Stage
1 had a flat surface that faced downward and held the vertically aligned NWs; and
stage 2 had a curved surface and held the receiving substrate. The as-transferred
NWs are presented in Fig. 4.11e.

In addition, cylindrical growth substrates have been used for differential roll
printing (DRP) of NWs have also been demonstrated [63–65]. As shown in
Fig. 4.12a, b, the DRP approach was based on the growth of NWs on a cylindrical
substrate (roller) via the nanocluster catalyzed VLS process, and the directional
aligned transfer of the as-grown NWs from the donor cylinder to a receiver

Fig. 4.12 a, b Schematics of NW contact printing involving cylindrical growth (donor)
substrates. The SEM images in the insets of (a) show that the grown GeNWs are randomly
oriented on the growth substrate. The NWs are then aligned and transferred to the receiver
substrate by application of a directional shear force, resulting in the printing of NW parallel arrays
on the receiver substrate. Images are not to scale. Reproduced from [64]. Copyright 2009 John
Wiley and Sons. c SEM images of GeNWs printed on a Si/SiO2 substrate. d Large area and
aligned arrays of GeNWs printed on glass and photography paper. Reproduced from [63].
Copyright 2007 AIP Publishing LLC
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substrate by rolling [63]. This approach minimizes the contact area between the
donor and receiver substrates, since the cylindrical donor substrate rolls over the
receiver substrate with only a small tangent contact area consisting of fresh NWs at
any given time. This is highly beneficial for printing large areas that would
otherwise require large planar growth substrates and long contact-sliding distances.
In addition, the roller can be repetitively used for the NW growth, which is
important for a low-cost roll-to-roll processes. SEM images of the roller printed
GeNWs on a Si/SiO2 substrate show the patterned assembly of well aligned and
dense parallel arrays. The DRP process is compatible with a wide range of rigid and
flexible substrates, including Si, glass, polymer, and paper (Fig. 4.12d). Similarly,
the rolling and transfer printing technologies have been combined to transfer ver-
tically aligned NWs for the fabrication of NW-FETs [65].

4.2.9 Nanocombing-Based Assembly

Many assembly methods, even mechanical printing, exhibit alignment limitations
due to the fact that forces used to anchor and align NWs coexist in the same
substrate (printing) regions; that is, the anchoring force necessary for attachment of
NWs to the device substrate can oppose the aligning force and result in less
effective orientation control. Hence, improvements in the alignment of NWs during
assembly may be achieved by separating the anchoring location of NWs from the
aligning region, an approach termed nanocombing [66] in analogy to
combing/straightening of hair anchored to the scalp.

There are several essential features of the nanocombing process (Fig. 4.13a).
First, anchoring regions with strong NW interactions and aligning regions with
weaker NW interactions are lithographically patterned on the target substrate.
Second, the NW growth substrate is brought into contact with the target substrate
and transferred in the desired direction with a defined applied force and speed.
During contact and translation, the protruding NW end first sticks to the anchoring
surface. The remaining portion is then pulled over the combing surface, where the
aligning force, which is diametrically opposed to the anchoring force, is maximized
due to the weak interaction with the combing surface. SEM images of the silicon
NW arrays obtained from nanocombing onto a substrate with an array of anchoring
regions are displayed in Fig. 4.13b–d. Quantitative analysis of alignment deter-
mined from analysis of more than 1600 NWs from arrays over the substrate chip
(Fig. 4.13e) showed that *98.6 % of the combed NWs were aligned to within ±1°
of the combing direction. The authors also explored the potential of extending
nanocombing to laterally deterministic assembly by defining the x-coordinates of
NWs during nanocombing. An SEM image of the devices produced in this manner
(Fig. 4.13f) demonstrated a high yield (70 %) of single-NW devices, with the
remainder being double-NW (20 %) and open contacts (10 %). This lateral position
control, at the single-NW level, can greatly facilitate the efficient hybrid fabrication
strategy that combines post-growth assembly by nanocombing with top-down
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Fig. 4.13 a Schematics of the nanocombing process. b–d SEM images of SiNWs on the combing
(resist) surface at different magnifications. e Angle distribution of the combed NWs obtained from
analysis of NW arrays combed over a 3 mm � 11 mm chip. f SEM image of a periodic SiNW
device array made from the combing method. g Left schematics of the two consecutive combing
steps used to define a crossed NW array. Right SEM image of a SiNW crossbar array. Reproduced
from [66]. Copyright 2013 Nature Publishing Group
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processing. The well-defined registration of one edge of the NW arrays produced by
nanocombing can also be used to carry out multistep assembly of orthogonal NW
crossbar arrays as illustrated in Fig. 4.13g.

4.2.10 Other Assembly Methods

4.2.10.1 Knocking-Down

The method termed “knocking-down” is based on controlled in-place planarization
of vertical NW elements, and was demonstrated with the formation of large-scale
ordered NW arrays [6, 67, 68]. The controlled planarization of the NWs was
achieved by the use of a roller device. Compared with the contact-printing method,
NWs in this method are directly grown on the final device substrate, which is
advantageous over transferring the NWs from a “donor” to a device substrate.

4.2.10.2 Strain-Release

Strain-release based assembly can align inorganic NWs on stretchable substrates
[69]. In this method, a PDMS substrate was pre-stretched to a desired level of strain,
and SiNWs on a growth substrate were roughly aligned perpendicular to the
stretching direction on the PDMS by contact printing, and then strain in the PDMS
was released. Because the initial contact printing of NWs onto the PDMS was less
controlled than in the work by Javey et al. [59] described above, the initial align-
ment rate was only 25 % (skew angle within ±5°). After releasing the strain, the
inter-NW spacing and skew angles between neighboring NWs were reduced,
resulting in an alignment rate increase to 53 %. Subsequently, the first (released)
PDMS sheet with NWs was then brought into contact with a second pre-strained
PDMS substrate to transfer NWs a second time. Releasing the strain of the second
PDMS substrate further increased the NW alignment to 88 %. These
transfer/release steps can be repeated multiple times as needed to increase the NW
alignment and density.

4.2.10.3 Assemblies Induced By External Nanostructures

The interaction between NWs and other materials can promote NW alignment. Li
et al. [70] studied the co-assembly of graphene oxide (GO) nanosheets and
Na0.44MnO2 NWs. With the addition of GO nanosheets to the NW aqueous sus-
pension, concentration enrichment and orientation alignment of NWs at the
air-water interface were observed. The mechanism for these observations was
proposed to involve hydrogen bonding and ion-dipole interactions, where GO
nanosheets adsorbed on the NW surfaces and altered the surface properties. As a
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result, the GO-adsorbed NWs became surface active and were enriched at the
air-water interface. In addition, the strong van der Waals and hydrophobic inter-
actions that occur between the side chains of oleylamine-coated Au NWs and the
sidewalls of CNTs could induce self-assembly of Au NWs along the axes of
CNTs [71].

4.3 Patterned Growth

4.3.1 Epitaxial Growth from Patterned Nanocluster
Catalysts

The realization of patterned arrays of metal nanocluster catalysts for VLS growth of
semiconductor NWs provides an important approach for growth-based organization
of NWs [72]. A number of patterning and templating methods have been used to
prepare ordered metal nanocluster catalyst arrays on substrate surfaces, including
photolithography or EBL, NSL, porous alumina templates, as well as nanoimprint
lithography. These methods are distinguished by the effort required and their
capability of patterning over large areas, as discussed below.

4.3.1.1 Photolithography Or Electron-Beam Lithography

Photolithography is a standard method to generate patterned arrays, although often
with the limited resolution. Phase-shift photolithography can improve the patterning
resolution, and was used by Greyson et al. [73]. to define Au nanocluster arrays for
the growth of ZnO NWs. In this case, masks containing lines with variable spacing
were used twice with rotated orientations, for exposures of positive-tone photore-
sist. The resulting pattern was transferred by isotropic wet etching into a rather thick
gold film, resulting in ordered arrays of Au nano-squares. Kayes et al. [74]
deposited Au or Cu catalysts inside of the photolithographically-defined holes
etched in the top SiO2 layer on substrate, followed by the VLS growth of arrays of
vertically oriented Si wires (Fig. 4.14a, b). The pattern fidelity depended critically
on the presence of the SiO2 layer, which prevented migration of the metal catalysts
on the surface during annealing and in the early stages of NW growth.

A conventional tool for sub-100 nm patterning is EBL, and has been used
extensively to prepare Au nanodot arrays for nanocluster catalyzed VLS growth of
NWs. For example, Ng et al. [75]. grew patterned ZnO NWs through vapor
transport and deposition. Under optimized growth conditions, a single long wire
was obtained at each gold site protruding from a group of short rods. Applying the
same technique, InP [76] and InAs [77, 78] NW arrays were also fabricated
(Fig. 4.14c, d). The advantage of EBL is the exquisite control obtained for the

90 4 Hierarchical Organization in Two and Three Dimensions



separation of wire sites, while a major drawback is low throughput due to serial
(vs. parallel) writing, which can limit applications to large-area patterning.

4.3.1.2 Nanosphere Lithography

Self-assembly of submicron to micron diameter monodispersed spheres into
monolayers with a hexagonal close-packed structures is the basis of NSL [79].
Typical materials used for the spheres are polystyrene (PS) and silica, which are
commercially available with diameters ranging from some 10 nm to a few
micrometers. Using these close-packed sphere monolayers as the mask, the
deposited metal islands (i.e., catalyst dots for NW growth) are expected to be
triangular, the shadow projection of the mask opening, which is about one fifth of
the size of the sphere diameter [80–85]. However, depositing metal nanoparticles
within the 1–20 nm size range can be challenging due to the difficulty of
self-assembly of small nanospheres into well ordered 2D arrays [86].

As an example, the Wang group [81] prepared self-assembled monolayers of ca.
900 nm PS spheres on a single-crystal Al2O3 substrate (Fig. 4.15a). Au was

Fig. 4.14 a Au arrays deposited inside of the holes in the etched SiO2 layer. Inset shows the effect
of annealing on Au catalysts, demonstrating the importance of the buffer oxide to preventing
migration of the catalyst particles. b Au-catalyzed Si wire array over a large (>1 cm2) area.
Reproduced from [74]. Copyright 2007 AIP Publishing LLC. c, d Au particles defined by EBL and
subsequently grown InAs NWs, respectively. Reproduced from [77]. Copyright 2004 American
Chemical Society
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sputtered onto the PS mask, forming a honeycomb-like hexagonal pattern
(Fig. 4.15b), which was subsequently used as the catalysts to grow perpendicular
arrays of ZnO NWs with the same pattern (Fig. 4.15c). In this case, the
opening/spacing between PS spheres determined the final arrangement and size of
the NWs. In addition to the selection of the sphere size, PS spheres can be further
tailored through annealing-induced deformation to reduce the opening size [87] or
plasma etching to enlarge the spacing [88].

One limitation of the original NSL method is that the spheres can only be
assembled on hydrophilic surfaces. In 2006, Fan et al. [80] employed a modified
NSL technique for the growth of ZnO NWs on hydrophobic GaN layers using a
mask transfer technique. The whole fabrication process is illustrated schematically
in Fig. 4.15d: (i) ca. 500 nm PS spheres were spin-coated onto a glass substrate and
self-assembled into a monolayer; (ii) a Au film was deposited on the nanospheres,
forming a continuous coating of Au on the upper surface of the assembled PS
spheres; (iii) the glass substrate coated with Au-coated nanospheres was immersed
into water to separate the sphere layers from the substrate, and the resulting
membranes were transferred onto the surface of GaN substrates by immersing the
latter into the solution and lifting up the substrate together with the gold-coated PS
membrane. This first gold layer ensures the connection of PS spheres during
transfer and narrows the holes between the spheres; (iv) a second gold layer was
thermally evaporated through the membrane mask; (v) the masks were removed,
exposing the arrays of gold nanodots on the substrate surface; (vi) synthesis of
63 nm ZnO NWs was carried out via vapor transport with a nanocluster catalyzed
VLS mechanism. Figure 4.15e and f show the deposited Au nanodots and ZnO NW
arrays.

In the above works [80, 81], the metal clusters deposited by NSL possess a
quasi-triangular shape and hexagonal pattern. To overcome this restriction,
Rybczynski et al. [84]. employed double layer PS self-assembled films and adjusted
the relative alignment between these two layers to obtain different patterns in the
metal cluster and subsequent NW arrays. Specifically, the first PS mask layer was
assembled on a transparent sapphire substrate and a laser pointer was used to
determine the mask orientation by the diffraction patterns on the bottom of the
preparation dish. Then, a second PS mask was prepared on the water surface and
rotated to a desired angle, and then fixed on top of the first PS layer (Fig. 4.15g).
After Ni deposition, the double-layer mask results in a triangular array of nearly

b Fig. 4.15 a Self-assembled monolayer of PS spheres, b Au particles sputtered onto the PS mask
with a honeycomb-like hexagonal pattern and c CVD grown ZnO NW arrays. Reproduced from
[81]. Copyright 2004 American Chemical Society. d Schematics of the NSL process. e Au nanodot
arrays. Inset shows the mask on GaN: monolayer of Au coated hexagonally packed PS
nanospheres. f ZnO NW arrays obtained using a monolayer of PS spheres as the template.
Reproduced from [80]. Copyright 2006 Elsevier. g Arrangement of the immersed first monolayer
and the floating second monolayer with the schematic diffraction spots from the relative angles of
0° and 30°. h AFM image of Ni nanoclusters deposited on a double-layer PS mask with an
alignment angle of 10°. i SEM image of ZnO NWs grown on Ni nanoclusters with an alignment
angle of 7°. Reproduced from [84]. Copyright 2004 American Chemical Society
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spherical particles (Fig. 4.15h), depending on the relative alignment angle between
the two PS layers. ZnO NWs in Fig. 4.15i exhibit a good correlation with arrays of
Ni clusters.

4.3.1.3 Gold Deposition Masks Based on Porous Alumina

The applications of AAO membranes, with pore diameters in the sub-micrometer
range, have been used as masks for Au deposition and subsequent nanocluster
catalyzed VLS growth of NWs. For example, Wu et al. [89] and Chik et al. [90]
used this method for MBE growth of GaAs NWs on a GaAs (111)B substrates and
growth of ZnO NWs on a GaN substrates, respectively. Later, Fan et al. [91]
improved this method by using gold nanotube membranes (GNMs), which were
formed on AAO templates, as a reduced diameter deposition mask to produce
smaller Au nanodot arrays. First, GNMs comprising hexagonally arranged nan-
otubes were electrochemically fabricated by replicating the master structure of
porous AAO. Subsequently, gold nanodot arrays are produced by thermal evapo-
ration of gold using the GNMs as shadow masks. Finally, ZnO NWs were grown on
GaN(0001)/Si(111) layers directed by the catalytic gold nanodots.

4.3.1.4 Nanoimprint Lithography

Nanoimprint lithography (NIL) is another important technique for producing
nanoscale patterns, as it is capable of producing structures comparable to or even
smaller than those of EBL, but at lower cost and with greater efficiency [92, 93]. NIL
generally consists of two steps: imprinting and pattern-transfer (Fig. 4.16a). In the
imprinting step, a mold with nanostructures on its surface is used to deform a thin
resist film or an active material deposited on a substrate. In the pattern-transfer step,
an anisotropic etching process such as reactive ion etching (RIE) is used to remove
the residual resist in the compressed area, transferring the thickness-contrast pattern
created by the imprint into the entire resist. NIL can be used to pattern metal-catalyst
dots for subsequent growth of NW arrays [94–96]. As an example, Hochbaum et al.
[94] achieved the confinement of vertical SiNW growth in selected regions by pat-
terned colloid deposition on the substrate. The schematic in Fig. 4.16b highlights
several key points as follows: (i) a PMDS stamp is made using a photoresist master of
2 µm lines with 2 µm separations, and the pattern was transferred to the substrate;
(ii) the stamp is “inked” with poly-L-lysine solution; (iii) the polymer pattern is
transferred to a Si wafer by placing the stamp on the substrate and heating at 70 °C for
5 min; (iv) the patterned substrate is immersed in a solution containing 50 nm Au
nanoparticles, such that Au only adheres to the patterned polyelectrolyte; (v) NWs
are synthesized on the substrates by standard nanocluster catalyzed VLS method.
Subsequent images of the growth substrate (Fig. 4.16c) showed that growth was
strictly confined to the regions where poly-L-lysine was patterned.
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4.3.2 Substrate-Step-Directed Growth

Although the post-growth assembly methods described previously yield relatively
well-aligned arrays on a variety of surfaces on a wafer-scale size, their alignments
are subject to thermal and dynamic fluctuations. The assembled NWs are usually
not much longer than 10 µm and there is often limited control over their crystal-
lographic orientation, although these challenges were overcome in nanocombing
where NWs with up to millimeter lengths have been aligned to with less than a
degree variation of designed directions [66]. Another interesting solution to these
challenges demonstrated by the Joselevich group [97–100] involves nanocluster
catalyzed VLS growth of up to millimeter-long, horizontal NWs orientations
aligned with natural step edges found on sapphire substrates.

In one demonstration, the growth directions, crystallographic orientation, and
faceting of GaN NWs varied with each surface orientation, as determined by their
epitaxial relationship with the substrate, as well as by a graphoepitaxial effect that
guided their growth along surface steps and grooves. Guided growth of horizontally
aligned NWs (Fig. 4.17a, right) can overcome the limitations of post-growth
assembly by combining synthesis and assembly in a single step, although does limit
versatility possible with multi-step bottom-up assembly. Three general modes of
guided VLS growth of horizontal NWs were postulated, depending on the substrate
morphology (Fig. 4.17b, c). First, epitaxial growth along specific lattice directions,
driven by minimization of interfacial energy and strain; second, graphoepitaxial
growth along L-shaped nanosteps spontaneously formed upon annealing a miscut
substrate, driven by maximization of the interface area between the substrate and
the NW or catalyst; and third, graphoepitaxial growth along V-shaped nanogrooves

Fig. 4.16 a Schematic illustration of the NIL process. Reproduced from [93]. Copyright 2001
Cambridge University Press. b Schematic of PDMS patterning of Au colloids. c Cross-sectional
SEM image of PDMS patterned SiNW growth. Reproduced from [94]. Copyright 2005 American
Chemical Society

4.3 Patterned Growth 95



spontaneously formed upon annealing an unstable low-index surface, driven sim-
ilarly to the second growth mode. Growth from catalyst stripes on atomically flat
plane sapphire yielded horizontally aligned GaN NWs longer than 1 mm. The
improved alignment was attributed to the graphoepitaxial effect (Fig. 4.17d, e).
Later, the authors demonstrated the guided growth of horizontal GaN NWs on both
singular (i.e., perfectly cut along a low-index crystallographic plane) and vicinal
(i.e., cut with a slight tilt with respect to a low-index crystallographic plane) SiC
substrates [99] (Fig. 4.17f–h). The GaN NWs grown on flat (0001) SiC substrates
were guided by lattice planes, resulting in a triangular network of NWs
(Fig. 4.17g), while the NWs grown on vicinal SiC substrates grew only in two
directions parallel to the surface atomic steps (Fig. 4.17h). In addition, it was
demonstrated the guided growth for the parallel production of hundreds of inde-
pendently addressable single-NW field-effect transistors, without the need for
post-growth assembly [100].

Due to the requirement of lattice matching between NWs and substrates, the
aforementioned approach developed by the Joselevich group could only be applied
to limited materials. Later, Sun et al. [101] achieved step-edge induced ordered

Fig. 4.17 a Schematic view of guided VLS growth (right) versus conventional VLS growth (left).
b Three postulated modes of guided VLS growth. c Experimental realization of (b) for GaN NWs on
different planes of sapphire (cross-sectional TEM images). d Perfectly aligned GaN NWs grown on
annealed plane sapphire. eAFM image of unidirectional GaN NWs grown on nonannealed M-plane
sapphire. Reproduced from [97]. Copyright 2011 the American Association for the Advancement of
Science. f Graphoepitaxial effect on the guided growth of horizontal ZnO NWs on (0001) SiC.
g, h Patterned growth of GaN NWs from a catalyst island on (0001) plane of SiC. Reproduced from
[99]. Copyright 2013American Chemical Society. iAn illustration of the assemblymechanism of the
horizontal NW alignment and nanocluster alignment. j SEM image of the horizontal alignment of
Al4C3 NWs. Reproduced from [101]. Copyright 2013 Royal Society of Chemistry
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growth suitable for non-epitaxial materials using highly-oriented pyrolytic graphite.
The single crystal graphite was mechanically exfoliated into thin layers, producing
regular step edges as defects. Using Al sheets and C60 powder as sources in a
furnace heated to 1310 °C, Al4C3 clusters nucleated preferentially at the step-edges
to achieve minimized free energy and assembled into a NW, as illustrated in
Fig. 4.17i, j. One major limitation of this method is the NWs are polycrystalline,
due to the formation of many crystal seeds in a single NW.

4.4 Future Directions and Challenges

The rational design and synthesis of semiconductor NWs offer the potential to
realize unprecedented structural and functional complexity in building blocks.
However, to utilize these building blocks for nanoscale devices through integrated
systems, requires controlled and scalable assembly of NWs on either rigid or
flexible substrates, where precise control of NW density, orientation, spacing and
placement is realized.

In this chapter, we have summarized recent advances in large-scale NW
assembly and hierarchical organization with two general approaches. First, orga-
nization of pre-grown NWs onto target substrates in one or more independent steps,
where distinct NW building blocks can be used in each assembly step, and second,
the direct growth of aligned NWs on substrates were discussed. In the first area
focused on post-growth assembly methods, we discussed a variety of methods,
including flow-assisted alignment, the Langmuir–Blodgett technique, blown bubble
methods, chemical binding and electrostatic interactions for assembly,
interface-induced assembly, electric/magnetic field-assisted alignment, PDMS
based transfer, contact and roll-based printing techniques, and nanocombing. In the
second major section, we also introduced methods for direct growth of aligned NW
arrays, including epitaxial growth from nanocluster catalyst arrays patterned by
different lithography methods and substrate-step-directed growth. Advantages as
well as limitations of different methods have been discussed, while at the same time
we have highlighted key achievements in organizing individual NWs into
large-scale assemblies that have shown substantial potential to realize semicon-
ductor NW-based functional device arrays and nanosystemsrelevant to many areas
of science and technology. These latter applications and their functional properties
will be described in subsequent chapters.
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Chapter 5
Nanoelectronics, Circuits
and Nanoprocessors

Abstract As electronic device features have been pushed into the deep
sub-100-nm regime, conventional scaling strategies in the semiconductor industry
have faced technological and economic challenges. Electronics obtained through
the bottom-up approach of molecular-level control of material composition and
structure may lead to devices and fabrication strategies as well as new architectures
not readily accessible or even possible within the context of the top-down driven
industry and manufacturing infrastructure. This chapter presents a summary of
recent advances in basic nanoelectronics devices, simple circuits and nanoproces-
sors assembled by semiconductor NWs.

5.1 Introduction and Historical Perspective

In 1965, Gordon Moore, the cofounder of the Intel Corporation, predicted that the
number of on-chip transistors doubles approximately every two years, known as the
“Moore’s law” [1]. Over the past four decades, sustained advances in integrated
circuit technologies for memory and processors have followed this prediction,
thereby leading to computers with ever more powerful processing capabilities, ever
increasing nonvolatile memory capacity and a host of consumer electronics. But as
device features continue to be pushed deep in the sub-100-nm regime, continuation
of the scaling predictions of Moore’s law faces substantial fundamental, techno-
logical and economic challenges [2–4]. For example, device size fluctuations may
result in a large spread in device characteristics at the nanoscale, affecting key
parameters such as the threshold voltage and On/Off currents [3, 4]. In addition, the
increasing costs associated with lithography equipment and operating facilities
needed for conventional manufacturing might also create a huge economic barrier
to continued increases in the capabilities of conventional processor and memory
chips [3, 4].

Given these recognized challenges, researchers have intensively explored
bottom-up and hybrid bottom-up/top-down paradigms in search of alternative
approaches to continued scaling of electronic devices [5–9]. In this regard, one of
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the most prominent classes of bottom-up nanostructure materials investigated has
been NWs. Semiconductor NWs are especially attractive building blocks for
electronic devices because they can be synthesized with precisely controlled size,
composition, doping and heterostructures [5, 9–12]. In addition and as described in
the previous chapter, NWs can be aligned into highly ordered geometries, which is
a characteristic central to the construction of integrated circuits. To date, NWs have
been used to build nanoelectronic devices, such as FETs and p-n diodes, circuit
units, including simple logic gates, ring oscillators, multiplexers/demultiplexers,
and addressable nonvolatile memories, and even nanoprocessors [5–9, 13–15]. This
chapter introduces unique features and opportunities of the bottom-up paradigm for
nanoelectronics, assesses how it might merge with today’s top-down industry, and
discusses the challenges that need to be met to take this area of science towards
commercial applications.

5.2 Basic Nanoelectronic Devices

5.2.1 Field-Effect Transistors

The FET is the most fundamental building block of high-density integrated circuits.
In a standard planar FET (Fig. 5.1a), the semiconductor substrate (e.g., p-Si) is
connected to the gate (G), the source (S) and the drain (D) electrodes. The source
and drain regions, through which current is injected and collected, respectively,
have an opposite doping (e.g., n-type) to the substrate. The gate electrode is
capacitively coupled to the semiconductor channel by an insulating oxide layer. If
no gate voltage (Vg) is applied (the “Off” state), the FET is equivalent to two

Fig. 5.1 a A typical planar FET. The semiconductor substrate (e.g., p-Si) is connected to gate (G),
source (S) and drain (D) electrodes, and can be switches between the “Off” and “On” states by
applying the Vg. b Schematic and SEM image of a NW-FET. Reproduced from [16]. Copyright
2002 American Chemical Society
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p-n junctions connected back-to-back with almost no current flow. In the “On”
state, when Vg exceeds a threshold voltage, charge carriers (e.g., holes for p-Si and
electrons for n-Si) are induced at the semiconductor-oxide interface, and the
potential barrier of the channel drops, resulting in a significant current flow.
Therefore, the conductance of the semiconductor channel between the source and
drain regions can be switched from Off to On and modulated in the On state by the
potential at the gate electrode.

Similar to its planar counterpart, the basic electronic properties of a semicon-
ductor NW can be characterized using electrical transport studies in a FET
(NW-FET) configuration [16] (Fig. 5.1b). For example, NWs can be deposited on
the surface of a silicon wafer covered with an oxidized layer (Si/SiO2), in which the
underlying conducting silicon can serve as a global back gate. The naturally grown
oxide layer on SiNWs can be used as the gate oxide. Source and drain electrodes are
defined by lithography followed by evaporation of metal contacts. The electrostatic
potential of the NWs is tuned by Vg, which modulates the carrier concentration and
conductance of the NW. Comprehensive reviews focused on NW-FETs can be
consulted for further details [8, 17].

5.2.1.1 Homogeneous Nanowire-Based Devices

In the case of NWs with homogeneous structure and composition, SiNWs have most
extensively been studied due to control of key NW properties, such as size and
doping, necessary for well-defined physical measurements. Other materials, such as
Ge [18–20], GaN [21, 22], InAs [23, 24] and metal oxides [25–30], have also been
investigated as NW-FETs. Research on NWs began to accelerate in 1998, when a
laser-ablation method was introduced to fabricate SiNWs [31]. The ability to prepare
NWs with diameters <20 nm made it possible for the first time to produce devices
that could approach a 1D limit desirable for high-performance FETs. Initial efforts
led to demonstration of NW-FETs and basic devices configured using crossed NW
geometry, including p-n diodes and bi-polar transistors [32–35]. However, the
electrical properties of NWs in these initial studies were far from optimal, due to the
large sample-to-sample variation and relatively low carrier mobility.

The development of CVD-based NW growth has led to much better control over
the doping level and electrical properties of SiNWs, and correspondingly, the
realization of high-performance p- and n-channel SiNW-FETs [36–39]. However,
the use of metal (S and D) contacts suggests that such NW-FETs are Schottky barrier
devices, in contrast to conventional metal-oxide-semiconductor field-effect transis-
tors (MOSFETs) having degenerately doped semiconductor source/drain contacts.
As a result, the device performance is to a large degree affected by the contact
properties. Generally, annealing can lead to the formation of effectively ohmic
contacts and dramatically increase the On current and the apparent field-effect
mobility. For example, in an early study on boron-doped SiNWs, it was found that
thermal annealing of source-drain contacts and passivation of oxide defects by
chemical modification were able to increase the average transconductance from 45 to
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800 nS and average mobility from 30 to 560 cm2/V s, with peak values of 2000 nS
and 1350 cm2/V s, respectively [36]. Later, Jin et al. [39] combined Langmuir-
Blodgett (LB) assembly and photolithography techniques to achieve parallel fabri-
cation of p-type SiNW devices. From the electrical characterization of randomly
chosen NW devices within large arrays (Fig. 5.2a), both linear source-drain current
(Isd) versus source-drain voltage (Vsd) curves and saturation at larger negative
voltages were obtained, as expected for p-type FETs. Furthermore, Zheng et al. [38].
demonstrated the first example of controlled growth of n-type SiNWs with tunable
phosphorus doping, and fabrication of high-performance n-type SiNW-FETs. The
Ids-Vds curves recorded with gate voltage (Vgs) from −5 to 5 V are linear from small
values of Vds and saturated at Vds * 2 V, and showed increases (decreases) in
conductance as Vgs became more positive (negative), as expected for an n-channel
FET (Fig. 5.2b). Ohmic-like contacts with lower source contact resistance (Rs) were
obtained with heavily-doped NWs, while the nonohmic contacts with higher Rs were
observed for lightly-doped NWs, where the dopant concentration dependent Rs

limits the measured transconductance.
Koo et al. [40]. also reported the fabrication of dual-gated SiNW-FETs, having

both a top metal gate and a backside substrate gate. A conducting channel of either

Fig. 5.2 a, b Transistor characteristics of p- and n-type NWs. Insets show transfer characteristics
of the back-gated devices. Reproduced from [38, 39]. Copyright 2004 American Chemical Society
and John Wiley and Sons. c, d Schematic and SEM image of vertically integrated NW-FET device
fabricated from vertical SiNWs. Reproduced from [45]. Copyright 2006 American Chemical
Society
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accumulated holes or inversion electrons was generated by the back gate, which
also controls the shape of Schottky barrier between the channel and the source/drain
electrodes. The top gate was then used to control ambipolar conduction (either hole
or electron conduction occurs depending on the gate bias) in these SiNW-FETs.
Enhanced channel conductance modulation could be achieved with these dual-gated
SiNW devices.

Typically, SiNW transistors have been fabricated in a horizontal or planar
architecture with either top and/or back gates [34, 35, 37], and dense arrays of these
horizontal NW-FETs integrated for circuits have been realized by assembly [39,
41–44]. In situ growth of vertically aligned NWs can eliminate assembly costs of
NW-based device fabrication, and yield vertically aligned NW-FETs with a
gate-all-around structure (Fig. 5.2c, d) that improves gate coupling efficiency and
thereby can reduce short-channel effects [45, 46]. However, realization of
individually-addressable vertical NW-FETs in dense arrays is challenging due to
routing of addressable gate and drain metal lines.

Compared to SiNW-FETs, GeNW devices are expected to have higher electron
and hole mobilities, as well as smaller contact effects, since the smaller Ge band gap
can yield a lower Schottky barrier at the metal/NW interface. For example, studies
of p-type GeNW devices with palladium (Pd) S/D contacts yielded a hole mobility
of 600 cm2/V s [18]. Notably, Si1−xGex alloy NWs are also interesting as materials
for FET channels, because their band gap can be tuned by controlling the com-
position of the alloy [47]. Nonetheless, adding Ge to yield Si1−xGex alloy NWs did
not lead to an increase in the mobility as expected [48, 49], where Ge-O and related
surface traps were postulated to reduce the mobility.

5.2.1.2 Axial Heterostructures

The homogeneous NW-FETs described above using metal S/D contacts yield
Schottky barriers at the metal/NW interface. Metal silicides, which exhibit low
resistivity, compatibility with conventional silicon manufacturing, have the ability
to form ohmic contacts to both p- and n-type silicon. Motivated by these advan-
tages, Wu et al. [50]. fabricated NiSi/Si/NiSi NW heterostructures with atomically
sharp metal-semiconductor interfaces, with the source/drain contacts defined by the
metallic NiSi NW regions.

In addition, Lind et al. [51] fabricated an n-type InAs/InAsP heterostructure
NW-FET (Fig. 5.3a) and compared it with a homogeneous InAs FET (Fig. 5.3b).
The design made use of a heterostructure barrier between the source and drain
region, which increased the gate control of drain current, because the heterojunction
energy barrier is independent of any applied source-drain bias. For the same device
geometry, introduction of the heterostructures led to an improvement of the max-
imum On current, the On/Off ratio, the subthreshold swing and the transconduc-
tance. As an example, the Off current was readily suppressed in the heterostructure
device, and a large increase in the maximum On/Off current ratio was clearly
obtained, approaching 3 � 104 between Vgs = 2 and −6 V, compared to an On/Off
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ratio of 7.5 for similar gate values for the pure InAs transistor (Fig. 5.3c).
Furthermore, n+-p−-n+ SiNWs were used to fabricate stable and reproducible
top-gate and wrap-around-gate MOSFETs that were operated by electron inversion
of the p− body segment and had significantly higher On current and On/Off current
ratios than uniformly p−-doped NW-FETs [52].

5.2.1.3 Radial Heterostructures

An important NW heterostructure is the Ge/Si core/shell system, which typically
consists of a 3–5 nm Si shell epitaxially grown on top of a GeNW core. The large
valence band offset between Ge and Si results in the Fermi level being pinned within
the Si bandgap and below the Ge valence band edge (Fig. 5.4a) [53, 54]. This band
line-up results in a negative Schottky barrier to the Ge channel, which favors
injection of holes to the Ge core from the contacts. As a result, a hole gas is formed
and confined inside the intrinsic (dopant-free) Ge core, thus eliminating dopant
scattering [55, 56]. For example, in 2006, Xiang et al. [56] fabricated and charac-
terized the performance of Ge/Si NW-FETs with ZrO2 high-j dielectric and
gate-all-around geometry. The devices fabricated in this manner behaved like p-type
depletion mode FETs and exhibited peak transconductance values, gm, of 26 lS and
a maximum drain currents, Id(max), of 35 lA, substantially outperforming other
single semiconductor NW-based FETs. In addition, the estimated hole mobility of
730 cm2 V−1 s−1 was more than 1 order of magnitude larger than state-of-the-art
MOSFET and more than twice that of Ge and strained Si/Ge heterostructures PMOS
devices (Fig. 5.4b). Later, scaling of Ge/Si NW-FETs was further demonstrated in
studies of devices with channel length down to 40 nm [57]. Metallic NiSixGey NW
electrical contacts were used to define sub-100-nm Ge/Si channels by controlled

Fig. 5.3 a STEM image of the barrier region, showing the interfaces between InAs and
InAsP. b SEM image of a NW device ready for measurement. The three terminals allow for
independent measurement of a transistor with and without a barrier. c Logarithmic plot of Ids-Vgs.
A large increase in the maximum current On/Off ratio as well as reduced subthreshold swing is
obtained. Reproduced from [51]. Copyright 2006 American Chemical Society

108 5 Nanoelectronics, Circuits and Nanoprocessors



Fig. 5.4 a Upper Schematic of a Ge/Si core/shell NW. Lower Cross-sectional diagram showing
the formation of hole-gas in the Ge quantum well confined by the epitaxial Si shell, where CB is
the conduction band and VB is the valence band. The dashed line indicates the Fermi level, EF.
b Id-Vg data for Ge/Si core/shell NW-FETs. Reproduced from [56]. Copyright 2006 Nature
Publishing Group. c Left Cross-sectional TEM image of a GaN/AlN/AlGaN radial NW
heterostructure. Right Band diagram of a dopant-free GaN/AlN/AlGaN NW. d Plot of the
intrinsic electron mobility of a GaN/AlN/Al0.25Ga0.75N NW-FET as a function of temperature.
e Ids-Vg curve recorded on a top-gated GaN/AlN/Al0.25Ga0.75N NW-FET (channel length 1 lm,
6 nm ZrO2 dielectric); inset shows the linear scale plot of the same data. Reproduced from [59].
Copyright 2006 American Chemical Society
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solid-state conversion of Ge/Si NW. The nanoscale metallic contacts were shown to
overcome deleterious short-channel effects in lithographically defined sub-100 nm
channels. Electrical transport data acquired on 70- and 40-nm channel length Ge/Si
NW-FETs yielded scaled transconductances values of 5.3 and 6.2 mS/lm and scaled
On currents of 1.8 and 2.1 mA/lm, respectively, which exceeded significantly the
best reported values for planar p-Si MOSFETs. In addition, analysis of the intrinsic
switching delay showed that terahertz intrinsic operation speed was possible when
channel length was reduced to 70 nm and that an intrinsic delay of 0.5 ps was
achievable in their 40-nm device. Comparison of the experimental data with simu-
lations suggested that these sub-100-nm Ge/Si NW-FETs with integrated high-j
gate dielectric operated very near the ballistic limit, which might further contribute to
ultrafast nanoelectronics. Later, Dillen et al. [58]. demonstrated radial modulation
doping in coherently strained Ge-SixGe1−x core-shell NWs. Radial modulation
doping was achieved by incorporating a B-doped layer during epitaxial shell growth,
resulting in an enhancement in peak hole mobility. In addition, a decoupling of
electron transport in the core and shell regions was also observed, due to the higher
carrier mobility in the core versus the shell.

Analogous to the 1-D hole gas formed in the Ge/Si core/shell NWs, 1-D electron
gases and high-performance n-channel NW-FETs have been demonstrated in NW
radial heterostructures by exploring the conduction band offset in selected materials.
For example, studies of undoped GaN/AlN/AlGaN radial NW heterostructures
(Fig. 5.4c) suggested the formation of an electron gas inside the GaN core due to
strong spontaneous piezoelectric polarization [59]. The precisely controlled 2-nm
AlN interlayer was grown to provide a large conduction band discontinuity for
better confinement of electrons and to reduce alloy scattering from the AlGaN outer
shell. Electrical transport measurements carried out on GaN/AlN/AlGaN yielded an
intrinsic electron mobility of 3100 and 21,000 cm2/V s at room temperature and
5 K, respectively (Fig. 5.4d). FETs fabricated with ZrO2 dielectrics and metal top
gates showed excellent gate coupling with near ideal subthreshold slopes of
68 mV/dec (Fig. 5.4e), an On/Off current ratio of 107, and scaled On current and
transconductance values of 500 mA/mm and 420 mS/mm, demonstrating the
excellent interfacial properties and electrostatic control.

In 2007, the rational design and synthesis of InAs/InP core/shell NW
heterostructures with quantum-confined high mobility electron channels was also
reported [60]. InP is an attractive shell material because the conduction band offset of
*0.52 eV provides an excellent confinement potential for electrons, and the type-I
quantum well structure also confines holes that may be thermally generated or
resulted from impact ionization in the channel. Room-temperature electrical mea-
surements on InAs/InP NW-FETs showed significant improvement in the On current
and transconductance compared to InAs NW-FETs fabricated in parallel. For
example, the transconductance values showed an approximately five-fold increase
for InAs/InP (2.2 lS) versus InAs (0.45 lS). The 11500 cm2/V s room-temperature
electron mobility in these InAs/InP NW heterostructure further substantiated the
promise of the radial core/shell approach for creating unique nanoscale building
blocks. In addition, NW-FET devices configured with integral high dielectric
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constant gate oxide and top-gate structure yielded scaled On current values up to
3.2 mA/lm. In two recent reports, Tomioka et al. [61] and Dey et al. [62] further
demonstrated a surrounding-gate NW-FETs using InGaAs/InP/InAlAs/InGaAs
core-multishell NWs and radial tunnel FETs in GaSb/InAs(Sb) NWs, respectively,
thereby further extending the toolbox of NW building blocks for nanodevices.

5.2.1.4 Crossed Nanowire Structures

One of the first demonstrations of crossed NW structure was reported by the Heath
group [63], where two SiNWs were assembled to fabricate a four-terminal device.
The resistivity through the crossed-wire junction was measured to be similar to the
resistivity of individual wires forming the crossed device, indicating little or no
tunneling barrier at the junction of the two wires. The Lieber group [35] developed
nanoscale FETs in the crossed NW configuration, with one NW acting as the active
conducting channel and the other crossed NW as the gate electrode. Significantly,
three critical FET device metrics were naturally defined at the nanometer scale in
the assembled crossed NW-FETs: (1) a nanoscale channel width determined by the
diameter of the active NW; (2) a nanoscale channel length defined by the crossed
gate NW diameter; and (3) a nanoscale gate dielectric thickness determined by the
NW surface oxide. These distinct nanoscale device metrics led to greatly improved
device characteristics such as high gain, high speed, and low power dissipation. For
example, the conductance modulation of an NW-FET was much more significant
with the NW gate (>105) than that with a global back gate (<10). The local NW gate
enabled independently addressable FET arrays and thus highly integrated
nanocircuits. Moreover, 3D multifunctional electronics were fabricated based on
vertically stacked layers of multi-NW-FETs [42, 64, 65].

5.2.1.5 Junctionless Nanowire Transistors

In modern transistors, the current flow is modulated by a gate electrode, relying on
junctions between the channel and source/drain contacts (Fig. 5.5a). However,
these junctions are becoming increasingly difficult to manufacture as transistor sizes
are reduced in the pursuit of performance. To this point, Colinge et al. [66, 67]
reported the fabrication of fully CMOS-capable long-channel (1 lm) junctionless
transistors, in which the current flows through the bulk of the channel, rather than
just along its surface. Figure 5.5b depicts the operation principle for a junctionless
n-type accumulation device. In the On state, the whole NW body behaves as a
conducting channel and the application of a voltage at the drain contact results in an
On current that depends on the NW’s geometry, mobility and doping. When the
gate voltage is decreased, the transistor body is gradually depleted, until eventually
the transistor is turned off. The devices have near-ideal subthreshold slope, extre-
mely low leakage currents, and less degradation of mobility with gate voltage and
temperature than classical transistors. Recently, Konar et al. [68] reported studies on
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high-mobility junctionless gate-all-around NW-FET with carrier mobility reaching
2000 cm2/V s at room temperature. At low temperatures, measurement shows an
activated transport in NW-FETs due to donors present in the bulk as well as at the
nanowire-high-k interface. At room temperature, the carrier transport is limited by
the interplay of remote Coulomb scattering and acoustic phonon scattering.

5.2.2 p-n Diodes

A p-n diode is a type of semiconductor device based on the p-n junction, which is
the interface between p-type and n-type semiconductor materials. The diode has
many important characteristics, including current rectification; that is, it conducts
current in the dark only from p to n for modest operating voltages.

Fig. 5.5 Cross sections and operation principles for an n-type junction FET and a junctionless
FET. a A junction FET is turned on in the inversion condition, when a channel of minority carriers
is formed just under the gate, and junction barriers to their flow are reduced. The horizontal red
line shows the bottom of the depletion region, and the slanted red lines indicate the limits of the
depletion region controlled by the gate. b The On state of a junctionless FET is obtained in ‘flat
band’ conditions, with majority carriers travelling through a highly doped film. The device turns
off when the gate-controlled depletion extends over the whole film. Blue and red colours depict
electron and hole doping respectively, with a darker color indicating heavier doping. The white
regions correspond to the depletion regions, and the green color represents the gate oxide.
Reproduced from [67]. Copyright 2010 Nature Publishing Group
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5.2.2.1 Crossed-wire p-n Junctions

One direct way to make p-n diodes using p- and n-type semiconductor NWs is to
assemble two doped NWs in a crossed NW configuration [21, 33–35]. For example,
the Lieber group [33] reported the construction of crossed InP (a direct band gap
semiconductor) NW p-n junctions that exhibited rectifying behavior and
light-emitting properties. Significantly, electroluminescence (EL) was readily
observed from these nanoscale p-n junctions under a forward bias (Fig. 5.6a).
A photoluminescence (PL) image of a crossed NW junction (inset in Fig. 5.6a)
showed a crossed wire-like structures, and comparison of the EL and PL images
showed that the position of the EL maximum corresponded to the crossing point in
the PL image, demonstrating that the light originated from the NW p-n junction.
The I-V characteristics of the junction (Fig. 5.6b inset) showed clear rectification
with a sharp current onset at *1.5 V. The EL intensity increased rapidly with bias
voltage, and resembled the I-V behavior.

5.2.2.2 Axial Nanowire p-n Diodes

Another configuration of NW p-n diodes involves the formation of axial junctions
by modulating p- and n-type dopants sequentially during axial elongation growth
phase of NWs. The first axial p-n diode was demonstrated in 1992, where the
junction was formed in a cross-sectional area of GaAs wires with a diameter of
*100 nm [69]. Later, Gudiksen et al. [70] reported the growth of NW superlattice
structures, and fabricated p-n junctions within individual silicon NWs by Au
nanocluster-catalyzed CVD and dopant modulation. These NW p-n junctions were
characterized at the single NW level by a variety of electrical measurements
(Fig. 5.7). Current (I) versus voltage (Vsd) measurements showed rectifying
behavior consistent with the presence of an intra-NW p-n junction (Fig. 5.7a). An

Fig. 5.6 a EL image of the light emitted from a forward-biased NW p-n junction. Inset PL image
of the junction. b EL intensity versus voltage. Inset, I-V characteristics; inset in this inset, FESEM
image of the junction. Reproduced from [33]. Copyright 2001 Nature Publishing Group
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electrostatic force microscopy (EFM) image of the p-n junction in reverse bias
showed that the entire voltage drop occurred at the p-n junction (Fig. 5.7b). In
addition, scanned gate microscopy (SGM) image recorded with the NW device in
forward bias and the scanned tip-gate positive (Fig. 5.7c) showed enhanced con-
duction to the right of the junction, indicating an n-type region, and reduced

Fig. 5.7 a Insets A diagram illustrating single-NW electrical characterization by transport and
probe microscopy, and a SEM image of the SiNW device with source (S) and drain (D) electrodes
indicated.Main panel I versus Vsd for the SiNW p-n junction. b EFM phase image of the NW diode
under reverse bias. c SGM image showing the source-drain current as the tip is scanned across the
device. Reproduced from [70]. Copyright 2002 Nature Publishing Group. d, e Scheme and
structural characterization of axial modulation-doped p-i-n (d) and tandem p-i-n+-p+-i-n (e) SiNWs.
f Dark I-V characteristics of p-i-n SiNWs with different i-region lengths; red, green, and black
curves correspond to i-segment lengths of 0, 2, and 4 lm, respectively. g I-V responses recorded on
p-i (2 lm)-n (red) and p-i-n+-p+-i-n, i = 2 lm (blue) SiNW devices under AM 1.5G illumination.
Reproduced from [71]. Copyright 2008 American Chemical Society (Color figure online)
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conduction to the left of the junction, indicating depletion of a p-type region. In
2008, Kempa et al. [71] reported the synthesis of axial modulation-doped p-i-n and
tandem p-i-n+-p+-i-n SiNWs as photovoltaic elements, where axial modulation was
achieved by switching dopant precursor gases at different times during elongation
of the NW. Selective etching using KOH solution showed a clear delineation of the
individual regions of the diode structure (Fig. 5.7d, e). I-V measurements in
Fig. 5.7f also show well-defined reverse bias current rectification and a current
onset in forward bias at ca. 0.6 V. Comparison of I-V data of p-i-n and tandem p-i-
n+-p+-i-n SiNWs under AM 1.5G illumination demonstrated a substantial increase
in open circuit voltage for the tandem SiNW photovoltaic device (Fig. 5.7g).

In the case of GeNWs, the dominant mechanism for phosphrous and boron atom
incorporation is through the NW surface versus the NW bulk. Thus, the p-n junc-
tions within GeNWs cannot be achieved simply by dopant modulation. To cir-
cumvent this constraint, Tutuc et al. [72] designed a novel device structure: n-type
and undoped segments were subsequently fabricated, followed by uniform coating
of p-type shell. The resulting GeNWs exhibited device characteristics similar to that
expected for an axial p-n junctions. In another report, Hoffmann et al. [73] utilized
ion implantation, a standard doping technique in top-down semiconductor manu-
facturing, to achieve axial p-n profiles post NW growth. This method offered
advantages by allowing for precise control over the total dose of dopants, depth
profile, and also worked well for high/degenerative doping levels of 1020–
1021 cm−3. A limitation of implantation is that high-temperature annealing is
typically required to make the dopants electrically-active. In addition, both
p-n homojunctions and heterojunctions have synthetically integrated into branched
NWs, including p-Si/n-GaAs backbone/branch heterostructures [74], and kinked
NWs with axial p-n junctions introduced at the kink joints [75].

5.3 Simple Circuits

5.3.1 Logic Gates

Logic gates are the elementary building blocks of digital integrated circuits, pri-
marily implemented using diodes or transistors acting as electronic switches [76].
There are seven basic logic gates: AND, OR, NOT, NAND, NOR, XOR, and
XNOR. Most logic gates, except the NOT gate, have an input of two binary values,
and output one of the two binary conditions true (1) or false (0), represented by high
and low voltage levels, respectively. The symbols and truth tables of all basic logic
gates are shown in Table 5.1 [76].

1. The AND gate acts in the way as the logical “and” operator. The output is 1 only
if both inputs are 1. Otherwise, the output is 0.

2. The OR gate behaves as the logical “or”. The output is 1 if one or both the
inputs to the gate are 1. If both inputs are 0, then the output is 0.
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Table 5.1 Symbols and truth tables of seven basic logic gates [76]

Gate type Symbol Truth table

AND

Input 1 Input 2 Output

0 0 0 

0 1 0 

1 0 0 

1 1 1 

OR

Input 1 Input 2 Output

0 0 0 

0 1 1 

1 0 1 

1 1 1 

NOT

Input Output

0 1 

1 0 

NAND

Input 1 Input 2 Output

0 0 1 

0 1 1 

1 0 1 

1 1 0 

NOR

Input 1 Input 2 Output

0 0 1 

0 1 0 

1 0 0 

1 1 0 

XOR

Input 1 Input 2 Output

0 0 0 

0 1 1 

1 0 1 

1 1 0 

XNOR

Input 1 Input 2 Output

0 0 1 

0 1 0 

1 0 0 

1 1 1 
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3. The NOT gate, also known as an inverter, implements logical negation, it has
only one input value. If the input is 1, the output is 0. On the other hand, when
the input becomes 0, the output becomes 1.

4. The NAND gate equals to an AND gate followed by a NOT gate. The output is
0 if both inputs are 1. Otherwise, the output is 1.

5. The NOR gate equals to an OR gate followed by a NOT gate. Its output is 1 if
both inputs are 0. Otherwise, the output is 0.

6. The XOR gate acts in the way as the logical “either/or”. The output is 1 when
either one of the inputs are 1. The output becomes 0 if both inputs are 0 or if
both inputs are 1. In another word, the output is 1 if two input values are
different, but 0 if the inputs are the same.

7. The XNOR gate equals to a XOR gate followed by a NOT gate. Its output is 1 if
the inputs are the same, and 0 if the inputs are different.

In this section, we will describe how crossed NW p-n junctions and crossed
NW-FET arrays can be assembled to yield different logic gate structures, and be
used to implement basic computation [34, 35, 37, 43, 77–80]. The first work
demonstrating the capability of p-Si/n-GaN NWs to build logic gates was reported
by Huang et al. [35]. First, an OR gate was realized by using a 2(p) by 1(n) crossed
p-n junction array with the two p-SiNWs as inputs and the n-GaN NW as the output
(Fig. 5.8a). In this device, the output was low (logic 0) when both input voltages
were low (0 V), and the output was high (logic 1) when either or both of the input
voltages were high (5 V) (Fig. 5.8b), where a high input corresponded to a forward
bias of the corresponding p-n junction. The output-input (Vo-Vi) voltage response
(Fig. 5.8b, inset) showed that Vo increased linearly with Vi when one input was set
low (0 V). The Vo-Vi data also showed a nearly constant high output when the
second input was set high (5 V). The experimental truth table for the 1 by 2 crossed
NW device (Fig. 5.8c) demonstrated that this NW device behaved as an OR gate.

In addition, AND gates were fabricated from 1(p-Si) by 3(n-GaN) multiple
junction arrays (Fig. 5.8d). In this structure, the p-SiNW was biased at 5 V, two of
the GaN NWs were used as inputs and the third was used a gate with a constant
voltage to create a resistor by depleting a portion of the p-SiNW. The logic 0 was
observed from this device when either one or both of the inputs were low
(Fig. 5.8e), because Vi = 0 corresponded to a forward-biased, low-resistance
p-n junction that pulled down the output (logic “0”). The logic 1 was observed only
when both inputs were high, because this condition corresponded to reverse-biased
p-n diodes with resistances much larger than that of the constant resistor; that is,
there was a small voltage drop across the constant resistor and a high voltage was
achieved at the output. The Vo-Vi data (Fig. 5.8e, inset) showed constant low Vo

when the other input was low, and nearly linear behavior when the other input was
set at high. The truth table for the NW device (Fig. 5.8f) demonstrated that this
device functioned as an AND gate.

Moreover, a logic NOR gate was assembled by using a 1 (p-Si) by 3 (n-GaN)
crossed NW-FET array (Fig. 5.8g). The NOR gate was configured with 2.5 V
applied to one crossed NW-FET to create a constant resistance of *100 MX, and
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Fig. 5.8 a Schematics of logic OR gate. (Insets) An example SEM image of the assembled OR
gate and symbolic electronic circuit. b The output voltage versus logic address level inputs. (Inset)
The Vo-Vi relation. The solid and dashed red (blue) lines show Vo-Vi1 and Vo-Vi2 when the other
input is 0 (1). c The experimental truth table for the OR gate. d Schematic of logic AND gate.
(Insets) A typical SEM image of the assembled AND gate and symbolic electronic circuit. e The
output voltage versus logic address level inputs. (Inset) The Vo-Vi, where the solid and dashed red
(blue) lines correspond to Vo-Vi1 and Vo-Vi2 when the other input is 0 (1). f The experimental truth
table for the AND gate. g Schematic of logic NOR gate. (Insets) An example SEM image of the
assembled NOR gate and symbolic electronic circuit. h The output voltage versus logic address
level inputs. (Inset) The Vo-Vi relation, where the solid and dashed red (blue) lines correspond to
Vo-Vi1 and Vo-Vi2 when the other input is 0 (1). i The measured truth table for the NOR gate.
j Schematic of logic XOR gate. k Truth table for logic XOR gate. l The output voltage versus logic
address level inputs for the XOR gate. Reproduced from [35]. Copyright 2001 the American
Association for the Advancement of Science
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the p-SiNW channel was biased at 5 V. The two remaining n-GaN NW inputs act
as gates for two crossed NW-FETs in series. In this way, the output depended on
the resistance ratio of the two crossed NW-FETs and the constant resistor. The logic
0 was observed when either one or both of the inputs was high (Fig. 5.8h). The
transistors were off and had resistances much higher than that of the constant
resistor, and thus most of the voltage dropped across the transistors. A logic 1 state
was only achieved when both of the transistors were On and both inputs were low.
The Vo-Vi relation (Fig. 5.8h, inset) showed constant low Vo when the other input
was high, and a nonlinear response with large change in Vo when the other input
was set low. The truth table for this NW device (Fig. 5.8i) demonstrated that the
device behaved as a logic NOR gate. Furthermore, multiple-input logic NOR gates
could function as NOT gates (simple inverters) by eliminating one of the inputs.

Lastly, the authors interconnected multiple AND and NOR gates to implement
basic computation in the form of an XOR gate (Fig. 5.8j), which was configured by

Fig. 5.9 Logic gate structures based on core/shell Si � Ag crossbar NW system. a (left) SEM
image of assembled inverter structure and symbolic electronic circuit. (middle) I-V curves of both
crosspoints showing that both diode switch (red curve) and FET (blue) functions can be achieved
using a single SiNW crossing two metal NWs. (right) Output-input relation curve (Vo-Vi).
b, c (left) Schematic and SEM images for assembled logic AND and NAND gates and their
symbolic electronic circuits. (middle) Output voltage versus four possible logic address level
inputs. (right) Experimental truth table for AND and NAND gates. Reproduced from [43].
Copyright 2010 De Gruyter
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using the output from AND and NOR gates as the input to a second NOR gate. The
truth table for the proposed logic XOR was summarized in Fig. 5.8k. Importantly,
the experimental Vo-Vi data for the XOR device (Fig. 5.8l) showed that the output
was logic state 0 or low when the inputs were both low or both high, and logic state
1 or high when one input was low and the other was high.

In another report, Yu et al. [43]. used assembled Si/metal NW crossbar arrays to
design and realize both diode and FET-based logic, including the inverter, AND
and NAND logic structures (Fig. 5.9). For example, an inverter structure was
realized by using a 1 Si/amorphous-Si (a-Si) NW � 2 Ag NW crossbar array with
one Ag NW working as top-gate metal, and the other as contact electrode for the
diode switch junction. Representative I-V curves measured on both crossed junc-
tions showed that two cross-points could function as FET (blue curve) and diode
switch elements (red curve). Further, by the input voltage Vi-biased on top-gate
Ag NW and giving a constant Vsd (*2 V), the output voltage measured from the
diode electrode Ag NW can be tuned from the “high” state when the input voltage
was set to low, to the “low” state when the input voltage was set to high (Fig. 5.9a).
A logic AND gate was also assembled from a 2 Si/a-SiNWs � 1 Ag NW array
(Fig. 5.9b), and a logic NAND gate was assembled by using a 3 Si/a-SiNWs � 2
Ag NW array (Fig. 5.9c). The controlled and predictable assembly of these logic
gate structures enabled the organization of virtually any logic circuit.

5.3.2 Ring Oscillators

A ring oscillator is composed of a chain of an odd number of NOT gates (inverters),
where the last output of the chain is the logical NOT of the first input, thus allowing
for oscillation in the “ring”. In previous reports, NW-FET arrays have been utilized
to develop ring oscillator circuits [65, 81–83]. For example, the Lieber group [81]
fabricated NW ring oscillators consisting three inverters on glass substrates. The
devices showed a maximal oscillation frequency of 11.7 MHz, corresponding to a
stage delay of 14 ns. Significantly, all devices measured on glass have oscillation
frequencies at or above 10 MHz. Later, the same group [65] also fabricated
two-layered, three-stage vertically interconnected CMOS ring oscillators. An
optical micrograph and circuit schematic (Fig. 5.10a) highlight the three CMOS
inverters serially connected in a closed, positive feedback loop, with each inverter
consisting of a layer-1 InAs NW n-FET and a layer-2 Ge/Si NW p-FETs, which
were vertically interconnected. Measurement of the output signal with a high
impedance probe demonstrated stable, self-sustained oscillations with a maximum
frequency of 108 MHz for VDD = 8 V, as shown in Fig. 5.10b. This oscillation
frequency corresponded to a propagation delay of 1.54 ns per stage.
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5.3.3 Demultiplexers

Addressing large numbers of NWs inside a crossbar array requires demultiplexers
(demuxes) that allow a relatively small number of control wires to access the large
number of NWs selectively inside the memory array. In an ideal demux, n pairs of
microscale control wires can be used to select 2n NWs; that is, 10 pairs of control
wires can specifically address each of the 210 = 1024 NWs, serving as the columns
(or rows) of a 1 Mbit crossbar memory. By using a pair of demuxes serving
respectively as row and column selectors, all 22n cross-points inside the NW-FET
array can be selectively addressed by 2n pairs of control wires. This type of
addressing has been experimentally realized by several groups using NW arrays
[84–87].

In 2003, Zhong et al. [84] reported the first NW-based demuxes using
molecular-level modification of crossed NW-FET arrays, where selective chemical
modification of cross points in the arrays enabled NW inputs to turn specific FET
array elements On and Off. The basic structure of the device was a regular crossed
NW-FET array that consisted of n-input (I1, I2,…, In) and m-output (O1, O2,…, Om)
NWs, where outputs were the active channels of FETs and the inputs functioned as
gate electrodes that turned these output lines On and Off. In this report, the cross
points were differentiated by the chemical modification, such that inputs only
affected selected output cross-points in the array. Before modification, the depletion
mode device exhibited a threshold voltage of *5 V, which shifted to *1.5 V after
modification. In the simplest scenario in which one output NW was turned On or
Off by a single input, differentiation of diagonal elements of a square array
(Fig. 5.11a) produced a code, where I1, I2, …, In addressed O1, O2,…, Om,
respectively. This concept was generalized to enable a small number of input NWs
to address a larger number of output NWs, if two or more inputs were used to turn
On or Off a given output. Similarly, a small number of lithographically defined
wires could address a much denser array of NWs (Fig. 5.11b). This idea was tested

Fig. 5.10 a Optical micrograph and circuit diagram of two-layer, vertically interconnected
three-stage CMOS ring oscillator. b Amplitude versus time response recorded at via position by
using a high-impedance probe. Reproduced from [65]. Copyright 2009 the National Academy of
Sciences of the United States of America
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first in a 2 by 2 crossed NW-FET array (Fig. 5.11c). Conductance versus applied
NW input gate voltage data (Fig. 5.11d) showed that, before modification, each of
the four crossed NW-FET elements remained “on” for voltages greater than 2 V.
After specific modification of the I1/O1 and I2/O2 elements, these devices were
turned off with a gate voltage of *1 V. Hence, when I1 was set to 1 V and I2 was
set to 0 V, only O2 was active, with an output of 2 V, and O1 was Off with an
output of 0 V (Fig. 5.11e). In a larger 4 by 4 array (Fig. 5.11f), all of the 16 crossed
NW-FET elements remained “on” for voltages greater than 3 V before surface
modification. However, after specific modification of the four diagonal In/On ele-
ments, these FETs were selectively turned off by their respective inputs. Hence, by
variation of the NW input voltages (Fig. 5.11g), it was possible to address selec-
tively each of the four output lines, as required for multiplexing and demultiplexing
signals.

Multi-input binary tree demuxes exhibit 2[log2(N)] scaling, where N is the
number of output NWs and 2[log2(N)] is the number of the demultiplexing wires
used to address the output lines, although extra NWs are necessary to compensate
for randomness in organization and defects such as broken or nonconducting NWs,
and thereby yield an effective large scale demux circuit [88]. This scheme requires
modulation-doped NWs to address dense nanoscale arrays and threshold voltage
modulation. Hence, the address coding is obtained at the different cross-points
between gate wires and the NW channel, which may be either heavily or lightly
doped. This idea was implemented experimentally by the Lieber group [85].
Furthermore, the Heath group [86] described a demux structure that used 2
[log2(N)] + R microwires to address N NWs, where R (for redundant address lines)
was zero or a small integer. Their work did not require control over the axial doping
profile of the underlying NWs but took advantage of top-down lithography to define
the address code of gated versus non-gated FETs. This device concept shown in
Fig. 5.11h, i with 32 NWs addressed with five pairs of (drawn) large wires. The
binary tree pattern extends above and below the NW array. The green regions
correspond to areas in which a voltage applied to the top (metal) wires can gate
NWs as FETs nodes. For example, the binary address “1 0 1 0 1” in Fig. 5.11i
indicates that the resistance of NWs that pass under a voltage-gated (red) region is
increased. Only a single wire (colored red across the entire structure) remains in the
high-conducting state and is addressed.

5.3.4 Nonvolatile Memory

Along with the advancement of semiconductor logic technology, the demand for
memory devices with high-density, high-speed, and low power consumption has
remained particularly high. One key property that distinguishes different classes of
memory devices is the volatility [89]. In devices where stored information is
volatile, such as dynamic random access memory (DRAM), information is lost
when the power is turned off; however, access speed is generally very high and thus
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Fig. 5.11 a A 4 by 4 crossed NW-FET array with I1 to I4 as inputs and O1 to O4 as outputs. The
four diagonal cross points were chemically modified (green rectangles). This produced a 1-hot
code in which In turns On On or Off. b Bridging between microscale metal wires (yellow) and
denser nanoscale NWs is achieved with a 2-hot code (green rectangles), whereby two inputs (blue
NWs) are required to address each output (red NWs). c An SEM image of a 2 by 2 crossed
NW-FET demux. d Conductance versus gate voltage for each cross point for the NW-FET array in
(c) before (blue) and after (red) chemical modification. Starting clockwise from the top left
quadrant, data are from junctions I1/O1, I2/O1, I2/O2, and I1/O2, respectively. e Real-time
monitoring of the gate voltage inputs (blue) and signal outputs (red) for the 2 by 2 demux. f An
SEM image of a 4 by 4 crossed NW-FET demux. The four diagonal cross points were chemically
modified. g Real-time monitoring of the gate voltage inputs (blue) and signal outputs (red) for the
4 by 4 demux. Reproduced from [84]. Copyright 2003 the American Association for the
Advancement of Science. h, i The decoder concept, drawn over an electron micrograph of 32
silicon NWs. Reproduced from [86]. Copyright 2005 the American Association for the
Advancement of Science
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used to store information dynamically for a processor [90]. On the other hand
nonvolatile RAM devices (NVRAM) can maintain stored information even when
the power is turned off, but generally have much slower writing speeds compared to
DRAM [89]. Nevertheless, nonvolatile devices have been central to the focus of
work in nanoscience because of the opportunity to enable new computing archi-
tectures [7, 91]. In terms of basic storage mechanisms, NW-based nonvolatile
memory devices can be divided into four categories [91–93].

1. Resistive memory devices generally refer to 2-terminal devices in which stable
2-state resistance values are produced in response to an applied bias voltage that
turns the device On or Off [89, 94]. The most widely characterized resistive
switching behavior arises from the formation of a conducting filament within an
insulating or high-resistance layer that separates cross point between two much

Fig. 5.12 a Si/a-Si � metal NW crossbar switch structure. b I-V sweep curves showing basic
switching behavior of crossbar NW element. c Current read at 1.5 V for devices fabricated with
different metal line widths (1 lm and 500, 200, and 30 nm) on a single core/shell NW. d, e SEM
image of a 1 � 6 array composed of one Si/a-SiNW crossing six Ag lines and corresponding states
of crosspoints 1–6 read at 2 V: blue = 010101, green = 101010, yellow = 111111, red = 000000.
Reproduced from [95]. Copyright 2008 American Chemical Society. f, g Schematic and SEM
image of a 6 � 6 NW crossbar memory structure and Write/Read modes for the memory array.
h The use of 36-bit crossbar memory to store the word “NANO” (ASC II) is demonstrated with
read current values plotted on a log scale. Reproduced from [43]. Copyright 2010 De Gruyter
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more conducting NWs [15, 95]. The resulting switching behavior has been
attributed to the formation and rupture of this conducting filament [96].

2. Flash memory is a 3-terminal transistor-based device in which charge can be
stored on a “floating gate” that is isolated from the conducting channel, or a
dielectric layer, and thereby change the On/Off state of the transistor [89, 97].
The charge is stored or removed by applying relatively large voltages to an
external gate electrode. The programmed On/Off states of a flash memory device
can be determined by measuring the drain current of the transistor.

3. Ferroelectric memory devices are 3-terminal devices utilizing the polarization
states of a ferroelectric material to store information [89, 98]. Ferroelectric
materials can be polarized in an external field and then remain polarized after the
external field is removed. The polarization can simply be reversed by applying a
field of opposite polarity. Most ferroelectric memory NW devices [99–102] are
transistor-based, where the ferroelectric material directly gates the NW, and its
polarization state can change the gate potential, similar to the mechanism of
flash memory.

4. Phase-change memory is another type of 2-terminal device in which the resis-
tance change of two memory states is based on a reversible crystalline to
amorphous phase transition [103]. The phase change material is in the crys-
talline, low-resistance form after fabrication, and can be converted into the
amorphous phase with high resistance by applying a short, large electrical
current pulse. A longer smaller current pulse is applied to anneal the amorphous
region and restore the crystalline phase. The resistance of a device is measured
by using a small current/voltage that does not disturb the amorphous or crys-
talline states.

5.3.4.1 Resistive Memory

The NW-based crossbar structure represents a powerful and scalable architecture
for memory and logic devices in that key device features can be defined during the
synthesis of NW building blocks and their subsequent assembly. In the context of
memory, each cross-point represents a bit where information can be stored and
addressed, as demonstrated by the Lieber group [15, 43, 95, 104]. For example,
Dong et al. [95] reported the cross-point hysteretic resistance switches based on
core/shell SiNW-metal NW crossbars. In this work, the core of the NW
heterostructure consisted of doped crystalline Si and functions as one electrode
contact, the amorphous shell (a-Si) function as the information storage medium, and
a crossed silver metal NW serves as the second electrode contact (Fig. 5.12a).
Room-temperature electrical measurements on single Si/a-Si � Ag NW devices
demonstrated the following key features: bi-stable switching between high
(Off) and low (On) resistance states with well-defined switching threshold voltages
(representative I-V data shown in Fig. 5.12b), On/Off ratios >104, and current
rectification in the On state. Furthermore, systematic studies of Si/a-Si � Ag NW
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devices showed that: (i) the bit size was at least as small as 20 � 20 nm
(Fig. 5.12c), (ii) the writing time was <100 ns, (iii) the retention time was
>2 weeks, (iv) devices were switched >104 times without degradation in perfor-
mance. In addition, the scalability of the Si/a-Si � Ag NW device structure was
investigated in 1D (1 � 6) arrays (Fig. 5.12d). Transport measurements
(Fig. 5.12e) further demonstrated its ability to write/erase the six crosspoint
switches to an arbitrary state (e.g., 000000, 111111, 101010, 010101), and then
read out the state of six switches without crosstalk between elements during writing,
reading, or erasing.

Later, the same group [43] assembled nonvolatile memory switches into larger
arrays. The point addressability and storage capability of memory array were tested
on a 6 � 6 (36 bit) crossbar NW array confirming uniform memory characteristics
achieved with Si/a-Si � Ag NW-based crossbar system [43] (Fig. 5.12f, g). Strings
of 1s and 0s corresponding to standard ASCII alphanumeric symbols were stored
into the array, and subsequently read out. Figure 5.12h presents the results of such
write/read testing. An operational memory was demonstrated by successfully
writing and reading out the word “NANO” (e.g., an “N” character (ASCII 78),
represented as the 8-bit number “01001110”). The bit current read-out from the
array was plotted in log scale to show the readily differentiated levels of the “On”
and “Off” states of all bits within the crossbar circuit, with the 1/0 current ratio in
the order of 102. The findings demonstrate that excellent memory characteristics
can be achieved with this Si/a-Si � Ag NW-based crossbar system.

Similar resistive-switching results were also observed in NiO [105, 106], Co3O4

[107], ZnO [108], MgO/NiO [109] and Ni/NiO core-shell NWs [110, 111], where
the oxide shell served as the active layer, as well as Pt [112], Si [113], where a
molecular monolayer acted as the data storage agent.

5.3.4.2 Flash Memory

Flash memory devices are based on transistors in which an electrically-isolated or
floating gate electrode can store charge and thereby change the On/Off state of the
transistor. As mentioned above, flash or floating gate FET memory devices are
typically 3-terminal in design with the control gate used to inject/remove charge
from the floating gate or a dielectric layer in programming or writing operations. By
measuring the drain current, the programmed On or Off states of the memory
devices can be determined in a read operation. NW-based flash memory devices
have been fabricated based on NW-FETs [13, 14, 42, 114–116]. For example,
intrinsic GeNWs with a Ge core covered by a thick Ge oxide shell were utilized to
achieve flash memory devices [115]. The Ge oxide shell played a key role as the
insulating tunneling dielectric, which was thick enough to prevent stored surface
charges from leaking out. The Lieber group [13, 14] incorporated programmable
NW-FETs in a top-gated geometry using p-Ge/Si core/shell NWs as the semi-
conductor channel. A trilayer Al2O3-ZrO2-Al2O3 dielectric structure was imple-
mented for charge trapping. Further details of these two works including
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incorporation of multi-bits flash memory along a single NW as well as addressable
2D arrays will be discussed below in section D.

Flash memory does, however, have disadvantage of relatively slow
writing/erasing speed. To address this issue, the Samuelson group [117] demon-
strated an alternative memory concept, in which a storage island was connected to a
NW containing a stack of nine InAs quantum dots, each separated by thin InP
tunnel barriers. As the barrier region was sliced up into thinner segments with a
conducting material in between, electron transport occurred via a fast tunneling
process through the thin barriers. The memory operated for temperatures up to
around 150 K and had write times down to at least 15 ns.

5.3.4.3 Ferroelectric Memory

In ferroelectric memory, the polarization states of a ferroelectric material are used to
store information by changing conductance of a NW-FET. There are several reports
of NW-based ferroelectric memory devices [99–102]. For example, Liao et al. [100]
reported the fabrication of ZnO NW memory devices using a ferroelectric Pb
(Zr0.3Ti0.7)O3 (PZT) film as the gate dielectric and charge storage medium. When a
negative Vg pulse was applied between the NW channel and the Pt gate (i.e., writ-
ing), the polarizations of the ferroelectric film were aligned downward. After the gate
voltage pulse was removed, the remnant polarization of the ferroelectric functioned
as a nonvolatile gate in analogy to the flash memory devices described above. The
ability to reverse the polarization state by the writing voltage applied to the Pt gate
electrodes produces nonvolatile Off or “0” and On or “1” states. Compared to flash
memory, ferroelectric memory is quite difficult to scale down due to the deterioration
of the ferroelectric materials at small dimensions [118]. In addition, a decay in
polarization is often observed after the ferroelectric film experiences repeated cycles
of polarization change, and thus a lower reliability [119]. On the other hand, the
charge injection/removal of flash memory is relatively slow compared to the
polarization change, which yields a faster writing time in the latter [120].

5.3.4.4 Phase-Change Memory

The bottom-up approach may also lead to improved performance of memory
devices based on conventional structures, or serve as a well-controlled platform for
studying the memory mechanisms. One such example is the crystalline NW-based
phase-change memory (PCM). PCM has sparked considerable interest as a potential
next-generation nonvolatile solid-state memory technology, and has been shown to
possess many of the necessary attributes, including high resistance contrast, the
potential for multilevel storage, and better endurance and writing speeds than flash
memory [121]. Chalcogenide-based (Ge-Sb-Te alloys) PCMs, in which data is
“recorded” by switching the material into either an amorphous or crystalline state,
are promising for data storage [122–127].
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As an example, Lee et al. [126] explored the effects of size scaling the key
memory characteristic of Ge2Sb2Te5 NWs. To demonstrate memory switching
behavior, the I-V characteristics of a Ge2Sb2Te5 NWs were measured (Fig. 5.13a).
The as-synthesized crystalline NWs showed linear I-V characteristics with low
resistance state characteristic of the crystalline phase. Upon the application of a
current pulse, which caused the NW to transition to an amorphous state, I-V curves
initially displayed higher resistance, and subsequently switched to its original low
resistive state at a threshold voltage of 1.8 V. Detailed phase-change behavior of
the same NW device was studied by measuring the programming characteristics of
reversible crystalline-amorphous switching, for which resistance (R) change was
obtained as a function of writing/erasing current (I) pulse amplitude (Fig. 5.13b).
The operation of the device was maintained without failure for up to >105 cycles
performed with alternating write/read/erase/read pulses (Fig. 5.13c). A unique
aspect of this work has been to readily study the size dependence of these properties
simply by using different diameter NWs [126].

Fig. 5.13 a I-V characteristics of a 60-nm NW device (inset SEM image) in amorphous and
crystalline states. b Resistance change as a function of writing pulses with different current
amplitudes obtained for initially amorphous and crystalline phases. c Endurance-cycling test for
the NW memory device. Reproduced from [126]. Copyright 2007 Nature Publishing Group
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5.4 Nanoprocessors

A nanoprocessor constructed from intrinsically nanometer-scale building blocks is
an essential component for controlling memory, nanosensors and other functions
proposed for nanosystems assembled from the bottom up. As mentioned in previous
sections, simple logic gates with individually assembled semiconductor NWs have
been realized, but with only 16 devices or fewer and a single function for each
circuit. This section first introduces the structure of a logic tile consisting of two
interconnected arrays with functional configurable nonvolatile FET nodes, based on
two reports of the Lieber group [13, 14]. Then, the use of programmable and
scalable logic tiles for configuring nanoprocessors, including the construction of
arithmetic and sequential logic circuits, is described. Last, long-standing goal of
assembling nanocomputers is introduced and demonstrated with the realization of a
all NW finite-state machines.

5.4.1 Logic Tiles

The programmable NW-FETs was incorporated a top-gated geometry using p-Ge/Si
core/shell NWs as the semiconductor channel. A trilayer Al2O3-ZrO2-Al2O3

dielectric structure was implemented for charge trapping. The multi-input pro-
grammable NW-FET integrated circuits were fabricated using two coupled NW
elements (Fig. 5.14a, left), where the first element, NW1, had four independently
configurable input gates, G1-G4, and the second element, NW2, had a single input
gate connected to the output of NW1. In this demonstration, the first and third gate
nodes of NW1 and the gate node of NW2 were set to the active (transistor) state
(Fig. 5.14a, green dots), and the other gate nodes were set to the inactive (resistor)
state. With source voltages applied to NW1 and NW2, input G1 was switched
between 0 and 1 V while G2-G4 were held at 0 V (Fig. 5.14a, top right). Notably,
simultaneous measurements of the output voltage from NW1, VIG, and NW2, Vout,
with the 0- and 1-V G1 input variations (Fig. 5.14a, lower right), showed that VIG

was switched between high (2.2-V) and low (0.2-V) levels and Vout was toggled
between low (0.6-V) and high (3.0-V) levels. These result showed that the pro-
grammable NW-FET functioned as a transistor switch and multiple switches were
coupled together by feeding the output of one FET into the input gate of another.

Subsequently, a unit logic tile was designed and constructed (Fig. 5.14b). This
new logic tile consists of two programmable, nonvolatile NW transistor arrays
(PNNTAs). Metal electrodes were used to gate NWs in the block-1 PNNTA
(Fig. 5.14b, upper left), and the output of the NWs was connected by metal elec-
trodes to static load devices. By programming selected NW gate nodes to the active
transistor state, NOR logic gates were mapped into block 1. The outputs of this
NOR logic circuit were passed over and used as gate inputs to the block-2 PNNTA
(Fig. 5.14b, lower right), which is also programmed with NOR logic gates. In this
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Fig. 5.14 a Characterization of a NW-NW, coupled multigate device. Left schematic of the
device. Green dots indicate the gate nodes that were programmed as an active state. Top right input
signals to G1-G4. Bottom right output signals from NW1 (VIG, blue) and NW2 (Vout, red).
b Design of the unit logic tile for integrated nanoprocessors containing two PNNTAs, block 1
(upper left) and block 2 (lower right), comprising charge-trapping NWs (pink) and metal gate
electrodes (grey). The PNNTAs are connected to two sets of load devices (red). Lithographic-scale
electrodes (blue) are integrated for input and output. Reproduced from [13]. Copyright 2011
Nature Publishing Group
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way, the outputs of the logic circuits in block 1 were used to drive the circuit in
block 2, thus making it possible to form two-level networks of NOR logic gates in
the unit tile, which is capable of representing arbitrary Boolean functions [13].

5.4.2 Arithmetic Logic

An arithmetic logic unit, such as an adder or a subtractor, is a digital circuit that
performs integer arithmetic and logical operations [128]. A full adder performs the

Fig. 5.15 a Circuit design implementing a one-bit full adder. /A, /B and /C denote the
complementary inputs of A, B and C, respectively. b Output voltage levels for S (red) and Cout

(blue) for six typical input states. c Truth table of full-adder logic for the six input states in (b). The
measured output voltages are shown in brackets. d Schematic of a circuit implementing a full
subtractor. e Output of D (red) and Bout (blue) of the full subtractor implemented with the same
PNNTA structure shown in (a) with eight input states. f Truth table of the full subtractor with
measured output voltages shown in brackets. g Schematics of logic (upper) and circuit design
(lower) of a D latch implemented with the same PNNTA tile used in (a) and (d). h, i Output, Q,
waveforms (green) at two sets of clock (E, red) and data (D, blue) inputs. Reproduced from [13].
Copyright 2011 Nature Publishing Group
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addition of binary numbers and accounts for values carried in and out, while a full
subtractor performs subtraction. In the work of Yan et al. [13], the two-block
PNNTA tile was programmed to function as a full adder. Figure 5.15a illustrates
the configuration of the one-bit full-adder logic circuit, comprising two blocks with
the output of block 1 (Fig. 5.15a, left-hand box) fed into block 2 (Fig. 5.15a,
right-hand box) as input through external wiring. The programmed active node
pattern (Fig. 5.15a, green dots) determines the circuit function, and in this case the
outputs S and Cout represented the sum and carry-out of the summation of inputs
AþBþC, respectively, with S ¼ A� B� C and Cout ¼ A � BþA � CþB � C. The
symbols “�”, “�” and “þ ” represented logical XOR, AND and OR, respectively.
As the input levels of A, B and C were swept from logic state 0 (0 V) to logic state 1
(3.5 V), the outputs S and Cout switched from logic 0 (both 0 V) to logic 1 (2.0 and
2.7 V, respectively). Further tests showed that the output of S and Cout for six
typical input combinations (Fig. 5.15b) all had similar output ranges: 0-0.6 V for
logic state 0 and 2.0–2.7 V for logic state 1. The expected and experimental results
for a full adder were summarized in a truth table (Fig. 5.15c), which showed good
consistency for this fundamental logic unit.

In addition, the authors also reprogrammed the same tile to function as a full
subtractor (Fig. 5.15d). The two outputs of the reprogrammed circuit, D and Bout,
represent the difference and borrow, respectively, of the subtraction of inputs
X � Y � B, with D ¼ X � Y � B and Bout ¼ B � X � Yð Þþ �X � Y , where �X repre-
sents the logical negation (complementary input) of X. Measurements of D and Bout

for different X � Y � B input combinations (Fig. 5.15e) showed that the output
voltage levels for logic state 0 (0–0.01 V) and logic state 1 (0.04–0.08 V) were well
separated and represented robust states. Moreover, the truth table summarizing the
expected and experimental results for the full subtractor (Fig. 5.15f) showed full
and correct logic for this processing unit [13].

5.4.3 Sequential Logic

In sequential logic circuits (e.g., flip-flops and latches), the output not only depends
on the current inputs, but also on the history of the input. In other words, sequential
logic has memory [129]. A flip-flop is the basic storage element in sequential logic,
whose state can be changed from one to another by an external pulse. It is clocked,
or edge-sensitive. That is, the output of a flip-flop only changes at the rising or
falling edge of the clock signal (repetitive pulses), so that the logic outputs shift at
regular intervals. For latches, however, their outputs changes immediately when the
inputs change [129]. For example, the D latch can capture the logical level at high
clock input, the output, Q, will follow the input, D. When the clock signal becomes
logic 0, the last high state will be trapped in the device. On the other hand, the D
flip-flop (DFF) is known as a “delay” flip-flop, it captures the value of the input at
the edges of the clock cycle, and later produces the output, Q. At other times, the
output does not change. The DFF delays the input by one clock cycle.
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To explore the capability to also carry out critical sequential logic, the NW tile
was also programmed to demonstrate a D latch (Fig. 5.15g) [13]. The D-latch
circuit is composed of four NOR gates with a positive-feedback connection between
the output, Q, and inputs to NOR gates 2 and 3 (Fig. 5.15g, upper panel). As a
consequence, Q equals input data, D, when clock, E, is in logic state 1 but retains its
previous value when E is switched into logic state 0. The NOR gates were
implemented in the tile using NW1-NW3 in block 1 and NW8 in block 2
(Fig. 5.15g, lower panel), and formed the positive feedback by connecting the
output to an input gate in block 1. Measurement of Q as a function of repetitive
E and D pulses (Fig. 5.15h) showed that Q followed D when E was switched to
logic 1 (3.6 V) at time points 16 and 33 s, but retained as its previous value when
E was switched to logic 0 (0 V) at 7, 24 and 41 s, as expected for a D latch. The
robustness of this sequential logic circuit was tested further by inputting a more
complex data waveform (Fig. 5.15i), where measurements of Q demonstrated sharp
logic operation by following D with high fidelity in the time intervals 16-24 and
33-41 s. Moreover, the voltage range of output, Q (0–2.2 V), closely matched that
of input data, D, and clock, E [13].

5.4.4 Basic Nanocomputer

A finite-state machine (FSM) is a representation for a nanocomputer in that it is a
fundamental model for clocked, programmable logic circuits and integrates key
arithmetic and memory logic elements [130]. In general, a FSM can change from
one state to another in response to external stimuli, and it is characterized by all the
possible states and the triggering signals for each transition. A basic state transition
diagram for the 2-bit four-state FSM investigated in the work of Yao et al. [14]
(Fig. 5.16a) highlighted the four binary representations “00”, “01”, “10” and “11”,
and the transition from one state to another triggered by a binary input signal, “0” or
“1”. To realize the nanoFSM, the authors used three NW tiles that are intercon-
nected and programmed for distinct logic functions (Fig. 5.16b). Following fabri-
cation, the common tiles or modules were differentiated by programming, with
tile-1 programmed to perform arithmetic operations and tile-2 and tile-3 pro-
grammed to function as the register elements for the first and second digits of the
state, respectively.

The operation of the FSM circuit was programmed with A1A0, Cin, and CLK
representing the 2-bit state, control input, and clock signal, respectively. In this
architecture, tile-1 was configured as a half adder that computed the summation of
A1A0 + Cin. Its output A

0
1A

0
0 was the new state, where A

0
0 ¼ A0 � Cin,

A
0
1 ¼ A1 � A0 � Cinð Þ, and “�” and “�” represented XOR and AND logic, respec-

tively. The computed A
0
0 and A

0
1 values were input to tile-2 and tile-3, configured as

D flip-flops (DFFs). The DFFs registered the new state on the rising edge of the
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synchronized CLK, and then this registered state was instantly fed back as input to
the half adder to compute the next-level state.

The logic flow of the nanoFSM for a variety of Cin and CLK sequences was
investigated by continuously recording A0 and A1. First, for a constant control input
Cin = 1 (Fig. 5.16c), the state A1A0 underwent a complete logic circle from 00 !
01 ! 10 ! 11 ! 00, with each transition triggered by the CLK rising edge. The
capability to fully control and lock the state by varying Cin is displayed for t = 38–
190 s. For example, for Cin = 0 (t = 38–55 s), the state A1A0 = 00 was locked and
not triggered to the next level at the two consecutive rising edges of CLK (t = *45,
54 s). As the control input was changed to Cin = 1, the state was unlocked and

Fig. 5.16 a Logic diagram of the FSM. b Schematic of the three-tile circuit of the nanoFSM.
c The logic flow of the output state A1 and A0 with respect to the control input Cin and clock signal
CLK as indicated in (b). Reproduced from [14]. Copyright 2014 the National Academy of
Sciences of the United States of America
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Fig. 5.17 a Schematic of an n-bit full adder constructed from serial 1-bit full adders. b The
two-tile circuit design for the 2-bit full adder. c Experimental truth table for the 2-bit full adder.
The table consists of 32 sets of input combinations (A1A0, B1B0, C0) with the corresponding
outputs S1, S0, C2, and /C2. The voltage output values are shown in brackets. The input values for
1 and 0 are 2.3 and 0 V, respectively. Reproduced from [14]. Copyright 2014 the National
Academy of Sciences of the United States of America
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moved to A1A0 = 01 at the rising edge of CLK (t = * 63 s). This high fidelity in
the control was shown for all of the other states of 01, 10, and 11, which were
locked when Cin = 0 and continued in the logic loop when Cin = 1 (t = 66–190 s).

In addition, a multibit full adder can be realized by serial interconnection of 1-bit
full adders (Fig. 5.17a). To investigate the feasibility of extending the number of
cascaded tiles, the authors reprogrammed the circuit to a 2-bit full adder. In this
cascaded two-tile circuit (Fig. 5.17b), each 1-bit full adder computed the sum Si ¼
Ai � Bi � Ci carry-out Ciþ 1 ¼ Ai � Bi þAi � Ci þBi � Ci (i = 1, 2; “+” denotes OR
logic), with the computed Ci+1 and complementary/Ci+1 serving as the input to the
higher-bit adder. Overall, the 2-bit full adder computed the summation of
A1A0 + B1B0 + C0, with S0 and S1 the first and second digits of the sum and C2 the
carry-out. Significantly, examination of the values for the complete 32-element
truth table (Fig. 5.17c) demonstrated that the complete logic outputs for S0, S1, C2,
and/C2 were correct, and that their average logic 1 output voltages 2.43 ± 0.03,
2.39 ± 0.12, 2.34 ± 0.08, and 2.43 ± 0.06 V, respectively, were well-matched
relative to the common logic input 1 value, 2.3 V. These results strongly validated
the feasibility of implementing >2-bit full addelead to improved performancers by
cascading a larger number of tiles [14].

5.5 Future Directions and Challenges

NW-based nanoelectronic devices provide a robust approach to build integrated
circuits in the deep sub-100-nm regime from the bottom up. They have been utilized
to process, transmit and store information by taking advantage of the unique prop-
erties of nanoscale NW building blocks. These exquisite examples of a variety of
NW-based nanoelectronics have well demonstrated the potential of utilizing the
bottom-up synthesis paradigm and assembly for developing the next-generation
electronic devices and integrated circuits. Nonetheless, in order to realize the
complexity and functional level of current electronic industry that has been devel-
oped over the past half a century, several challenges need to be addressed. First, the
uniformity of the synthesized NWs, including morphology, structure and doping
level, needs to be further improved, as the variations on the obtained NW products
can be detrimental to the resulting electronics, although defect tolerant architectures
could be used to overcome in part these variations. Second and perhaps most
challenging is the need to develop efficient and very large-scale assembly and
organization of individual NW elements, including in 3D architectures. These
challenges will require substantial effort focused on fundamental scientific issues
related to controlling synthesis and assembly closer and closer to the atomic scale.
Looking to the future, the bottom-up approach will open many unique opportunities
for nanoelectronics, including the development of 3D multifunctional nanoelec-
tronics, the realization of general-purpose nanoprocessors, and the ultimate seamless
integration of electronics with biological systems, which will be discussed further in
later chapters.
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Chapter 6
Nanophotonics

Abstract Single crystalline semiconductor NWs have been extensively investi-
gated as building blocks for ultra-small and entirely new electronic and photonic
devices, due to their unique electronic and optical properties. The sub-wavelength
diameters of NW structures and tunable energy band gaps provide a host of
advantages for investigating generation, detection, amplification and modulation of
light. Photonic platforms using NW building blocks also offers the promise of
integrated functionalities at dimensions compatible with top-down fabricated
electronics. With rational design and synthesis of the NW structures, the capability
of controlling and manipulating these structures on surface to form single devices
and networks is a crucial step for realizing these chemically synthesized NWs into
photonic circuitry. In this chapter we will review progress made in the area of NW
photonic devices, including waveguides, light-emitting diodes, lasers, and
photodetectors.

6.1 Introduction

The field of photonics in essence focuses on the control of photons in free space or
in matter [1]. Manipulation of photons in semiconductor bulk crystals and thin films
has culminated in breakthroughs such as light-emitting diodes (LEDs) and lasers
[2]. With the shrinking of devices to smaller length scales in the microelectronics
industry, the continuing success of photonic technologies also relies on the dis-
covery of new optical materials, integration strategies and the miniaturization of
optoelectronic devices for better performance, lower cost and lower power con-
sumption. Although state-of-the-art lithography technologies are capable of fabri-
cating nanostructured features and functionalities [3], chemically grown NWs still
posses unique advantages, including single-crystalline, diameter and morphology
controlled structures with near atomically smooth surfaces, as well as the potential
for hetero-integration with electronics and other materials via bottom-up assembly
[4–7]. NW photonics is a particularly exciting frontier due to the ability to precisely
control NW composition and hence the resulting bandgap, which cannot be
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accomplished with CNTs, and using a combination of nanolithography tools, it is
possible to assemble photonic circuits with designed functions [8–13]. NWs syn-
thesized from direct bandgap semiconductors have shown tremendous promise
for assembling subwavelength nanophotonic devices for the generation, waveg-
uiding, and detection of light at the nanoscale [10]. Nanophotonic devices such as
optically-pumped and electrically-driven NW lasers, waveguides, light emitting
diodes (LEDs), photodetectors, have been successfully demonstrated [8, 9, 11–13].
In addition to miniaturization of devices, NW-based photonic systems can provide
many interesting and novel device concepts in comparison to planar technology.
The potential for co-assembling nanoscale light sources and detectors, fabricated
from a variety of different materials, opens up unique opportunities for integrated
photonic systems as well as the integration of nanophotonic systems with silicon
micro- and nano-electronics [14]. In this chapter, we will discuss the optical
properties, including photoluminescence and nonlinear responses, of semiconductor
NWs, and review the significant progress made in the field of semiconductor
NW photonic devices. Other comprehensive reviews of NW photonics can be found
in [8, 12, 13].

6.2 Optical Phenomena

6.2.1 Photoluminescence from Nanowire Structures

Photoluminescence (PL) is a light emission process in which a substance absorbs
and then re-radiates photons. PL data collected from individual direct-bandgap
NWs can reveal a wealth of information, both in terms of characterization of the
materials and optical properties, such as band-edge emission, trap states, radiative
efficiency, carrier and photon confinement [8, 10]. In this section, we briefly
introduce PL from homogeneous NWs and NW heterostructures.

6.2.1.1 Homogeneous Nanowires

The optical properties of homogeneous NWs, including GaAs [15–17], InP
[18, 19], GaN [20], ZnO [21], ZnS [22], ZnSe [23], CdS [24], CdSe [25], Si [26],
have been extensively studied by steady state and transient PL spectroscopy. The
results from these studies show that individual growth methods and conditions can
strongly affect NW optical properties in terms of emission intensity, spectral width
and peak position, and the presence of long wavelength components from impurity
states that emit radiatively. High quality NWs synthesized under controlled
conditions at high temperatures typically emit brightly with a spectral peak near
the band edge. The width of the PL spectra at room temperature reveal critical
information about the quality of the NWs with narrower widths (*20–30 nm)
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corresponding to high optical quality of NWs. The narrower widths can be attrib-
uted to lower defect density within and at the passivated surfaces of the NWs [8].

Optical absorption and emission from NWs have been found to be predomi-
nantly polarized along the long axis of the wires [18, 27]. The observed polarization
anisotropy can be explained from a purely classical perspective as arising from the
anisotropic geometry of the NWs—where the NW diameter is much smaller than
the wavelength of light but the length is much larger—and also due to the large
dielectric mismatch between a free standing NW and its surrounding environment
[18]. PL images of single InP NWs recorded at room temperature with the polar-
ization of the exciting laser both parallel (Fig. 6.1a) and perpendicular (Fig. 6.1b)
to the NW showed a large polarization anisotropy with the observed PL turning
from “on” to “off” as the excitation polarization was rotated from parallel to per-
pendicular. Integration of the emission as a function of excitation angle showed that
the intensity exhibited the expected periodic dependence on angle (Fig. 6.1, inset).

6.2.1.2 Axial Heterostructures

PL measurements provide a unique means to verify quantum confinement of charge
carriers in NW heterostructures. PL studies have been carried out for several II–VI
and III–V direct-gap systems, including ZnSe–CdSe [28], ZnO–ZnMgO [29],
InAs–GaAs [30], InAs–InP [31] and AlGaN–GaN [32]. Park et al. [29] observed a
clear blue-shift in the PL peak energy of ZnO–ZnMgO nanorod heterostructures
with decreasing ZnO well width, demonstrating quantum confinement in the axial
direction. Panev et al. [30] observed sharp exciton emission from InAs quantum
dots inside GaAs NW hosts. The peak energies emitted by the InAs dots were
substantially blue shifted from bulk InAs, indicating that substantial alloying with
the GaAs NW occurred. Accordingly, the effects of possible confinement potentials
on the peak energy could not be determined. Poole et al. [31] synthesized InP–
InAs–InP NWs on InP substrates without catalyst. During PL excitation at low
power densities, a single well-defined peak is observed at 921 meV. At higher
power densities, excited state peaks are observed at energy spacings consistent with

Fig. 6.1 a PL image of a single 20-nm InP NW with the exciting laser polarized along the wire
axis. b PL image of the same NW as in (a) under perpendicular excitation. Inset, variation of
overall PL intensity as a function of excitation polarization angle with respect to the NW axis.
Reproduced from [18]. Copyright 2001 the American Association for the Advancement of Science
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the quantum confinement of excitons within the estimated well widths. More
recently, Holmes et al. [32] demonstrated triggered single photon emission at room
temperature from a site-controlled III–nitride quantum dot embedded in a NW. The
photon statistics are found to be insensitive to temperature, in contrast to other
QD-based triggered single photon emitters which exhibit a pronounced degradation
at elevated temperatures. Arrays of such single photon emitters were proposed for
room-temperature quantum information processing applications such as on-chip
quantum communication [32].

6.2.1.3 Radial Heterostructures

Confinement and quantum confinement effects in radial NW heterostructures have
also been verified by PL spectra [33–35]. In 2004, Qian et al. [33] obtained PL
spectra from n-GaN/InGaN/p-GaN core/shell/shell (CSS) structures, exhibiting a
dominant emission peak at 448 nm. This wavelength is consistent with band-edge
emission from an InGaN structure of composition In0.18Ga0.82N. The InGaN
emission is approximately 20 times stronger than the small GaN band-edge emis-
sion peak also present in the PL spectrum, which shows that the much smaller
volume InGaN shell in the CSS structures provides an efficient region for radiative
recombination. In 2008, the same group [34] reported the growth of highly uniform
(InGaN/GaN)n multi-quantum-well (MQW) core/shell NW heterostructures, with
n = 3, 13 and 26 and each InGaN well thicknesses of 1–3 nm (Fig. 6.2a). PL
spectra from individual 26-MQW NWs containing different indium compositions
are displayed in Fig. 6.2b, c. It can be seen that the InGaN emission peak red-shifts
from 382 to 440 and then to 484 nm (Fig. 6.2c) with increasing indium compo-
sition. The peak broadening with In% is consistent with InGaN planar structures.
Later, the synthesis of AlN/GaN MQW NW structures has also been demonstrated.
The observed blue-shifted emission of PL spectra was attributed to the quantum
confinement in the GaN layers [35].

6.2.2 Nonlinear Processes

In linear optics, the dielectric polarization P depends linearly to the electric field, E,
of the light, P = e0v

(1)E, where v(1) is the first order susceptibility tensor and e0 is
the vacuum permittivity. While this consideration is sufficient at low incident field
strengths, when the field strength increases it is possible for higher order terms to be
important. In general, P can be expressed as a series expansion in powers of E as:

P ¼ Pð1Þ þPð2Þ þPð3Þ þ � � � ¼ e0 v 1ð ÞEþ v 2ð ÞE2 þ v 3ð ÞE3 þ � � �
h i

146 6 Nanophotonics



where v(2) and v(3) are the second- and third-order nonlinear optical susceptibilities
[36, 37]. Nonlinear optical (NLO) processes are often referred to as “N wave
mixing” where N is the number of photons involved (including the emitted one).
Many nanostructures exhibit strong intrinsic NLO signals under tight focusing
conditions. Combining NLO signals with scanning microscopy has generated an
array of label-free imaging modalities for material and biological studies [38, 39].
Unlike linear optical microscopy, NLO microscopy offers inherent 3D spatial res-
olution, relatively large optical penetration into tissues with near infrared
(NIR) excitation, and reduced photo-damage due to reduced optical interaction with
endogenous molecules [38, 39]. This section introduces different NLO processes in
semiconductor NWs (Fig. 6.3), including second harmonic generation (SHG),
third-harmonic generation (THG), four-wave mixing (FWM), and stimulated
Raman scattering (SRS), with an emphasis on SHG.

Fig. 6.2 a Schematic diagram of an MQW NW. The InGaN layer is indicated in yellow color.
b PL images (false color) recorded from GaN/In0.05Ga0.95N (left) and GaN/In0.23Ga0.77N (right)
MQW NW structures. c PL spectra collected from three representative 26MQW NW structures
with increasing In composition. Reproduced from [34]. Copyright 2008 Nature Publishing Group
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6.2.2.1 Second Harmonic Generation

SHG is a second-order NLO process in which two incident photons (x1) are
converted to one scattered photon (2x1) with energy equal to the sum of the
excitation photons. Since all even-order nonlinear susceptibilities v(n) vanish in
centrosymmetric media, SHG cannot occur in materials with inversion symmetry,
such as bulk Si [36, 37]. As the excitation beam and SHG have different wavelength
in the same material, if no specific measures are taken, there will be a phase
mismatch, where the phase difference Du after propagating a distance z will be
Du = (k2x − 2 kx)z, where k2x and kx are wave vectors at frequencies 2x1 and x1.
The efficient generation of SHG requires phase matching, Du = 0, over the whole
length of the material, L, otherwise SHG waves will interfere destructively,
resulting in decreased intensity [36, 37]. If Du is very small, SHG waves can add
constructively over a coherence length Lc = k/2(n2x − nx), where k is the excitation
wavelength, and n2x and nx are refractive indices corresponding to the excitation
and SHG wavelengths. The most commonly used crystals for nonlinear optics are
birefringent (e.g. LiNbO3), in which the phase matching condition can be achieved
by propagating the beams at different frequencies as ordinary or extraordinary rays
[36, 37]. It is important to note that the wave vectors of pump and SHG are always
nonparallel, i.e., phase matching is not formally possible in 1D in bulk materials.

Although the generation of SHG requires non-centrosymmetric structures, the
broken symmetry at the surface of NWs and the mismatch of dielectric constants at
the interface of NWs and the environment can cause SHG even in materials with a
high symmetry crystal lattice [40]. In addition, NWs with diameters much smaller
than the incident wavelengths can act as subwavelength waveguides that radially
confine optical modes, with increased Lc and therefore a longer effective length over
which 1D nonlinear process takes place [41]. Furthermore, the intensity of the
optical electric field inside illuminated NWs can depend dramatically on the NW

Fig. 6.3 Energy diagrams of NLO modalities. Solid lines represent electronic and vibrational
states of molecules, dashed lines are virtual states. The straight arrows are excitation beams, the
wavy arrows are output signal beams. The gray arrows represent relaxation in electronically
excited states. x1 and x2 are excitation beams. X is the frequency of vibrational transition between
vibrational ground state and vibrationally excited state. Reproduced from [38]. Copyright 2011
John Wiley and Sons
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orientation relative to the excitation light polarization, with the maximum relative
amplitude at the electric-field polarization oriented along the NWs [40].

Many types of NWs have been reported to be able to emit SHG signals [41–48].
As an example, Nakayama et al. [44] reported the development of continuously
tunable coherent visible light source from individual KNbO3 NWs, which exhibited
efficient SHG and acted as frequency converters, allowing for the local synthesis of
a wide range of colors via sum and difference frequency generation. As shown in
Fig. 6.4a, single KNbO3 NWs were optically trapped using an infrared optical
tweezer with the trap wavelength at 1064 nm. A diffraction-limited spot is observed
by an electron-multiplying charge-coupled device (CCD) at the distal end of the
wire, revealing optical waveguiding away from the site of photon conversion and

Fig. 6.4 a Detailed set-up for the single-beam optical trapping instrument. b Bright field (left) and
SHG (right) images of the trapped KNbO3 NW. Waveguiding of the SHG signal (green) leads to
diffraction rings at the distal (top) end of the NW which acts as a subwavelength aperture.
c Observed spectra for KNbO3 and SiNWs. Strong SHG signal is collected from the trapped
KNbO3 NW (green, left axis), while no signal was observed from SiNWs (black, right axis).
Reproduced from [44]. Copyright 2007 Nature Publishing Group
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emission from the aperture defined by the NW cross-section (Fig. 6.4b). Spectral
analysis reveals that the light is green with a wavelength of 531 ± 1.8 nm
(Fig. 6.4c), matching well with the expected SHG signal given a trapping/pump
wavelength of 1,064 nm, this SHG might originate from both the bulk and the
surface of the NW. In another report [46], SHG was experimentally observed from
periodic arrays of vertical GaP nanopillars. Polarization of the measured light was
used to distinguish between the bulk and surface SHG signals. For larger diameters
(250 nm), it is mainly the bulk nonlinearity which contributes to the SHG, the
polarization of SHG is predominantly orthogonal to that of the pump; while for
smaller diameters (150 nm), the surface contribution becomes significant, the
polarization of the SHG signal is predominantly parallel to the pump.

6.2.2.2 Third-Harmonic Generation and Four-Wave Mixing

THG and FWM are third-order NLO processes and are not limited to non-
centrosymmetric structures [36, 37]. THG requires three photons (x1) in order to
generate one photon at the tripled frequency (3x1) [49–51], while for FWM, three
incident laser fields with frequencies of x1, x2, x3 interact with the material’s v(3)

to generate a signal field at a frequency of x4 [50, 52–54]. Similar to SHG, the
generation of THG and FWM also requires phase matching. As an example,
Jung et al. [50] observed strong emission of THG signal from SiNWs of 40 nm
diameters (Fig. 6.5a). The THG emission spectra recorded from individual NWs in
the 400–680 nm region display a peak at 428 nm, in agreement with the emission
wavelength of THG, 430 nm, produced by a 1290-nm excitation. The THG
intensity exhibits a periodic dependence on the angle h: the signal intensity arising
from the perpendicular polarization is much smaller than that from parallel polar-
ization. In addition, THG intensity of the SiNWs remains consistent over the time
(Fig. 6.5b). The authors [50] also observed a very strong FWM response along the
long axis of SiNWs (Fig. 6.5c), with the peak positioned at 645 nm, in agreement
with the emission wavelengths of FWM generated by collinearly combined pump
field (790 nm) and Stokes field (1018 nm). The FWM signal from these nanoma-
terials is brighter than the nonresonant FWM contribution from the biological
material itself, which enables identification of SiNW probes in live cells and tissues.
As a proof of concept, the authors monitored blood circulation of PEGylated
SiNWs in live animals and mapped the distribution of SiNWs in organs after
systemic clearance (Fig. 6.5d, e).

6.2.2.3 Stimulated Raman Scattering

In spontaneous Raman scattering, a pump laser at a frequency xp illuminates the
sample, and the sample emits photons at the Stokes and anti-Stokes frequencies, xs

and xas, due to inelastic scattering. However, if one additional laser with frequency
xs (Stokes beam) coincide with xp on the sample, the Raman signal with xs
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frequency is largely amplified, therefore this process is called SRS. The intensity of
spontaneous Raman is proportional to pump power, but smaller by many orders of
magnitude, while the intensity of SRS depends nonlinearly on incident intensity, and
can be comparable to the pump intensity [55, 56]. When the length of the NW
becomes comparable to wavelength of light, the NW behaves similar to a cavity, so
that inelastic photons may form standing waves confined by the NW cavity. As a
result, SRS becomes possible. For example, Wu et al. [57] measured the integrated
Raman–Stokes intensity of transverse optical (TO) phonon band versus laser power
for a series of GaP NWs with length between 200 nm and 3.3 lm. It was found that
as the NW length decreases, the nonlinear effect becomes dominant. For NWs longer
than *2 lm, the Raman intensity is approximately a linear function of laser power
up to 1 mW, a characteristic of spontaneous (linear) Raman scattering. For powers
over 1 mW, laser-induced heating is shown. For NWs shorter than 1.1 lm, Raman
scattering exhibits spontaneous characteristics (ITO / P) at lower laser power;
however, above a threshold power (PT), a strong nonlinear behavior ITO / Pn

is observed, where the exponent n grows rapidly as the length decreases to a
value � 4.3 for the shortest segment of 270 nm. Another interesting observation is
that PT decreases as the length decreases. Further studies of these interesting
results are certainly warranted and could open unique research and application
opportunities.

Fig. 6.5 a THG image and spectrum from SiNWs, excited by a 1290 nm laser. b THG images of
SiNWs acquired at different scanning time. c FWM image and spectrum from SiNWs. d FWM
imaging of PEGylated SiNWs (red) flowing in a blood vessel (outlined by dashed yellow line) in
the earlobe of a living mouse. e FWM imaging of SiNWs (red) in liver after systemic clearance in
a mouse. Reproduced from [50]. Copyright 2009 American Chemical Society
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6.3 Photonic Devices

6.3.1 Nanowire Waveguides

In order to assemble light-based devices into highly-integrated photonic circuits, an
important step is to develop NW waveguides that can transport light over relatively
large distances from one part of a chip to another, and provide flexible intercon-
nection patterns needed to carry out complex tasks. In this section, we describe NW
waveguides with bends/twists. In 2003, Tong et al. [58] used a flame-heated fiber
drawing method to fabricate long free-standing silica NWs with diameters down to
50 nm and lengths up to tens of millimeters. The NWs did not break when being
bent/twisted, indicating their excellent flexibility and mechanical properties. Light
was launched into these NWs by optical evanescent coupling. The NWs allowed
single-mode operation, and had an optical loss of less than 0.1 dB mm−1. Barrelet
et al. [59] carried out quantitative studies of CdS NW structures showing that light
propagation takes place with only ca. 1 dB loss or less per abrupt bend, after
accounting for loss in the straight portion of the NW. In addition, light can be
guided and coupled efficiently through the sharp bends or turns, defined by crossed
NWs and end-to-end assembled NWs. In 2004, Yang and coworkers [60] used
SnO2 nanoribbons as subwavelength waveguides for light with energies less than
SnO2 bandgap. Freestanding nanoribbons were repeatedly and elastically curved
into loops with radii as small as 5 lm. On appropriately chosen surfaces, single
nanoribbons were easily fashioned into a variety of shapes with the help of NW–

substrate forces to prevent elastic recoil. Depending on ribbon cross-sectional area
and the density of scattering centers, these nanoribbons demonstrated efficient
waveguiding with losses from 1–8 dB/mm at a wavelength of 450–550 nm.
Furthermore, because of their remarkable mechanical flexibility, the SnO2

nanoribbons could be linked to other lasing NWs [61] (e.g. GaN and ZnO) and
plasmonic NWs [62]. Notably, Sirbuly et al. [61] simultaneously guided the output
of two (or more) nanolasers by coupling multiple ZnO and GaN wires to the same
ribbon, establishing the possibility of performing all-NW nonlinear wave mixing
within single nanocavities. In 2008, Park et al. [63] presented an optically or
electrically driven photonic structure that used CdS NWs as photon sources to inject
light into Si3N4 photonic-crystal waveguides. The photonic crystal was used to
either guide or filter out different colors of light. In this work, the authors syn-
thesized CdS/CdSe core/shell NWs consisting of two semiconductor materials, in
which a CdS core emits green light and the CdSe shell emits red. By defining two
photonic-crystal waveguides at either end, two different colors of light were sent in
opposite directions. Later, Xu et al. [64] reported the design and realization of
asymmetric light propagation in single CdSxSe1−x alloy NWs with a composition
gradient along the length the NWs, as schematically shown in Fig. 6.6a. The
bandgap of these NWs can be tuned from 2.4 eV at one end to 1.7 eV at the other
end. Illumination of the entire NW showed that the PL color varied continuously
from green to red along its length (Fig. 6.6b, c). In contrast to homogeneous NW
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waveguides, light propagation along one axial direction of such composition-
graded NWs is different to the propagation along the reverse direction, leading to
asymmetric light propagation (Fig. 6.6d, e).

6.3.2 Nanoscale Light-Emitting Diodes

LED is a two-lead semiconductor light source that resembles a basic p–n junction
diode, except that an LED also emits light [65]. In response to the passage of an
electric current, electrons are able to recombine with holes within the device,
releasing energy in the form of photons. The process is termed as electrolumi-
nescence (EL). In this section, we summarize recent advances in NW LED
assembly, including crossed NW structures, axial and radial heterostructures, and
branched NWs.

6.3.2.1 Crossed Nanowire Structures

Previously, we discussed the formation of NW p–n diodes by crossing a p- and a
n-type NWs. In direct band gap semiconductors, the p–n diode also forms the basis
for the critical optoelectronics devices, such as LEDs [14, 66, 67]. As an example,
Huang et al. [14] fabricated nanoLEDs with colors spanning from the ultraviolet to
near-infrared region of the electromagnetic spectrum. Single- and multicolor
nanoLED devices and arrays are made with colors specified in a predictable way by

Fig. 6.6 a Schematic
diagrams of a
composition-graded NW and
its corresponding bandgap
structure. b SEM image of an
examined composition-graded
NW. c Real-color PL
photograph of the NW under
the illumination of a diffused
405-nm semiconductor laser.
d, e Real-color PL
photographs with local
excitation at one of its ends.
Reproduced from [64].
Copyright 2012 Nature
Publishing Group
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the bandgaps of the III–V and II–VI NW building blocks. As shown in Fig. 6.7a,
nanoLEDs with non-emissive SiNW hole-injectors are used to assemble multicolor
arrays, in which n-type GaN, CdS, and CdSe NWs cross a single p-type SiNW.
Normalized emission spectra recorded from the array demonstrates three spatially
and spectrally distinct peaks with maxima at 365, 510, and 690 nm (Fig. 6.7b)
consistent with band-edge emission from GaN, CdS, and CdSe, respectively. Color
images of EL from the array show the green and red emission from p-Si/n-CdS and
p-Si/n-CdSe crosses, respectively (inset, Fig. 6.7b). In addition, optoelectronic
circuits consisting of integrated crossed NW LED and FET elements have been
assembled (Fig. 6.7c). Specifically, one GaN NW forms a p–n diode with the
SiNW, and a second GaN NW functions as a local gate, as described in the previous
chapter. Measurements of current and emission intensity versus gate voltage
showed that (i) the current decreased rapidly with increasing voltage as expected for
a depletion mode FET, and (ii) the intensity of emitted light also decreased with
increasing gate voltage. When the gate voltage was increased from 0 to +3 V, the
current was reduced from ca. 2200 nA to an off state, where the supply voltage
is −6 V (Fig. 6.7d). The ability to use the nanoscale FET to switch reversibly the
nanoLED on and off has also been demonstrated (inset, Fig. 6.7d).

Fig. 6.7 a Schematic and corresponding SEM image of a tricolor nanoLED array. b Normalized
EL spectra and color images from the three elements. c Schematic of an integrated crossed
NW-FET and LED. d Plots of current and emission intensity of the nanoLED as a function of
voltage applied to the NW gate at a fixed bias of −6 V. (inset) EL intensity versus time relation a
voltage applied to NW gate is switched between 0 and +4 V for fixed bias of −6 V. Reproduced
from [14]. Copyright 2005 John Wiley and Sons
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6.3.2.2 Axial Heterostructures

One of the first demonstrations of axial p–n junctions was made in vertical GaAs
cone-like nanostructures grown epitaxially on GaAs(111)B substrates [68]. These
structures also exhibited light emission by current injection at 77 K and room
temperature. Later, the Lieber group [69] reported the synthesis of n-InP/p-InP
modulation doped NWs and their applications as nanoscale LEDs. In a forward
bias, individual InP NW devices exhibit light emission from p–n junctions, both
highly polarized and blue-shifted due to the 1D structure and radial quantum
confinement, respectively. Kim et al. [70] demonstrated the realization of the
high-brightness and high-efficiency LEDs using dislocation-free InGaN/GaN
MQW NW arrays. A blue-shift of EL occurs, directly with increasing current,
which is attributed to screening of the built-in internal polarization field in the
quantum wells by the injected carriers. Subsequently, Ra et al. [71] reported the
controlled synthesis of InGaN/GaN MQW uniaxial (c-plane) and coaxial (m-plane)
NW heterostructures. The c-plane and m-plane oriented MQW single NWs are
utilized for the parallel assembly fabrication of the LEDs via a focused ion beam.
The electrical properties of m-plane NWs exhibit superior characteristics than that
of c-plane NWs, owing to the absence of piezoelectric polarization fields.
Therefore, high-quality m-plane coaxial NWs can be utilized for the realization of
high-brightness LEDs.

6.3.2.3 Radial Heterostructures

The radial NW concept also offers substantial opportunities for NW LEDs since the
required n- and p-type active materials can be incorporated as the core and shell,
enabling carrier injection or collection over a much larger area than those in crossed
NW devices and axial NW heterostructures [33, 72, 73]. The Lieber group [33, 72]
first demonstrated a general strategy for realizing these photonic nanostructures
through the synthesis of well-defined doped III-nitride-based core-multishell
(CMS) NW heterostructures (Fig. 6.8a). In these materials, a n-type GaN
core and p-type GaN outer shell served as electron and hole injection layers, an
InxGa1−xN shell provided a tunable band gap quantum well for efficient radiative
recombination of injected carriers, and an AlGaN shell was incorporated to enhance
confinement of both carriers and photons in the InGaN active layer. Current versus
voltage characteristics of CMS NW devices with separate contacts to the n-type
core and p-type outer shell show the expected p-n diode current rectification
(Fig. 6.8b). In a forward bias, the devices yield strong light emission with the LED
color dependent on the indium composition in the CMS NW heterostructure that is
defined during synthesis (Fig. 6.8c). Significantly, LED spectra collected from
CMS NW devices with intentionally increasing indium composition demonstrate a
systematic redshift of emission from 367 to 577 nm, covering the short wavelength
region of the visible spectrum (Fig. 6.8d).
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6.3.3 Optically-Pumped Nanowire Lasers

Semiconductor NWs with high optical gain offer promising solutions for lasers with
small footprints and low power consumption. In this section, we introduce the
principles of optically-pumped semiconductor NW lasers, followed by experi-
mental demonstrations categorized by their output wavelengths within UV, visible,
and near-IR spectral ranges, as well as multicolor emissions. For a comprehensive
review of semiconductor NWs lasers, readers can refer to [11].

Fig. 6.8 a Schematic and corresponding band diagram for an n-GaN/InGaN/GaN/p-AlGaN/p-
GaN CMS NW. The InGaN and AlGaN shells are highlighted with yellow and green colors,
respectively. b I-V data recorded from a typical CMS NW device with contacts to the n-core and
p-shell. c Electroluminescence (EL) images of three forward-biased CMS NW LEDs with *15,
30, and 35 % In, showing blue, greenish-blue, and greenish-yellow emission, respectively.
d Normalized EL spectra recorded from five multicolor CMS NW LEDs with 1, 10, 20, 25, and
35 % In (left to right), respectively. Reproduced from [72]. Copyright 2005 American Chemical
Society
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6.3.3.1 Principles of Optically-Pumped Nanowire Lasers

The word laser is an acronym for light amplification by stimulated emission of
radiation. A laser is a device that is able to generate light via optical amplification
based on the stimulated emission of electromagnetic radiation. Generally, three
basic elements are necessary for a laser: an active gain medium that provides optical
gain by stimulated emission, a pumping process to excite the electrons into higher
energy levels to realize population inversion (i.e., the density of excited states is
larger than that of the ground states), and an optical resonant cavity that confines the
photons to create positive optical feedback [74]. In a stimulated emission, the
probability of emission of a photon of a given frequency is enhanced by the
presence of another photon of the same frequency. Therefore, stimulated emission
induced by population inversion leads to an increase in the number of photons to
produce a coherent beam. The realization of a semiconductor NW laser is similar to
that of a bulk semiconductor lasers [11, 75]. The NWs can serve as both the gain
medium, which is optically excited, and flat end facets can act as partially reflecting
mirrors, which provide optical feedback as a Fabry-Perot cavity [76].

6.3.3.2 UV Lasers

Among semiconductor NW materials for lasing in the UV spectral range, ZnO and
GaN have attracted the greatest research interest [77]. In this section, we introduce
several experimental demonstrations of ZnO and GaN NW lasers. ZnO NWs have a
bandgap of 3.37 eV, and a high exciton binding energy (� 60 meV) that ensures
efficient exciton emission above room temperature, making it an ideal candidate for
UV lasing. The first NW laser was reported by the Yang group in 2001, where the
room-temperature laser emission of ZnO NWs (with diameters varying from 20 to
150 nm and lengths up to 10 lm) was demonstrated [78]. Upon optical excitation,
surface-emitting lasing was observed at 385 nm, with an emission line width less
than 0.3 nm. Later, they also reported the first observation of single ZnO NWs
acting as both optical waveguides and lasers, depending on the quality factor of the
NW cavity [79]. In 2003, comb-like ZnO NW structures, with individual ZnO NWs
(whose diameters range from 10 to 300 nm) evenly spaced on a stem with a regular
periodicity of 0.1–2 lm, were constructed to be highly ordered NW ultraviolet laser
arrays, in which each individual ZnO NW serves as a Fabry–Perot optical cavity
[80]. Subsequently, Johnson et al. [81] utilized time-resolved second-harmonic
generation (TRSHG) and transient PL spectroscopy to probe excited carriers
immediately following band-gap excitation in single ZnO NW and nanoribbon
lasers. They demonstrated transient PL consisting of a pump-independent slow
component (free-exciton decay, 75–100 ps) and a significantly faster decay com-
ponent that was correlated with stimulated emission (exciton-exciton lasing,
*10 ps). Zhang et al. [82] measured the absolute light emission intensity, and both
the external and internal quantum efficiency of ZnO NW nanolasers at room tem-
perature. The external differential quantum efficiency reaches 60 % for lasing ZnO
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NWs of 7.5 lm in length, compared to a value of approximately 10 % for PL. The
absolute light emission intensity for individual NWs was found to be in the vicinity
of 0.1 mW. By measuring the dependence of external differential quantum effi-
ciency on the cavity length, the internal quantum efficiency was estimated to be
about 85 %. Later, the influence of annealing on stimulated emission in ZnO
nanorods was reported by Kwok et al. [83]. The lowest lasing threshold and defect
emission as well as the longest spontaneous emission decay times were obtained for
nanorods annealed in oxygen flow, which indicates that interstitial oxygen is not the
dominant defect in hydrothermally grown nanorods. In 2008, Zimmler et al. [84]
presented direct evidence of the transition from amplified spontaneous emission
(ASE) to lasing in optically pumped ZnO NWs at room temperature. The optical
power evolves from a superlinear region (characteristic of ASE) to a quasi-linear
region (characteristic of laser oscillation) as the pump power exceeds threshold,
concomitant with a transition to directional emission along the NW axis and the
emergence of Fabry–Perot cavity modes around a wavelength of *385 nm, the
intensity of which exceeds the spontaneous emission background by orders of
magnitude. In a later work, Gargas et al. [85] used pulsed laser spectroscopy and
UV-confocal microscopy to characterize single vertical NW lasers. As shown in
Fig. 6.9a, the PL spectra (vertically offset) are collected at pump energy densities of
383, 536, 980, 1378, 1454, and 1760 lJ/cm2. The threshold in the 390 nm lasing
spectra is estimated to be 400 lJ/cm2. A 3D mapping of the PL emission intensity
from a single vertical NW on a sapphire substrate is shown in Fig. 6.9b. The X and
Y-axes denote spatial position, whereas the Z-axis represents the PL emission
intensity collected at a set planar position.

Fig. 6.9 a Diagram of a ZnO vertical NW cavity and its corresponding PL images collected along
the NW. Lasing spectra of a single ZnO vertical NW cavity. Left inset power dependence graph
showing lasing threshold at roughly 400 lJ/cm2. Right inset dark-field images of a ZnO NW under
white light illumination (top) and lasing induced by 266 nm pulsed excitation (bottom). b 3D
confocal PL image of a ZnO vertical NW cavity. Inset SEM image of a ZnO vertical NW.
Reproduced from [85]. Copyright 2009 American Chemical Society
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The Wang group used the time-resolved PL to study three types of lasing
mechanisms (i.e., exciton-exciton interaction, bipolaronic exciton condensation,
and plasma) in pure, lightly doped, and heavily doped ZnO NWs [86]. Specifically,
they demonstrated that the dopant concentration may significantly change the
exciton-phonon coupling and the binding energy of excitons. Moreover, it may also
affect the formation of bound excitons and exciton dissociation processes. Thus, all
three types of lasing mechanisms can exist in ZnO NW lasers.

The UV-blue lasing behavior in single GaN NW was first observed in 2002 by
Johnson et al. [87]. Lasing oscillation around 378 nm was observed in a 300 nm
diameter and 40 lm long GaN NW, with evident axial Fabry–Perot cavity modes.
Gradečak et al. [88] also studied GaN NWs with triangular cross sections,
dislocation-free structures, and uniform diameters, which together contributed to
excellent cavity properties, thus reducing the excitation power density (22 kW/cm2)
required for stimulated emission. Combining bottom-up and top-down approaches,
Park et al. [89] constructed a GaN NW emitter with a fabricated Si3N4 stadium
microresonator. The PL from the GaN NW was coupled and confined in the Si3N4

stadium microcavity. Using ultrafast optical pump-probe spectroscopy, Upadhya
et al. [90] studied the influence of defect states on carrier dynamics in GaN NWs
by probing carrier relaxation through the states responsible for yellow lumines-
cence, an undesirable effect that plagues many GaN-based photonic devices
[91, 92]. Lower growth temperature tends to allow more impurity sites in the NWs,
which may trap photo-excited carriers and thus increase the lasing thresholds.
Furthermore, excitation density-dependent measurements reveal a decrease in car-
rier lifetimes with increasing pump power. In 2014, Zhang et al. [93] demonstrated
the first strong room temperature ultraviolet surface plasmon (SP) polariton laser
with an extremely low threshold (*3.5 MW cm−2). The authors found that a
closed-contact planar semiconductor–insulator–metal interface greatly lessens the
scattering loss, and efficiently promotes the exciton–SP energy transfer thus fur-
nishes adequate optical gain to compensate the loss.

In addition to linear NW cavities, a ring-type cavity was formed by manipulating
a GaN NW into a closed loop, and optically connecting both ends via evanescent
coupling (Fig. 6.10a–c), which shows markedly different lasing and spontaneous
emission properties compared to its linear counterpart. As shown in Fig. 6.10d, the
laser-mode emission for the ring structure is substantially red-shifted relative to that
for a linear cavity of similar length. This effect originates from enhanced coupling
efficiencies for longer wavelengths across the overlapping junction, due to an
increase of the electric field penetration depth with increasing wavelength [94].

6.3.3.3 Visible Lasers

CdS (2.42 eV) and CdSe NWs have been the most actively studied materials for
lasing in the visible regime [11]. Detailed temperature-dependent optically-pumped
studies of single CdS NW lasers reveal that a highly efficient exciton-exciton
scattering phenomena was responsible for lasing from 4.2 to 70 K, when the lasing

6.3 Photonic Devices 159



mechanism shifts to an exciton-optic phonon scattering mechanism at higher
temperatures [95]. In a later report [96], electric field modulation of visible NW
laser consisting of single CdS NW was achieved using integrated, microfabricated
electrodes. Modulation of laser emission intensity was achieved with no detectable
change in the laser wavelength. The devices can also be operated below the lasing
threshold to modulate the intensity of light propagating within the NW waveguide.
As shown in Fig. 6.11a, electro-optic modulator (EOM) devices with a parallel-
plate structure are used to apply a uniform electric field over a length L of the NW.
Figure 6.11b shows the modulation of the output spectrum of a representative
CdS NW EOM with modulation length (L) of 6 lm and SiO2 dielectric thicknesses
of 50 nm. The 489 nm lasing peak can be modulated by 40 % at 45 V, which is
more than two times the modulation of the emission around 515 nm, while
maintaining no detectable change in the laser wavelength (Fig. 6.11c). In 2011,
Liu et al. [97] presented exciton-related optical studies of CdS nanobelts. The PL
spectrum at 10 K shows rich spectral features identified by means of temperature-
dependent spectral evolution. The strong excitonic emission in the samples enables
the observation of random lasing action at room temperature. Geburt et al. [98]
investigated the synthesis of various CdS nanostructures (bands, wires, irregular
structures) and further investigated the lasing properties and necessary length-
diameter relations for lasing of individual CdS NWs. Furthermore, CdSe NWs, with
a bandgap of 1.74 eV, have also been used to realize red-color (around 710 nm
wavelength) lasing [99, 100].

6.3.3.4 Near-IR Lasers

NW laser emission and waveguides with near-infrared (NIR) wavelengths are of
interest given their potential suitability for applications in optical communications
[11]. However, it has been challenging to obtain NIR NW lasers because a large

Fig. 6.10 a Schematic of ring and waveguiding analogy to coupled photonic molecule.
b, c Dark-field images of a linear NW cavity and a ring-type NW cavity. d Comparison of
lasing emission from ring and cavity geometries. Inset integrated area under ring modes, indicated
by arrows. Reproduced from [94]. Copyright 2006 American Physical Society
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Fig. 6.11 a Diagram indicating the excitation site, region of field modulation, and observed NW
end. At right, superimposed PL image (recorded below laser threshold) and white-light optical
micrograph of a representative CdS NW EOM-laser device. Numerals 1 and 2 indicate excitation
site and observed NW end, respectively. b Emission spectra of a CdS NW laser showing effect of a
30 V signal. c Modulation versus V at the two indicated wavelengths for the EOM-laser in (b).
Reproduced from [96]. Copyright 2005 AIP Publishing LLC
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fraction of the optical modes exist outside of the NWs for reasonable diameters,
which increases propagation losses, and there is relatively poor reflectivity at the
end facets. In 2006, Chin et al. [101] reported the first NIR NW lasing using
subwavelength GaSb wires with a cross-sectional dimension of 700–1500 nm and
lengths of 10–70 lm dispersed on a sapphire substrate. The measured lasing
emission centered around 1553 nm. In the subsequent studies, the Fukui group also
investigated GaAs, InP, and GaAs/GaAsP NIR NW lasers [102–104]. As an
example, GaAs (1.424 eV) is an important NIR lasing material; however, a high
density of surface states leads to strong decay of its emission quantum yield,
making it difficult to realize GaAs NW lasers. In 2007, Hua et al. [102] investigated
Fabry-Perot cavity effects in a single GaAs NW (320 nm in diameter, 4.5 lm in
length), although the cavity losses were too large for lasing. After effectively
passivating the surface states of a GaAs NW (290 nm in diameter, 2.8 lm in
length) by a 50 nm GaAsP coating layer, the authors fabricated a high-quality
optically active single GaAs/GaAsP coaxial core-shell NW, and realized 817 nm
lasing under laser pulse excitation [104].

6.3.3.5 Wavelength-Tunable Lasers

In the previous sections, NW lasers for several homogeneous binary semiconduc-
tors have been discussed, where the lasing wavelengths correspond approximately
to the fundamental bandgap energies of the respective homogeneous NW materials.
The distinct NW bandgaps led to lasing over a relatively wide range of discrete
wavelengths but did not enable continuous tuning in emission color. To address this
issue, several research groups studied wavelength-tunable lasing in alloy systems.
In 2005, Liu et al. [105] reported the first wavelength-controlled semiconductor
NW lasers using ternary alloy ZnxCd1−xS nanoribbons, which allows systematic
variation of the bandgap of ZnxCd1−xS from 2.42 eV for CdS to 3.7 eV for ZnS,
and showed that it was possible to sustain lasing emission continuously in two
spectral regions, 485–515 and 340–390 nm, by controlling the composition x close
to CdS (0.25 � x � 0) and ZnS (0.75 � x � 0), respectively. Following this
work, the synthesis of single crystal ternary CdSxSe1−x nanobelts and the obser-
vation of their color-tunable PL emission from green (*500 nm) to the
near-infrared (*700 nm) was also demonstrated [106–110]. For example, by
controlling local substrate temperature in a CVD system, Pan et al. [109] achieved
spatial composition grading covering the complete composition range of ternary
alloy CdSSe NWs on a single substrate of 1.2 cm in length. Figure 6.12a and b
show real-color photographs of a quartz substrate with the as-grown NWs under
regular room lighting (a) and under a 266 nm UV laser illumination (b), respec-
tively. Figure 6.12c presents five SEM images taken from selected spots along the
sample length, as indicated by the white spots in Fig. 6.12b. The as-grown sample
shows the color change gradually from light-yellow (similar to CdS) to dark
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(similar to CdSe) along the sample length direction, while the PL spectra exhibits
the color change from green (consistent to the PL color of CdS) to red (consistent to
the PL color of CdSe) along the same direction. These results indicate the formation
of composition graded CdSSe alloys on a single substrate. Zapien et al. [111]
and Luan et al. [112] have also shown that II–VI nanoribbons (CdSXSe1−X and
ZnYCd1−YS) are capable of room-temperature lasing over the NIR to UV spectral

Fig. 6.12 a, b The real-color photographs of a quartz substrate with the as-grown spatially
composition-graded CdSSe NWs under room lighting (a) and under UV laser illumination
(b) (266 nm). Size of the substrate: 0.3 � 1.2 cm. c The SEM images taken at the white spots in
panel b. d PL spectra collected at different locations along the substrate length. Reproduced from
[109]. Copyright 2009 American Chemical Society. e A real-color photograph of a representative
nanoribbon lateral heterostructure illuminated with a 405-nm laser. f PL spectra collected along the
dashed line in (e). Reproduced from [113]. Copyright 2012 American Chemical Society. g PL
spectra collected from four representative 26MQW NW structures with increasing In composition
pumped at *250 and *700 kW cm−2, respectively. Reproduced from [34]. Copyright 2008
Nature Publishing Group
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range with CdSxSe1−x nanoribbons lasing from NIR (710 nm) to green (510 nm) as
x changes from 0 to 1, and ZnYCd1−YS nanoribbons lasing from green (510 nm) to
UV (340 nm) as Y varies from 0 to 1. In addition, Xu et al. [113] reported the
growth of new CdSxSe1−x-CdS nanoribbon lateral heterostructures, with
composition-tunable alloy CdSxSe1−x at the center and epitaxial CdS at the lateral
sides. Under laser excitation, the emission of these ribbons indicates sandwich-like
structures along the width direction, with characteristic red emission in the center
and green emission at both edges (Fig. 6.12e, f). The spacing of the lasing wave-
length of these nanoribbon lasers can be continuously tuned by controlling the
composition and bandgap of the central CdSxSe1−x in the ribbons.

In previous examples of NW lasers, the NWs functioned as both the gain
medium and optical cavity. However, Qian et al. [34] showed that decoupling the
gain medium and cavity can offer advantages over homogeneous NW structures for
designed laser wavelength output in parallel with independent optimization of the
cavity. For example, they designed multi-quantum-well (MQW) NW structures
composed of a GaN NW core, which functions as the primary part of the optical
cavity, and epitaxial InGaN/GaN MQW shells, which serve as the composition-
tunable gain medium. Optical excitation of individual MQW NW structures yield
lasing with emission engineered from 365 to 494 nm through modulation of
quantum well composition (Fig. 6.12g).

Recently, organic-inorganic perovskite material was introduced as a new system
for NW lasers. Zhu et al. [114] studied room-temperature and wavelength-tunable
lasing from single-crystal lead halide perovskite NWs with very low lasing
thresholds (220 nJ cm−2) and high quality factors (Q * 3600). The lasing
threshold corresponds to a charge carrier density as low as 1.5 � 1016 cm−3.
Kinetic analysis based on time-resolved fluorescence revealed little charge carrier
trapping in these single-crystal NWs and yielded estimated lasing quantum yields
approaching 100 %.

6.3.3.6 Single-Mode Lasers

Semiconductor NW lasers usually exhibit multimode behaviors (i.e., emitting at
multiple frequencies simultaneously) corresponding to the longitudinal modes of
the NW Fabry–Perot cavities. In order to control the laser to oscillate at a single
frequency, Xiao et al. [115] introduced an approach of coupling NW cavities by
folding NWs into loop mirrors (LMs). According to the Vernier effect, when two
sets of Fabry–Perot modes interact coherently with each other, only the modes that
share the same frequencies will be observed in the lasing spectra. By having a
single NW forming a small loop at one end, single frequency lasing with high
suppression ratio (against the neighboring modes) around a wavelength of 738 nm
was demonstrated in CdS NWs (Fig. 6.13). This form of wave coupling is highly
sensitive to geometric parameters such as inter-NW distances, lengths of the cou-
pled segments, and perimeters of the NW loops. Shortly after, the same group [116]
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proposed another approach to enable single-mode lasing in coupled CdSe NW
cavities, this is, coupling two CdSe NWs to form an X-structure coupled cavity
for mode selection. Xu et al. [117] placed GaN NWs with different lengths
side-by-side in contact to form a coupled cavity through nanoprobe manipulation.
An alternative approach to achieve single-mode lasing is to construct two Fabry-
Perot cavities that are axially coupled through an air gap [118]. The precisely
defined smooth end-faces and inter-cavity gap widths (as narrow as 30 nm) on GaN
NWs provide strong coupling between different cavities while maintaining low
diffraction loss of the NWs. Single-wavelength lasing can be observed from the
coupled cavity, and each component NW emits laser at multiple wavelengths when
they are separated.

Fig. 6.13 SEM images and lasing spectra of single-NW structures a without LM, b with one LM,
and c with double LMs. The top lines represent lasing spectra obtained at pump fluence well above
the threshold, while the bottom lines represent the spectra obtained near the threshold. Reproduced
from [115]. Copyright 2011 American Chemical Society

6.3 Photonic Devices 165



6.3.4 Electrically-Pumped Nanowire Lasers

Despite the excitement generated from the first demonstration of optically pumped
NW lasers, it has been critical to achieve electrical injection NW lasers in terms of
most technological applications. The first demonstration of electrically-pumped
NW lasers was reported in 2003 [119]. To enable electrical injection of carriers in a
NW optical cavity, n-CdS NWs were assembled on heavily doped p-Si substrates
and contacts to CdS were fabricated by lithographic techniques (the p-Si substrate
functioned as the second electrode), as shown schematically in Fig. 6.14a. A thin
layer of Al2O3 is deposited in between the top and bottom contacts to force the
current through the p-Si/n-CdS diode formed at the NW-substrate junction. The
device under a low forward bias, produces EL with a broad featureless spectrum
from the exposed NW end (Fig. 6.14b, c). Upon increasing the forward bias voltage
or injection current, the electroluminescence spectrum quickly collapses into single
mode lasing line at 493 nm with instrument resolution limited line-width of 0.7 nm,
clearly demonstrating the possibility of electrically pumped lasing in NW optical
cavities. In several other subsequent reports, ZnO NWs have been proved to be
efficient electrically-pumped ultraviolet lasers [120–123]. For example, Chu et al.
[121] demonstrated electrically pumped Fabry–Perot type waveguide lasing from
laser diodes that consisted of Sb-doped p-type ZnO NWs and n-type ZnO thin
films. By coating a MgO layer, which serves as electron blocking, hole supplying
and surface passivation layer, electrically pumped near-ultraviolet lasing has been
achieved in a metal/insulator/semiconductor (MIS) laser diode based on ZnO/MgO
core/shell NWs [122]. Recently, the Mi group [124] reported the fabrication
and performance of electrically driven lasers based on AlGaN core–shell NWs.

Fig. 6.14 a Schematic showing the NW electrical injection laser device structure. In this
structure, electrons and holes can be injected into the CdS NW along the whole length from the top
metal layer and the bottom p-Si layer, respectively. b Top panel shows an optical image of a laser
device and the arrow highlights the exposed CdS NW end. Bottom panel shows an
electroluminescence image recorded from this device. The dashed line highlights the NW
position. c Electroluminescence spectra obtained from the NW end with injection currents of 120
lA (red, below lasing threshold) and 210 lA (green). The black arrows highlight F–P cavity
modes with an average spacing of 1.83 nm. The green spectrum is shifted upwards by 0.15
intensity units for clarity. Reproduced from [119]. Copyright 2003 Nature Publishing Group
(Color figure online)
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These lasers emit across the entire ultraviolet AII band (320–340 nm) and work at a
low temperature of 6 K. Because of the diffusion-driven compositions within the
NWs, electrons and holes recombine more efficiently than usual.

6.3.5 Photodetectors

Photodetectors can sense incident photons, and are critical to many areas of science
and technology [125]. Homogeneous NW photoconductors are the simplest
configuration of NW-based photodetectors [18, 126]. The unique properties of
individual NWs, such as light polarization sensitivity, light absorption enhance-
ment, and internal photoconductive gain, can be exploited for the realization of
efficient devices such as optical switches and interconnects, near-field imaging, and
high-resolution detectors. Apart from NW photoconductors, other one-dimensional
photodetector structures based on semiconducting or superconducting NWs are
being actively investigated for efficient conversion of optical to electrical signals. In
this section, we present NW photodetector concepts demonstrated in previous
literature, including photodiodes, phototransistors, and detectors based on super-
conducting NWs. Several comprehensive reviews about NW photodetectors can
be found in [127].

6.3.5.1 Photodiodes

Photodetection has been realized in diodes consisting of homo- and heterogeneous
semiconductor NW junctions, either formed within single NWs during growth or as
crossed NW configurations [128–132]. In the case of the n-CdS/p-Si crossed
avalanche photodiode, a photocurrent increase (IPC/Idark) of *10,000 times higher
than in individual n-CdS or p-SiNW photoconductors has been observed, due to
avalanche multiplication at the p-n crossed NW junction, with multiplication factors
as high as M = 7 � 104. It has been demonstrated that the NW avalanche photo-
diodes (APDs) have ultrahigh sensitivity with detection limits of less than 100
photons, and subwavelength spatial resolution of at least 250 nm [131]. Later, the
same group [132] obtained similar sensitivity in the case of the axial p-i-n SiNW
avalanche photodiodes, with multiplication factors in excess of ca. 30. Interestingly,
electron- and hole-initiated avalanche gains are separately measured by localized
photoexcitation of the p-type and n-type regions, yielding multiplication factors
of ca. 100 and 20, respectively. Furthermore, metal-semiconductor junctions (i.e.,
Schottky junctions) [133–135] can also be used as photodiodes, where the electrons
excited in the metal and the electron–hole pairs generated in the semiconduc-
tor can both contribute to the photocurrent. As an example, Gu et al. [134]
reported the application of a near-field scanning optical microscope (NSOM) to
map the local photocurrent in individual CdS NWs configured as metal-
semiconductor-metal (MSM) photodetectors. The NW MSM photodetectors
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exhibited photocurrents *105 larger than the dark current under uniform
monochromatic illumination. Under local illumination, the photoresponse was
localized to the near-contact regions.

6.3.5.2 Phototransistors

A phototransistor is a bipolar or unipolar transistor where light can reach the base,
creating optically generated carriers. Upon illumination, the base-collector junction
can be modulated, resulting in an amplified current, which can lead to much greater
photosensitivity. In 2002, Fujiwara et al. [136] demonstrated the detection of single
electrons and single holes in SiNW transistors using an electron-hole system.
Photogenerated carriers were stored in a quantum dot electrically formed in a SiNW
by a front gate. The stored charges affected the current of the complementary
carriers that flow along the bottom of the SiNW. A linear photoresponce of
single-charge generation was observed. Later, the Park group [133, 137] reported
both Si and Ge NW-FETs as polarization-sensitive, high-resolution light detectors
in the visible range.

6.3.5.3 Superconductor Nanowire Photodetectors

Another photodetetector concept that makes use of the unique geometrical prop-
erties of NWs is that of superconducting NW photodetectors, which are able to
perform single-photon counting with exceptional sensitivity and time resolution
at near-infrared wavelengths. Demonstrations of this concept have focused on
NbN NWs with typical dimensions of � 5 nm thickness and 50–200 nm width
[138–143]. The working principle of superconducting NW detectors is described as
follows [144]: the NW is maintained well below its superconducting critical tem-
perature, Tc, and direct current biased just below its critical current. The absorption
of a photon with energy higher than the superconducting energy gap creates a local
nonequilibrium perturbation with a large number of excited hot electrons, which
increases the average electron temperature above Tc and results in the formation of a
hotspot—a local nonsuperconducting region. The local current density in the
sidewalks increases beyond the critical current density and forms a resistive barrier
across the width of the NW. The sudden increase in resistance from zero to a finite
value generates a measurable output voltage pulse across the NW.

6.4 Future Directions and Challenges

Chemically synthesized NWs have witnessed a substantial interest in the past
decade for building up photonic devices, and have been demonstrated for a host of
photonic building blocks that exhibit sub-wavelength optical functionalities, such as
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light emission, lasing, waveguiding and nonlinear optical mixing. Nonetheless,
enormous challenges still remain to realize arrays of devices and circuits from these
unique NW materials.

First, it is still challenging to achieve the accurate control of NW growth,
including geometric perfection, size dispersion, and shape control, which are critical
for developing high quality photonic devices due to, for example, changes in light
confinements in these subwavelength structures. Second, although the 1D nanosized
feature of NWs is appealing for high optical quality, these NWs have a significant
external surface area, which potentially introduces a high density of surface-trap
states that reduce desired radiative quantum yields (i.e., emission efficiency). Thus,
proper passivation of those surface states should be considered to optimize the
NW-based solid-state lighting. Third, compared to monolithic structures defined by
lithography the efficiency of light coupling between adjacent NWs has been low.
A potential approach to improve this coupling efficiency will be to grow branched
NW structures with clean and crystalline interfaces. Fourth, quantitative and critical
comparisons between NW photonic structures and conventional thin-film tech-
nologies, in terms of efficiency, fabrication cost and stability, is still lacking. Such
benchmarking is important to evaluate whether this new class of nanostructures is a
viable candidate for future generation of photonic technologies as commonly pro-
posed, or perhaps, a new direction not yet envisioned where the unique properties
can be better exploited. We suggest this avenue of thought and investigation, for
example taking advantage of unique size and assembly capabilities to make very
nontraditional free standing and three-dimensional structures, may yield the most
impact in the future perhaps at the interface between nanophotonics, nanoelectronics
and biology.
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Chapter 7
Quantum Devices

Abstract The NW structure is highly anisotropic with radial dimensions confined
by the diameters to <100 nm and axial lengths >1000 nm, although the axial
device dimension can be confined during synthesis, for example by modulation
doping, or by device fabrication. When the confined dimensions of the NWs
become comparable to the electron wavelength, the fundamental quantum proper-
ties of charge carriers dominate the charge transport and new device properties
become possible. In this chapter, we introduce studies over the past decade where
quantum properties are critical to the observed behavior, including quantum dot
systems in semiconductor NWs, hybrid superconductor-semiconductor NW devi-
ces, and NW topological insulators.

7.1 Introduction

The continuous miniaturization of electronic devices has naturally led to the
research addressing the device size scales needed to achieve fundamentally new
properties. Here, “new properties” refers to quantum phenomena that can only be
detected in meso- or nanoscale systems [1–10]. For example, consider the basic
case of charge transport between two electrodes through an intermediary small
island that is weakly coupled to the two electrodes (Fig. 7.1) [1, 2]. Assume the
number of electrons on this island is N, when a voltage is applied between the two
electrodes, electrons can travel from the source, via the island, to the drain, with the
current dependent on a number of established factors [1, 2]. In this tunneling
regime, the energy to add (or remove) a single electron is given by the charging
energy, EC = e2/C, where e is fundamental charge of an electron and C denotes the
capacitance of the island. If EC is < the thermal energy, kBT, the current will
increase continuously to yield an effectively conventional current–voltage response;
however, when EC > kBT, discrete step-wise increases in current can be observed.
This interesting single-charge tunneling regime can be accessed by reducing the
size and hence capacitance of the island, and by carrying out measurements at
ultralow temperature to decrease the thermal energy [1, 2]. Single charge tunneling
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effects were predicted by Likharev et al. [11, 12] and controllably demonstrated in
1987 [13] for aluminum island or quantum dot (QD) structures, where the QD size
was varied during device fabrication.

Similar structures have been widely studied in 2D electron gases (2DEGs)
prepared for example from GaAs/AlGaAs heterostructures [14, 15], where litho-
graphically defined electrodes patterned on the intrinsic upper semiconductor layers
can be used to define the central QD islands and tune the coupling between the
islands and source/drain electrodes. More complex coupled QD systems, such as
double QDs appear to be especially interesting due to the possibility to control the
entanglement of electron spins by tuning the exchange coupling between the dots
[16, 17]. In this case, NWs may serve as an ideal platform for defining QDs,
because the cylindrical geometry of NWs not only provides lateral confinement, but
also makes it natural to envision linear arrays of coupled QDs along the length of a
NW [8]. Up to now, QDs have been realized within NWs in various material
systems, and it has been shown that control of the number of electrons down to the
last one is possible [18–24]. In addition, NWs have been used to explore appli-
cations in quantum information technology where double dots as quantum gates or
even serial arrays of dots along a wire are needed [25–31]. In Sect. 7.2, we
introduce four configurations of QD systems in NWs, basic electronic properties of
QDs, single QD and coupled QDs in NWs, as well as the effective g-factor (g*) and
spin-orbit interaction properties.

When a normal state metal or semiconductor is connected to a superconductor
(S), superconductivity can be induced in the metal or semiconductor. This phe-
nomenon, known as the superconducting proximity effect [32], becomes more
interesting when the normal state conductor consists of a nanoscale semiconductor
with a reduced dimensionality whose electronic states can be tuned by means of
electric or magnetic fields. This hybrid combination of superconductors and
low-dimensional semiconductors offers a versatile ground for novel device concepts
[9]. Such concepts, which form an emerging domain between superconducting
electronics and spintronics, rest on rich and largely unexplored physics that
involves both superconductivity and spin-related effects [33]. In Sect. 7.3, we will
focus on Josephson junctions in which two superconducting electrodes are con-
nected to a single NW [34–37], and the observation of Majorana fermions in NWs
with superconducting electrodes [33, 38–42].

In addition, topological insulators (TIs) display unique properties that are distinct
from insulators and metals, with the bulk being insulating and the
topologically-protected surface states being metallic [43]. The direct manipulation

Fig. 7.1 Single charge
tunneling between the source
and drain electrodes through
an intermediate “island”
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of these edge/surface states has been difficult in macroscale objects because the
contributions from bulk carriers [44]. In Sect. 7.4, we review TIs with well-defined
nanoscale morphology, which has larger surface-to-volume ratios than bulk mate-
rials and is ideal for interference-type experiments for surface states.

7.2 Quantum Dot Systems in Semiconductor Nanowires

In semiconductor NW devices, the low-temperature quantum transport of carriers
will depend on several factors, including (i) the coupling of electrodes to the NW and
(ii) diameter and length with respect to carrier Bohr radii and temperature. When the
contacts are close to transparent and the NW diameters are sufficiently small, then it
is possible to observe quantized conductance through discrete 1D sub-bands (as-
suming temperature is less than the level spacing) with the conductance increasing
by *2e2/h for each additional sub-band [45, 46]. In the more general case where the
electrodes are weakly coupled, the NW behaves as an elongated QD with the size
defined by the electrode separation and NW diameter, or alternatively, in modulated
NWs by the synthetically-imposed barriers along the NW axial direction [8]. In this
section, several aspects of QD systems in both homogeneous and heterogeneous
NWs will be introduced, including several configurations of NW-based QD systems,
basic electronic properties of QDs, single and coupled QDs in NWs, as well as g*

and spin-orbit interaction properties. A comprehensive review of QD systems in
semiconductor NWs can be found in [8].

7.2.1 Configurations of Quantum Dot Systems in Nanowires

In previous reports, four different methods have been employed to define QD
systems in NWs, based on how junctions (along the NW axial direction) are
formed. They include QDs defined by the metallic electrodes, QD segments in
NWs, QDs defined by patterned gates, and etched constrictions in NWs [8]. The
first method involves the deposition of metallic contact electrodes to form tunneling
barriers between the NW and the electrodes, where the QD size is determined by
the separation of electrodes, due to a sharp potential profile defined by the contact
[18–20, 47]. For example, Fig. 7.2a shows SEM image of InP NW-based QD with
two EBL fabricated Ti/Al electrodes. The distance between the electrodes varied
between 0.2 and 2 lm. In this experiment, a degenerately-doped Si was used as an
electrostatic gate to tune the number of electrons in the QD [18]. The second QD
configuration is defined during NW growth. For example, in the works of the
Samuelson group [21–23, 48], NW-based QDs have been fabricated by the growth
of double barriers of InP (arrows, Fig. 7.2b) in InAs NWs. Control of the lengths of
the InAs and InP sections has been achieved down to a few nm, with the spacing
between barriers ranging from 8 nm to more than 100 nm. The diameter and length

7.1 Introduction 179



of the InAs section between the InP barriers control the transverse and axial con-
finement energies, respectively. Long sections of InAs on either side of the QD
acted as highly conductive source and drain leads.

The third scheme involves lithographic patterning of closely spaced metallic
gates on the top of (or below) NWs, where variations in the applied gate voltages can
be used to define the size carriers in the a QD for a homogeneous NW [25, 49–52].
Figure 7.2c shows SEM image of a InAs NW deposited on top of an array of
EBL-defined gold gate electrodes. The metallic gate electrodes are electrically iso-
lated from the conducting channel of the NW by a thin layer of SiN dielectric film to
prevent current flow. These electrostatic gates are biased to deplete or enhance the
carrier concentration in the NW, and to produce an electrostatic potential landscape
for confinement of electrons or holes at different positions along the length of the
NW [49]. The fourth approach uses post-fabrication processing, such as wet
chemical etching, to modify a small region of the NW structure and thus define a
NW-based QD [53]. Figure 7.2d shows a InAs NWwith double-barrier constrictions
defined by wet etching, yielding a central QD connected to the NW arms.

Fig. 7.2 a SEM image of the InP NW QD formed between two electrodes spaced 2 lm
apart. Reproduced from [18]. Copyright 2003 AIP Publishing LLC. b Dark field scanning TEM
images of few nm wide InP (dark) barriers in InAs NWs. Reproduced from [22]. Copyright 2004
American Chemical Society. c SEM of grid of five electrodes lg1–lg5 buried underneath SiN layer,
with the InAs NW and source/drain electrodes deposited on top. Reproduced from [49]. Copyright
2005 American Chemical Society. d SEM of and two etched constrictions in the InAs NW
(purple) forming tunnelling barriers to the central InAs QD. Reproduced from [53]. Copyright
2008 American Physical Society
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7.2.2 Basic Electronic Properties of Quantum Dots

As described above, single electron devices differ from classical devices in the
sense that the discreteness of electrons and the electrochemical potential changes
associated with adding or removing a single electron have to be considered. Single
electron devices consist of an “island”, a region containing localized carriers iso-
lated by tunnel junctions with barriers to carrier tunneling [1, 2]. For example, a
single-electron transistor (SET) is a device in which electrons tunnel one at a time
through a small island connected to two leads via tunnel junctions [10]. When
tunneling barriers are present such that the number of electrons on the island is a
well-defined number, an additional electron can be transferred to the island only if
there is sufficient energy to overcome the increase in electrochemical potential
associated with adding the electron number. In a classical picture, the change in
electrochemical potential is due to the change in Coulomb energy when an electron
is added (or subtracted). If quantum confinement is strong, the electrochemical
potential also includes contributions from the discrete single particle energy states.
A signature of QDs is the Coulomb blockade (CB) effect [1, 2]: current only flows
through a QD when the incoming electrons have enough energy to overcome the
Coulomb repulsion (i.e., the charging energy) due to the electrons that are already
on the dot. The energy barrier caused by Coulomb repulsion can be lowered with
the aid of a gate voltage or a sufficiently large source–drain bias voltage. When the
current through the dot is plotted as pseudo 3D color or gray scale versus gate
voltage on one axis and the source–drain bias voltage on another axis, the CB
manifests itself as a series of diamonds inside which current cannot flow, separated
by regions of voltage space in which current flows. To observe this phenomena the
measurement temperature must be sufficiently low that the thermal energy is much
smaller than the charging energy [1, 3].

Correlation between charge and spin filling in the QDs energy levels is relevant
for applications such as spin qubits, where control of the spin degree freedom is
essential [54]. A key parameter related to spin state is the effective g-factor, g*,
which can be determined from level splitting for different spin states as a function of
magnetic field. Consider a free electron with spin s and orbital angular momentum l,
and associated magnetic moment, ls and ll, calculated from the following
equations:

ll ¼ � e
2m0

l

ls ¼ �gs
e

2m0
s

where gs is known as the g-factor. Classically it should be 1, but is 2 according to
Dirac’s relativistic quantum theory. The above equations indicate that the spin
angular momentum is twice as effective in producing a magnetic moment. For
charge and spin carriers in semiconductors, the g-factor is renormalized from the
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bare value 2 by band structure effects and is referred to as the effective g-factor (g*),
in analogy with the effective mass (m*) [54].

Spin can also be indirectly manipulated by electric fields via the spin-orbit
interaction, which denotes the interaction between ls and ll [54]. For an electron
spinning around nucleus, an internal magnetic field, Bl, is generated on its orbit. The
shift in energy due to spin-orbit interaction, named magnetic potential energy, Vl,s,
is thus defined by:

Vl;s ¼ �ls � Bl

Besides the internal magnetic field, the external electric fields coupled with
electron spin can also change the magnetic field [55]. In QDs at a low temperature,
strong spin-orbit interaction will make electrons more susceptible to spin-flip
processes when experiencing fluctuations in environmental electric fields but may
also enable effective manipulation of spin via electric fields [5, 8, 54, 56].

7.2.3 Single Quantum Dots in Nanowires

In 2003, Kouwenhoven and coworkers [18] reported the SET behavior in InP NW
devices. The electron density in the wires is changed with a back gate. Transport
measurements were measured down to 0.35 K, where single-electron tunneling and
quantum effects play a dominant role, and show CB behavior with single-electron
charging energies of *1 meV. However, the Coulomb peaks had irregularly dis-
tributed sizes, and their Vg spacings varied considerably, suggesting the formation
of more than one electronic island along the NW length. The Samuelson group [21–
23] fabricated SETs using heterostructure NW growth, by introducing InP barriers
into InAs NWs. These devices showed ideal SET characteristics at low tempera-
tures, where the blockage of the current between the isolated InAs island varied
periodically as a function of the gate voltage. By changing the length of the InAs
island, the authors designed devices ranging from SETs to few-electron QDs. In the
latter case, electrons could be added one by one to the dots from 0 to *50 elec-
trons. While the charging energy was found to be almost constant for each addition,
analyses of the results provided quantized energy level or shell structure resulting
from spin and orbital degeneracies. Magnetic-field dependent measurements also
yielded the Zeeman splitting in these InAs QDs, and analyses of this data showed
that the values of the g* of the first few electrons entering the dot depended on the
dot size. Specifically, compared with the bulk value of 14.7, the authors reported
that larger dots had bulk-like values of *13, and that |g*| decreased to 2.3 for the
smallest dots.

Later, Zhong et al. [19] fabricated single crystal p-type SiNWs SETs, and
observed single QD behavior with the two tunnel barriers formed by the patterned
S/D contacts, as evident in Fig. 7.3a, b. In Fig. 7.3a, I-Vg data recorded with a
0.5 mV Vsd at 4.2 K is plotted for a device with source–drain separation of 400 nm.
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The I–Vg curves exhibit regular oscillations over a broad range of Vg, in which the
current peaks are separated by regions of zero conductance with an average
peak-to-peak separation of 0.015 ± 0.001 V. The position and heights of the peaks
are reproducible on repeated Vg scans in these devices. In addition, differential
conductance (@I=@Vsd) versus Vsd and Vg (Fig. 7.3b) exhibit 33 CB diamonds,
where transport is “blocked” for values of Vsd-Vg in the light-colored regions. The
regular closed diamond structure provides strong evidence for transport through a
single quantum structure. Figure 7.3c shows @I=@Vsd�Vsd�Vg at higher resolution
for a 3 nm diameter SiNW device with a 100 nm source-drain separation. The data
exhibit well-defined peaks in @I=@Vsd that appear as lines running parallel to the
edges of the CB diamonds and consistent with discrete single particle quantum
levels extending across the SiNW. Temperature dependent I–Vg measurements
(Fig. 7.3d) indicate that peak current decreases rapidly as the temperature is
increased from 1.5 to 10 K and is approximately constant above 30 K, consistent
with coherent tunneling through a discrete SiNW quantum level at low temperature
and classical single-electron effects at higher temperature [1]. Cui et al. [24]
employed the SET approach to investigate transport in single nanoscale branch
points in CdTe tetrapods. The authors found that carriers can delocalize across the
branches or localize and hop between arms depending on the coupling strength. In
addition, a new SET operation scheme enabled by the multiple branched arms of a
tetrapod was demonstrated: one arm can be used as a sensitive gate to control the
electrical transport through the whole system (Fig. 7.3e).

Compared with the Schottky contacts normally formed at the NW/electrode
interface of single-component NWs, transparent Ohmic contacts to the NW channel
can be achieved in band-structure engineered heterostructure NWs. For example, in
the Ge/Si core/shell NW heterostructure [20], the Fermi level, pinned inside the Si
bandgap, may lie below the Ge valence band due to the large band offset between
Ge and Si (Fig. 7.4a). This band line-up results in Ohmic contacts to the Ge
channel. Furthermore, since holes can be injected electrically from the contacts due
to the energy band line-up, a hole gas can be formed in the Ge NW core even when
both the core and shell are undoped. In this case, the NW can be considered as a 1D
hole-gas system and works as a depletion type device. The Ge/Si core/shell NWs
thus possess two key advantages compared with single component NWs: (i) trans-
parent contacts from metal electrodes to the conduction channel can be readily
obtained and (ii) dopant scattering can be eliminated. For the Ge/Si NW devices
fabricated without annealing, carriers need to tunnel through the non-conducting Si
layer, resulting in a barrier in transport data recorded at low temperatures, and the
devices behave as SETs with CB oscillations (Fig. 7.4b). Such observed SET
behavior is similar to that in single-component semiconductor NW devices, where a
Schottky barrier always forms at the contact because the Fermi level lies inside the
semiconductor band gap. In contrast, annealing the Ge/Si NW devices produces
reproducible transparent contacts to the hole gas even at low temperatures
(Fig. 7.4c). Due to strong radial confinement of the holes in the Ge channel, discrete
1D sub-bands are formed and can be probed by transport measurements.
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Low-temperature electrical transport studies have shown distinct conductance
plateaus corresponding to transport through the first four subbands in the Ge/Si NW
(Fig. 7.4d), where the subband spacings (Fig. 7.4e), DE1,2 = 25 mV and
DE2,3 = 30 mV, are in good agreement with calculations. Notably, the conductance
exhibits little temperature dependence, consistent with the calculation of reduced
backscattering in this 1D system, suggesting that transport is ballistic even at room
temperature.

7.2.4 Coupled Quantum Dots in Nanowires

In 2005, the Lieber group [26] reported controlling the size and separation of
modulation-doped regions during synthesis to define QD structures in n+-n-nQD

+ -n-
n+ modulation-doped SiNWs (Fig. 7.5a). In these structures, Fermi level offset due
to variations in dopant concentration produces potential barriers confining the QD,

Fig. 7.3 a CB oscillations observed at 4.2 K with Vsd = 0.5 mV. b Gray scale plot of (@I=@Vsd)
versus Vsd and Vg recorded at 4.2 K; the light (dark) regions correspond to low (high) values of
@I=@Vsd. c @I=@Vsd�Vsd�Vg data recorded at 1.5 K. Dark lines (peaks in @I=@Vsd) running
parallel to the edges of the diamonds correspond to individual excited states.
d Temperature-dependent I-Vg curves recorded at increasing temperature. Reproduced from
[19]. Copyright 2005 American Chemical Society. e Scheme of tetrapod SET and I-V. Reproduced
from [24]. Copyright 2005 American Chemical Society
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where the lightly doped n-type regions define barriers for a variable length QD,
nQD
+ . The single-period diamond (Fig. 7.5b, c) showed that transport occurs through

a single QD structure. The potential of this approach for encoding coupled quantum
structures was also explored in structures of the form n+-n1-nQD

+ -n2-nQD
+ -n1-n

+,
where n1 are fixed-width tunnel barriers that weakly couple the structure to source
and drain electrodes, and n2 is a variable-width barrier that couples the two QDs
(Fig. 7.5d, left panel). The I–Vg data recorded from representative NW devices with
three different n2 barrier widths coupling the QDs (Fig. 7.5d, right panel) demon-
strated several key points. First, the device with the largest barrier exhibited a single
Coulomb oscillation period with capacitance consistent with the size of each
individual QD determined from scanning gate microscopy (SGM) measurements.
This result showed qualitatively that the two QDs were weakly coupled, and
moreover, had sizes that are similar. Second, the data from the device with an
intermediate-width n2 barrier exhibited a splitting of each of the Coulomb

Fig. 7.4 a Schematics of a cross-section through the Ge/Si core/shell structure and the band
diagram for a Si/Ge/Si heterostructure. b Coulomb diamonds in G–VSD–Vg plot for a 10-nm core
diameter Ge/Si NW. c G–Vg data recorded for a device measured at different temperatures: black,
green, blue and red correspond to 300, 50, 10 and 4.7 K, respectively. Inset I–Vsd curve recorded
at Vg = 10 V. d G-Vg recorded at different temperatures on a 400 nm long top-gated device; the
red, blue, green, and black curves correspond to temperatures of 5, 10, 50, and 100 K,
respectively. e Transconductance dG/dVg as a function of Vsd and Vg. The vertical arrows
highlight values of subband spacings DE1,2 and DE2,3, respectively. Reproduced from [20].
Copyright 2005 the National Academy of Sciences of the United States of America
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oscillation peaks into doublets, which is the signature of enhanced tunneling con-
ductance between the QDs. Last, as the barrier width is reduced further, a single
Coulomb oscillation period is again observed, although the capacitance was con-
sistent with an effective QD size twice that of the individual nQD

+ regions; that is, the
structures are fully delocalized.

In related studies, few-electron double QDs were fabricated in InAs/InP
heterostructured NWs with three InP barriers separating two QDs from each other
[27]. When the global back-gate voltage is changed, the chemical potentials on both

Fig. 7.5 a Schematic of n+ QD structure confined by two n-type barriers within a
modulation-doped NW. The conduction band (Ec) offset of the n

+ and n sections induce tunneling
barriers with CB phenomenon. b Plot of @I=@Vsd versus Vsd and Vg recorded at 1.5 K on a n+-n-
nQD
+ -n-n+ device. Inset SGM image of the same device. c I–Vg data taken at 1.5 K on two devices

with different nQD
+ section length. d Coupled double-QD structure with variable width n2 section

between the two QDs. (Right) I–Vg data recorded at 1.5 K on three devices with different n2
sections. Reproduced from [26]. Copyright 2005 the American Association for the Advancement
of Science
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QDs are simultaneously tuned and the larger QD fills up with electrons faster than the
smaller QD, because the larger QD has a smaller charging energy and energy level
spacing. The authors also found a clear magic number structure of 2, 6, 10, 12,…, and
the extracted charging and quantization energies were similar to those observed in
single QDs in InAs/InP heterostructure NWs. In addition, Pfund et al. observed spin
pairing and Pauli spin blockade in states with odd total electron occupation [28] and
studied the spin relaxation time [29, 30]. Recently, Rossella et al. [31] showed that the
quantum-confined Stark effect allows two QDs only 5 nm apart to be independently
addressed without the requirement for aligned nanometer-sized local gating. The
InAs/InP NW double QDs display an experimentally detectable spin blockade up to
10 K, a relatively high temperature compared to the typical temperature used to
observe spin operations in double QDs.

Though many experiments of NW-based qubits have focused on QDs made
from III–V semiconductors, the coherence of electron spins in these materials is
limited by hyperfine interactions with the non-zero nuclear spins. To overcome this
problem, Hu et al. [25] synthesized Ge/Si core/shell NWs, in which the most
abundant nuclei have spin zero thus minimizing spin-decoherence through the
hyperfine interaction, for quantum device studies. Tuning the barrier height
between the QDs formed in Ge/Si core/shell NW with gate voltage, provided a
controlled means to achieve coherent overlap of the charge and spin states in
neighboring dots (Fig. 7.6a). In addition, an integrated charge sensor was devel-
oped to reach quasi-depletion QD regime where direct electrical measurement may
not be able to measure the transport due to the instrument detection limit.
Significantly, the charge states in the dots and the coupling between them were
detected in situ using the integrated charge sensor in the form of a third QD
configured in another Ge/Si NW located more than 1 lm away. Clear charge
signals were detected by the NW-based QD detector even after direct transport
measurements would no longer be carried out in the coupled dots. The signals in
this experiment shown in Fig. 7.6b, c clearly illustrate the near-ideal performance
of the double QDs defined in the NWs and the excellent sensitivity of the charge
sensing setup. The demonstration of coupled QDs and integrated sensing devices in
turn has paved the way for future studies on quantum computing schemes using 1D
systems like NWs. In particular, compared to commonly used III–V systems, the
Ge/Si NW system offers potential for longer spin coherence time due to the sup-
pression of hyperfine interactions and, thus, a clear advantage for quantum devices
based on a linear 1D architecture.

7.2.5 g-Factor and Spin-Orbit Interaction

The effective g-factor, g*, discussed earlier, is an important parameter for spin
manipulation. One reason why NW QDs are interesting is that in low-dimensional
semiconductor heterostructures g* depends critically on the system size and the
dimensionality as a result of the spin-orbit interaction. The discrete energy spectrum
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Fig. 7.6 a SEM image of Ge/Si NW double dot device. The double dot is formed with gates L, M
and R, shown in blue, and the plunger gates LP and RP (red) tune the energy levels of each dot. On
an adjacent NW, the charge sensor is a contact-defined single dot capacitively coupled to the
double dot with the coupler C (green). The sensor is biased to the side of a CB peak using gate S
(orange). The gate shown in grey was not used. Sdd, Ss and D label the double dot source, sensor
source and shared drain contacts, respectively. b, c Differentiated sensor conductance dgs/dVLP

measured with the double dot weakly coupled to the leads for strong (b) and weak (c) interdot
coupling. Reproduced from [25]. Copyright 2007 Nature Publishing Group
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of a quantized system can quench the orbital angular momentum, pushing the
electron g* towards 2 (as for free electrons), even when bulk materials having
negative g* [57]. In addition, factors such as strain, geometry and confinement
energy can also modify the g*. For example and as discussed above, reducing the
size of InAs NW QDs led to a reduction of |g*| to 2.3, compared with the bulk value
of 14.7. The possibility of defining multiple QDs in a NW, each with a different g*,
suggests the possibility of individually addressable spin qubits. In addition, Nilsson
et al. [58] reported magneto-transport measurements on InSb NW QDs, showing
that the quantum levels of the InSb QDs have giant g*, with absolute values up
to *70, the largest value ever reported for semiconductor QDs. They also observed
that these g* values are quantum level dependent and can differ strongly between
different quantum levels. The presence of giant g* values indicates considerable
contributions from orbital motion of electrons was preserved in the measured
InSb NW QDs, while the level-to-level fluctuations arise from spin-orbit coupling.
An g* � 2 was also measured in QDs formed by electrostatically gating Ge/Si
core/shell NWs [52], where bulk values for Ge and Si are 1.563 and 1.998,
respectively [59].

For quantum electronic applications such as quantum computing based on
qubits, accurate control over the electron number, precise control of the spin state
and control of the coupling between spins in neighboring QDs are all required.
Furthermore, the spin-orbit interaction is of crucial importance since coupling of the
spin to orbital degrees of freedom determines spin relaxation and decoherence rates,
which in turn determines the decoherence time of spin-based qubits. It is thus of
fundamental interest to determine experimentally the spin-orbit length scale, kSO.
Fasth et al. [60] demonstrated few-electron QDs in InAs NWs, and used these
tunable QDs to show how effective size, coupling, and electron number could be
controlled by external voltages. Because of a large |g*| of 8 ± 1, the transition from
a singlet S to a triplet T+ ground state with increasing magnetic field was dominated
by the Zeeman energy rather than by orbital effects. They also found that the
spin-orbit coupling mixes the T+ and S states and thus induces an avoided crossing
with magnitude DSO = 0.25 ± 0.05 meV, from which kSO � 127 nm was
calculated.

In 2009, Zwanenburg et al. [61] reported measurements on a SiNW QD that
allows for complete understanding of the spin states of the first four holes. First, the
hole number was controlled down to one. Detailed measurements at perpendicular
magnetic fields reveal the Zeeman splitting of a single hole in Si. Additionally,
magneto-spectroscopy of the first four holes allowed determination of the succes-
sive spins that were added to an empty state and revealed a spin filling with
alternating spin-down and spin-up holes. Kouwenhoven and co-workers [62]
exploited the unique material properties of an InAs NW to rapidly control the
quantum state of a single electron spin using only electric fields. Beyond just
flipping the spin orientation of a single electron, the authors tailored the precise
timing of electric-field pulses to extend the spin coherence time (during which the
information encoded in the quantum state of the spin is preserved), allowing for the
conversion of an electronic qubit into a photon, which can serve as a flying qubit for
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long-distance quantum communication. Hu et al. [63] demonstrated pulsed gate
control and charge-sensing spin readout of hole spins confined in a Ge/Si core/shell
NW device (Fig. 7.7). They developed singlet-triplet spin qubits in a double QD
and observed Pauli spin blockade. With fast gating, the authors measured T1 spin
relaxation times of up to 0.6 ms in coupled QDs at zero magnetic field (Fig. 7.8).
The observed increase in relaxation time with decreasing magnetic field was con-
sistent with a spin–orbit mechanism that is usually masked by hyperfine contri-
butions. Later, Pribiag et al. [64] showed that gate-tunable hole QDs can be formed
in InSb NWs and used these devices to demonstrate Pauli spin blockade and
electrical control of single hole spins. The devices were fully tunable between hole

Fig. 7.7 Spin qubit device based on a Ge/Si heterostructure NW. SEM of a Ge/Si NW contacted
by four contacts (Sdd, Ddd, Ss, Ds, grey) and covered by a HfO2 gate dielectric layer. Top gates L,
M and R (blue) induce a double QD on the left device. Plunger gates LP and RP (orange) change
the chemical potential of each dot independently, and side gates EL and ER (purple) improve
electrical contact to the NW. A single QD on the right half of the NW (isolated by chemical
etching between Ddd and Ds) is capacitively coupled to a floating gate (green) and a tuning gate
(yellow), and senses the charge state of the double dot. Inset TEM image of a typical NW with a
single-crystal germanium core and an epitaxial silicon shell. Reproduced from [63]. Copyright
2012 Nature Publishing Group
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and electron QDs, allowing the hyperfine interaction strengths, g* and spin
blockade anisotropies to be compared directly in the two regimes. In a more recent
work, Higginbotham et al. [65] measured relaxation and dephasing of hole spins in
a gate-defined Ge/Si NW double QD and observed inhomogeneous dephasing times
20 times longer than in III–V semiconductors, suggesting that the strong coupling
regime may be accessible for the application in quantum information processing.

Fig. 7.8 Pulsed gate measurements of spin relaxation times. a Sensor conductance gS near a
spin-blocked charge transition between the left and right dot. Spin-to-charge conversion results in
pulse triangles that fade away with increasing measurement time sM. b Visibility I(sM) measured at
the center of the pulse triangle versus sM at different magnetic fields. The fitting curves (solid lines)
give T1 = 0.6, 0.3 and 0.2 ms at B = 0 (red), 0.1 (blue) and 1 T (green), respectively. Reproduced
from [63]. Copyright 2012 Nature Publishing Group
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7.3 Hybrid Superconductor-Semiconductor Devices

7.3.1 Josephson Junctions

Electrons in the superconducting state of conventional superconductors exist as
Cooper pairs. When two superconductors are weakly connected, for example, in a
superconductor/normal metal/superconductor (S/N/S) structure, a dissipationless
supercurrent can flow through the junction as a result of the Josephson effect [66].
In essence, this effect can be observed when the junction thickness is less than the
phase coherence length of the Cooper pairs. In this section, the discussion will be
limited to NW-based devices. For more information on hybrid superconductor–
nanostructure devices, readers are referred to [9].

Initially, Kouwenhoven and co-workers demonstrated supercurrents in n-type
InAs NWs [34], and studied supercurrents coupled with CB phenomena in QDs
[35]. The relatively large diameters and small mean free paths in these NWs sug-
gested, however, that carrier transport was in a bulk diffusive regime. In 2006, the
Lieber group [36] presented studies of proximity-induced superconductivity in
undoped Ge/Si core/shell NW heterostructures contacted by superconducting alu-
minum leads (Fig. 7.9a, b). In measurements taken above the superconducting
temperature of 1.6 K, where the aluminum behaves as a normal metal, quantization
of the energy states manifested itself as steps in the conductance plotted as a
function of applied gate voltage (Fig. 7.9c). The effects of this quantization per-
sisted when the device was cooled below 1.6 K superconducting transition tem-
perature, but also new features were observed. Specifically, the maximum or critical
supercurrent of the Josephson junction did not increase continuously with the gate
voltage, but in steps (Fig. 7.9d). The precise correlation between the steps in the
normal state conductance and the supercurrent is in almost perfect agreement with
the predictions of mesoscopic transport theory [67]. Besides the supercurrent
branch, the high-quality devices allow the observation of additional peaks due to
coherent backscattering or Andreev reflections of electron/hole pairs at the
semiconductor/superconductor interface. Here, multiple Andreev reflection peaks
up to order 25 were observed (Fig. 7.9e), suggesting carriers can move freely
through the devices up to 25 times without being backscattered inside the channel
and once again demonstrating the near-perfect nature of the Ge/Si NW.

In 2008, Doh et al. [37] investigated the competition between the CB effect,
Andreev reflection, and quantum interference, in InAs and InP NWs connected to
aluminum based superconducting electrodes. Three limiting cases were compared
depending on the tunnel coupling strength and the characteristic Coulomb inter-
action energy. For weak coupling and large charging energies, negative differential
conductance is observed. For intermediate coupling and charging energy smaller
than the superconducting gap, the current-voltage characteristic is dominated by
Andreev reflection and CB produces an effect only near zero bias. For almost ideal
contact transparencies and negligible charging energies, universal conductance
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Fig. 7.9 a SEM image of a representative top-gated device. b Cross-sectional schematic of the
device showing the Al S/D contact electrodes, HfO2 dielectric and Cr/Au top gate. c, d Transport
characteristics of Ge/Si NW above (c) and below (d) the superconducting transition temperature.
Black and red curves in (d) correspond to different current sweeping directions as indicated by
arrows. e Multiple Andreev reflections in the Ge/Si NW device. Reproduced from [36]. Copyright
2006 Nature Publishing Group
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fluctuations were observed with amplitudes enhanced due to Andreev reflection at
the contacts.

7.3.2 Majorana Fermions

Quantum mechanics and special relativity were merged into a single theory when
Dirac presented his equation in 1929 [68], with a solution predicting an electron and
an antielectron partner, the positron. In 1937, Majorana discovered a purely
real-valued solution to the Dirac equation, and thus hypothesized the existence of
Majorana fermions (MFs) [69]. Research interest in condensed-matter physics has
been focused on the “Majorana zero modes”, that is, emergent MFs occurring at
exactly zero energy that have a remarkable property of being their own antiparti-
cles. Any ordinary fermion can be thought of as being composed of two MFs. An
interesting situation arises when a single MF can be spatially separated from its
partner and independently probed. Particularly interesting for the realization of
qubits in quantum computing are pairs of localized MFs separated from each other
by a superconducting region in a topological phase [69]. Recently, signatures
consistent with the existence of MFs in NWs coupled to conventional supercon-
ductors have been reported [70].

The starting point is a NW made of semiconducting material with a large
spin-orbit interaction. In the presence of a magnetic field B along the axis of the
NW (i.e., a Zeeman field), a gap is opened at the crossing between the two
spin-orbit bands. The next ingredient is to connect the semiconducting NW to an
ordinary s-wave superconductor. The proximity of the superconductor induces
pairing in the NW between electron states of opposite momentum and opposite
spins. Near the ends of the wire, the electron density is reduced to zero, and MFs
arise as zero-energy (i.e., midgap) bound states—one at each end of the wire.
Tunneling spectroscopy from a normal conductor into the end of the wire should
reveal a state at zero energy. In the work of the Kouwenhoven group [38], electrical
measurements were reported on InSb NWs contacted with one normal (Au) and one
superconducting (NbTiN) electrode. The dependence of the differential tunneling
conductance on the bias voltage for different values of the magnetic field is shown
in Fig. 7.10a. Note that a zero-bias peak (ZBP) emerges when the applied magnetic
field exceeds about 100 mT. The ZBP is robust to further increases of the magnetic
field until about 400 mT, above which the single peak appears to split into a
two-peak structure. These observations are consistent with the MF interpretation of
the tunneling conductance. In addition, an important consistency check on the MF
interpretation of the ZBP is the requirement that the peak must disappear if the
angle between the applied magnetic field and the direction of the effective spin–
orbit field vanishes. The angle dependence of the ZBP (Fig. 7.10b, c) was found to
be consistent with the Majorana scenario, thus strengthening the identification of
the observed ZBP with the presence of a MF bound state. These observations, in
particular the emergence of a ZBP at finite magnetic field, have been subsequently
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confirmed by other groups [39–41]. In addition, Rokhinson et al. [42] reported the
observation of the fractional a.c. Josephson effect in a hybrid semiconductor–su-
perconductor InSb/Nb NW junction. The observation suggests the presence of the
quantized voltage steps twice as high as the value expected for conventional
superconductor junctions, which would be consistent with the presence of MFs. In
2014, Lee et al. [33] reported a direct measurement of the Zeeman effect on the

Fig. 7.10 a dI/dV versus V at 70 mK taken at different B fields (traces are offset for clarity).
b, c Dependence of dI/dV on the magnetic field orientation. b Rotation in the plane of the substrate
for a magnetic field |B| = 200 mT. The ZBP vanishes when B is perpendicular to the wire.
c Rotation in the plane perpendicular to the spin–orbit field for |B| = 150 mT. The ZBP is present
for all angles. Reproduced from [38]. Copyright 2012 the American Association for the
Advancement of Science
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Andreev levels (elementary subgap excitations) of a QD strongly coupled to a
superconductor with a large critical magnetic field. It was shown that a spin-split
Andreev level crossing the Fermi energy results in a quantum phase transition to a
spin-polarized state, which implied a change in the fermionic parity of the system.
This crossing manifests itself as a zero-bias conductance anomaly at finite magnetic
field with properties that resemble those expected for Majorana modes in a topo-
logical superconductor. For a comprehensive review of MFs in semiconductor
NWs, please refer to [70].

7.4 Topological Insulators

TIs [43] are different from both insulators and metals since the bulk material
exhibits a finite electronic bandgap, and can be referred to as an insulator, but the
surface states are gapless and metallic. In these surface states, the spin and
momentum states are coupled, resulted in suppression of backscattering due to the
protection of the coupled spin states. As a result, low-dissipation, metallic states
exist in such materials up to room temperature in ambient conditions. The exotic
electronic nature of the TI surface states has been the focus of intense interest as it
allows studies of several fundamental physical phenomena inaccessible in ordinary
materials. However, transport experiments have been hampered by insufficient
control over the bulk. In particular, unintentional and uncontrolled doping has often
yielded residual conductance that masks that of the topological surface states of
interest [44].

In 2010, Peng et al. [71] showed transport evidence of topological surface states
through periodic quantum interference effects in layered single-crystalline Bi2Se3
nanoribbons. The unique advantage that TI nanostructures offer is their well-defined
nanoscale morphology, which has larger surface-to-volume ratios than bulk mate-
rials and is ideal for interference-type experiments to probe the TI surface states.
One such interference is Aharonov–Bohm (AB) oscillations, which refer to periodic
oscillations in conductance arising from constructively and destructively interfering
electrons travelling in a well-defined path in the presence of magnetic flux. The
magnetic fields thread through the cross-section of the well-defined path
(Fig. 7.11a). Pronounced periodic AB oscillations in the magnetoresistance clearly
demonstrate the coherent propagation of 2D electrons around the perimeter of the
nanoribbon surface, as expected from the topological nature of the surface states
(Fig. 7.11b, c). The phase of the AB oscillations observed in the these nanoribbons
indicated that the TI surface electrons were in the diffusive regime [72]. In the same
year, the Cui group also reported several synthetic methods, including VLS growth
[73] and AFM tip exfoliation [74], of topological insulator NWs and nanoribbons.
Later, Xiu et al. [75] reported the modulation of surface states of TIs by using a gate
voltage to control quantum oscillations in Bi2Te3 nanoribbons. Readers can refer to
[76, 77] for comprehensive reviews and perspectives of TI nanostructures.
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7.5 Future Directions and Challenges

NWs with diameters comparable to the electron wavelength can readily exhibit
fundamental quantum properties of charge transport that are relevant to basic
understanding of quantum devices and potential directions in quantum electronics.
In this chapter, we reviewed a broad range of research on QD systems in semi-
conductor NWs, hybrid superconductor-semiconductor devices, and TIs. An
important lesson provided by the recent developments is that, in real systems, key
observable features are often determined by various details of the structure thus
underscoring the critical importance of controlled NW synthesis discussed in earlier
chapters. This feedback between synthesis and fundamental measurements has
opened up broad research vistas that go far beyond uniform composition materials.
Looking to future, there remain great opportunities in basic research, such as

Fig. 7.11 a Schematic diagram of the surface electrons travelling on the surface of the Bi2Se3
nanoribbon, indicated by the green paths, while the magnetic field (black arrows) threads through
the nanoribbon. b SEM image of the Bi2Se3 nanoribbon device with four Ti/Au contacts.
c Normalized magnetoresistance as a function of the parallel magnetic field at 2 K. The periodic
oscillations observed in the resistance trace are AB oscillations. Reproduced from [71]. Copyright
2010 Nature Publishing Group
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exploring expanded concepts for quantum computers, where multiple quantum bits
on different NWs are coherently coupled. For example, recent work has shown that
floating gates may be used to couple different NWs together [78]. Random noise
from the environment ultimately places limits on many types of quantum bit
devices, although exciting advances defining Majorana modes in
superconductor/NW devices [79] and topological insulator NWs offer well-defined
strategies for overcoming such issues. More generally, the goal of quantum com-
puting, while very challenging, will no doubt continue to spark new basic research
on nanoscale structures at the interface between physics, materials science and
electronic engineering and lead to potential applications well-beyond this current
application goal.
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Chapter 8
Nanowire-Enabled Energy Storage

Abstract A variety of energy storage systems are currently being explored and in
some cases commercialized to meet the needs for both small and large-scale energy
storage/usage. Among these systems, rechargeable batteries have been extensively
investigated in the research community in efforts to make breakthroughs beyond
existing commercial lithium ion systems and thereby provide enhancements to
capacity, power density and other metrics that would be beneficial to ubiquitous
consumer electronic devices through electric automobiles. In this chapter, the
advantages of NW structures for efficient energy storage will be illustrated and
discussed, including their high surface area, efficient charge transport and capability
to sustain large volume expansion/contraction during charge/discharge cycles. In
particular, we will introduce and discuss representative works focused on lithium
ion batteries, electrochemical capacitors, and sodium ion batteries. Finally, pro-
spects and challenges for implementing NWs for practical energy storage solutions
will be briefly discussed.

8.1 Introduction

A significant challenge of this century centers on energy, and in particular, how can
clean and renewable energy be efficiently produced as well as stored for efficient
reuse and/or distribution [1–5]. In the case of energy storage, the performance, for
example of batteries, depends intimately on the properties of anode and cathode
materials. Innovative nanomaterials chemistry lies at the heart of advances that have
already been made in improving rechargeable lithium–ion batteries (LIBs) [6, 7].
Further breakthroughs in materials can further fuel improvements of existing
storage systems and also hold the key to new generations of energy storage devices.
In this regard, nanostructured materials have attracted great interest in recent years
because of the unusual mechanical and electrical properties endowed by confining
the dimensions of such materials, and because the combination of bulk and high
surface area properties can further enhance overall behavior. For example, battery
electrode materials that in bulk form would degrade or fail due to large volume
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changes during charge/discharge cycles can become viable in nanoscale mor-
phologies, since the latter are capable of sustaining much greater strains before
failure.

In this context, NWs are becoming increasingly important for electrochemical
energy storage, and they represent unique candidates with several exciting advan-
tages [8, 9]. First, the direct attachment and electrical contact of each NW to the
metallic current collector provide efficient, 1D charge transport pathways, without
the need of adding binders and conducting additives. Second, the void space
between adjacent NWs and the high surface-to-volume ratios of NWs allow for fast
penetration of electrolyte solution into deep portion of NWs, as well as rapid
electrochemical reactions over the surface. Third, compared to flat electrode
structures, the small diameters and the large curvatures of NWs are beneficial for
accommodating more volume change, thus reducing mechanical failure of elec-
trodes and maintaining the electronic pathways during many discharge-recharge
cycles. In this chapter, we will introduce and discuss representative NW studies
focused on lithium ion batteries (LIBs), electrochemical capacitors (ECs), and
sodium ion batteries.

8.2 Lithium–Ion Batteries

Rechargeable LIBs are efficient, light-weight, and rechargeable power sources for a
large variety of applications ranging from portable electronics to the development
of electric automobiles, in which the electrodes are the central issue [10, 11].
A combination of a negative lithium intercalation material (anode) with another
lithium intercalation material (cathode) having a more positive redox potential gives
a Li–ion transfer cell [12]. An anode and a cathode are separated by an electrolyte,
which is an electronic insulator but a Li–ion conductor. Upon charging, lithium ions
are released by the cathode and intercalated at the anode. When the cell is dis-
charged, lithium ions are extracted by the cathode from the anode. An ideal elec-
trode should provide high gravimetric and volumetric capacity, high power density
and long cycle life, as well as being environmentally benign and low cost [13]. One
of the main challenges in the design of LIBs is to ensure that the electrodes maintain
their integrity over many discharge-recharge cycles. Although promising electrode
systems have been proposed, their lifespans are often limited by Li–alloying
agglomeration or the growth of passivation layers, which prevent the fully rever-
sible insertion of Li ions into the negative electrodes (anodes) [14]. 1D NWs,
especially the self-supporting NW arrays grown directly on a current-collecting
substrate offer several attractive features for LIB electrodes [15]. The open space
between neighboring NWs allows for easy diffusion of electrolyte into the inner
region of the electrode, resulting in reduced internal resistance and improved
high-power performance. Each NW has its own contact with the current collector
substrate, which can ensure that every NW participates in the electrochemical
reaction. In addition, using NW arrays also saves the tedious process of mixing
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active material with ancillary materials such as carbon black and polymer.
Moreover, NWs share the same advantages as other nanostructured electrodes, such
as nanoparticles, with high electrode-electrolyte contact area, fast Li–ion diffusion
rate, and good strain accommodation.

8.2.1 Anodes

8.2.1.1 Si

Si has the highest gravimetric capacity (4200 mAh/g, lithiated to Li4.4Si) among all
anode candidates other than Li metal [10]. The average discharge voltage of Si is
low (*0.4 V), providing a high voltage difference against the cathode [16].
Nonetheless, the insertion and extraction of lithium ions from Si leads to a large
volume change, up to *400 % volume increase upon insertion, and this large
volume change results in mechanical failure of electrodes and discontinuous charge
transport during cycling (top, Fig. 8.1a). In addition, the large volume change also
affects the formation of dense and stable solid-electrolyte inter-phase (SEI) layer
over Si surface, which functions as an ionic conducting and electronic insulating
passivation layer to prevent further side chemical reactions from occurring [13].
Thus, the Si-based anode usually suffers from substantially reduced stability and a
large irreversible capacity decrease during charge/discharge cycles [17].

Fig. 8.1 a Schematics of the morphological changes that occur in Si during electrochemical
cycling, where Si films and particles tend to fail during cycling, while NWs grown directly on the
current collector do not break-up into smaller particles. b Cyclic voltammograms for SiNWs from
2.0 to 0.01 V versus Li/Li+. The first seven cycles are shown. c Voltage profiles for the first and
second galvanostatic cycles of the SiNWs. The first charge achieved the theoretical capacity of
4200 mAh g−1 for Li4.4Si. d The voltage profiles for the SiNWs cycled at different power rates.
e Capacity versus cycle number for the SiNWs at the C/20 rate showing the charge (squares) and
discharge capacity (circles). The charge data for Si nanocrystals (triangles) and the theoretical
capacity for lithiated graphite (dashed line) are shown as a comparison to show the improvement
when using SiNWs. Reproduced from [8]. Copyright 2008 Nature Publishing Group
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A number of research efforts have addressed these challenges of Si anodes for
LIBs by focusing on the rational design and fabrication of Si-based nanostructures
[18–20]. In 2008, the Cui group [8] reported the first SiNW-based LIB anode, in
which SiNWs were grown by the nanocluster-catalyzed VLS method on stainless
steel substrates (Fig. 8.1a). LIB anodes made using these SiNW electrodes achieve
nearly the theoretical discharge capacity of Si during the first cycle, and maintained
a discharge capacity of *3100 mAh/g, about 75 % of the maximum, with little
fading over 10 cycles (Fig. 8.1b–e). Structural characterization after the battery test
showed an increase of SiNW diameter from 89 nm initially to 141 nm after lithi-
ation, and importantly, demonstrated that the SiNWs remained connected with the
current collectors versus breaking up into smaller particles. These latter results
suggested that the nanoscale diameters provided superior mechanical properties and
allowed the SiNWs to sustain the strains associated with large volume changes
during charge/discharge cycles.

Similar to VLS-grown samples, SiNWs made by other approaches have been
investigated as LIB anode materials. For example, Schulz et al. [21] reported using
an electrospinning method with Si6H12 as the Si precursor to synthesize Si nano-
fibers, while the LIB anodes made of these samples only achieve a reversible
capacity *400 mAh/g after 30 cycles. On the other hand, SiNWs fabricated by the
metal-assisted solution etching approach have exhibited characteristics similar to
nanocluster-catalyzed VLS NWs, and thus are good candidates for LIB anodes. An
added advantage of this latter etching-based approach to SiNWs is that it is possible
to precisely control the crystal orientation and doping based on the starting
Si-substrate [18, 22, 23]. The rougher surface of solution etched SiNWs also
increases the surface area, which could be beneficial for the insertion/extraction of
Li ions [18]. As a result, SiNWs obtained from the solution etching approach have
demonstrated substantially improved capacity and cycling stability for the use of
LIB anodes [24, 25].

SiNWs with core-shell designs provide additional structural advantages in
optimizing the electrochemical performance for Si-based anodes. For example, a
thin carbon shell could facilitate electrical contact and charge conduction. Huang
et al. [26] reported synthesis of carbon-coated etched SiNW arrays by pyrolysis of a
carbon aerogel. Compared to the pristine SiNWs, which exhibited capacity fading
after 10 cycles, the carbon-coated SiNWs showed a high initial discharge capacity
of 3344 mAh/g and retained a reversible capacity of 1326 mAh/g after 40 cycles.
The continuous structure of most of these SiNWs is still maintained after the
cycling test. Polymer has also been demonstrated for coating of SiNWs for
improving the stability and capacity of the anodes [27]. In addition, a scalable
supercritical fluid-liquid-solid method was reported to grow SiNWs [28], which
were further coated with carbon by pyrolysis of sucrose on the SiNW surface. LIB
anodes made of these carbon-coated SiNWs have retained a reversible capacity of
1500 mAh/g after 30 cycles.
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In addition to Si/carbon core/shell designs, Cui and coworkers has demonstrated
the utilization of crystalline/amorphous core/shell SiNWs for enhanced lithium ion
storage capacity [29]. The crystalline Si core and amorphous Si shell are sequen-
tially grown via the nanocluster-catalyzed VLS and shell deposition strategies
described in earlier chapters. As the amorphous Si shell reacts with Li+ at a slightly
higher potential than the crystalline Si core, this design of crystalline/amorphous
core/shell SiNWs allows for selective lithiation of the amorphous Si shell. The
crystalline Si core is not affected during the lithiation step and serves as a con-
tinuous structure for both electrical conduction and mechanical support, thus
resulting in substantial improvement in power rate and cycling stability.
Specifically, crystalline/amorphous core/shell SiNWs have demonstrated a rever-
sible capacity of 1000 mAh/g over 100 cycles. TEM images revealed that the
crystalline/amorphous core/shell SiNWs become completely amorphous when the
anodes are discharged to 10 mV, while the crystalline Si core is maintained for
discharge potentials above 150 mV. This structural characterization confirms that
the enhanced stability is due to the existence of crystalline Si core after cycling.

This crystalline core/amorphous shell concept was further extended to the syn-
thesis of carbon/Si core/shell NWs, in which amorphous Si layer is deposited on the
surface of carbon nanofibers [30]. In this case, the carbon nanofiber core serves as
an electrical conductor and stable mechanical support [31]. In addition, the carbon
cores have much less volume change than that of Si, and thus the core structures are
maintained at a much lower low discharge potential of *10 mV. A higher charge
capacity of 2000 mAh/g was reported for carbon/Si core/shell NWs. In addition,
other core/shell NW designs have been reported for amorphous Si on different core
materials, including metal silicides [32], nitrides [33], and carbon nanotubes [34].

The shape and volume changes of crystalline SiNWs with different crystal ori-
entations have been studied by in situ electron microscopy [35, 36]. SEM images
showed that lithiation transforms the initially circular cross sections of NWs
with 〈100〉, 〈110〉, and 〈111〉 axial orientations into expanded structures with cross
sections having cross, ellipse, and hexagonal shapes, respectively [37] (Fig. 8.2a).
These observations were explained in terms of a rapid lithium ion diffusion channel
along the 〈110〉 direction, which causes preferential volume expansion along this
direction. It was also found that the 〈111〉 and 〈100〉 NWs shrink in height after
partial lithiation, while 〈110〉 NWs increase in height. This length contraction was
attributed to a collapse of {111} planes early in the lithiation process. In another
work [38], the anisotropic swelling of SiNWs during lithiation in either a con-
ventional liquid cell or an all-solid electrochemical cell was characterized by TEM
(Fig. 8.2b). In this latter work, the authors directly observed that the large volu-
metric expansion 〈112〉 axis NWs occurs in a highly anisotropic fashion to yield
intermediate dumbbell-shaped cross sections. These results give new insight into
the Si volume change process and may help in designing better Si anodes.
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8.2.1.2 Metal Oxides

Metal oxides, especially in the form of nanomaterials, have been extensively inves-
tigated as potential anode materials for LIBs because these materials have diverse
chemical and physical properties and most of them possess relatively high theoretical
capacities between 500 and 1000 mAh/g compared to graphite (372 mAh/g) in
commercial LIBs [39–42], although still much lower than the theoretical capacity of
Si (4200 mAh/g) [10]. However, the use of metal oxides as LIB anodes still faces

Fig. 8.2 a Anisotropic lateral expansion of crystalline SiNWs with 〈100〉, 〈110〉 and 〈111〉 axial
orientations upon lithiation. Reproduced from [37]. Copyright 2011 American Chemical Society.
b Dumbbell shape of a 〈112〉 axis SiNW following lithiation contrasts the round cross section of
the pristine SiNW. c 3D simulation (left) and TEM image (right) of a progressively lithiated NW
(i.e., the Li flux is prescribed at the front end), showing the development of the dumbbell-shaped
cross section along the longitudinal direction. Reproduced from [38]. Copyright 2011 American
Chemical Society
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multiple challenges including: (i) similar to Si, most metal oxides exhibit substantial
expansion and contraction during charging/discharging processes [43, 44]; and
(ii) most abundant metal oxides are semiconductors with large band gaps and typi-
cally have poor electrical conductivity and ion transport kinetics as LIB electrodes
[41, 45]. To address these issues, researchers have been focused on the design of
electrode structures and the use of multi-functional hybrid materials [39–42]. Based
on the overall mechanism, metal oxide-based LIB anodes can be divided into three
categories: (i) intercalation/deintercalation of Li ions into and from layered metal
oxides; (ii) alloying/dealloying to store/release Li ions; (iii) conversion between Li
and Li2O by reduction/oxidation of transition metal oxides [39–42]. Here we focus on
well-studied TiO2, SnO2 and Co3O4 NWs as examples for these three categories.

(i) Several transition metal oxides with layered and open channel structures can
store Li ions via the intercalation/deintercalation mechanism [39–42]. These
materials can exhibit a range of theoretical capacities depending on the struc-
ture of the metal oxide and number of Li ions intercalated into layer or channel
sites during intercalation. This mechanism can be written as [39]:

MOx þ yLiþ þ ye� , LiyMOx

For example, TiO2, is a potential candidate for use as LIB anodes due to its low
cost and abundance in nature, and has various polymorphs such as anatase, rutile,
and TiO2(B) (bronze). In 2005, the Bruce group [46] reported the intercalation of Li
ions into TiO2(B) NWs. TiO2(B) NWs were synthesized by an ion-exchanging K+

for H+ in K2Ti4O9 to form a hydrated hydrogen titanate, which was transformed
into TiO2 NWs by heating at 500 °C. The structure of TiO2(B) NWs is composed
of corrugated sheets of edge- and corner-sharing TiO2 octahedra, with these sheets
being linked together by bridging oxygen atoms to form a 3D network, with sig-
nificant voids and continuous channels that are capable of rendering the material a
host structure for intercalation. The reversible charge-storage capacity of
205 mAh/g was obtained without structural degradation or loss of NW morphol-
ogy. In comparison, the capacity for bulk material is 240 mAh/g, with the com-
position Li0.71TiO2(B). The best result using other TiO2(B) nanostructures was
observed for needle-shaped TiO2(B) nanoparticles with a reversible capacity
of *288 mAh/g after 50 cycles [47].

(ii) Metal oxide anodes that undergo an alloying/dealloying mechanism typically
have higher capacities than intercalation/deintercalation, but necessarily as a
result of high capacity suffer from significant volume change during cycling
[22]. The basic mechanism can be written in two steps [39]:

MxOy þ 2yLiþ þ 2ye� ) xMþ yLi2O

Mþ zLiþ þ ze� , LizM
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Taking SnO2 (theoretical capacity, 782 mAh/g) as an example, Park et al. [48]
reported the preparation and electrochemical performance of SnO2 NWs to deter-
mine their potential use as an anode material. The SnO2 NWs were synthesized by
thermal evaporation combined with a self-catalyzed growth procedure, where the
authors used a high surface area powder to increase production at lower tempera-
ture. The SnO2 NWs produced in this manner showed higher initial Coulombic
efficiency and an improved capacity retention on cycling compared with those of
SnO2 powder and SnO2 NWs produced by Au-assisted VLS growth. Kim et al. [49]
reported the synthesis of SnO2–In2O3 core-shell NW heterostructures via a thermal
evaporation method. The electronic conductivity of the individual SnO2–In2O3

core-shell NWs was 2 orders of magnitude higher than that of pure SnO2 NWs, due
to the formation of Sn-doped In2O3 during the nucleation and growth of the In2O3

shell nanostructures. Kim et al. [50] reported the synthesis of SnO2 NWs using 1D
mesoporous SiO2 sacrificial templates that were subsequently dissolved in NaOH.
These ultrasmall 6 nm diameter SnO2 NWs with lengths >3 lm and surface area of
80 m2/g exhibited a capacity of 800 mAh/g, while the capacity was reduced to
250 mAh/g at a 10C rate (4000 mA/g). Liu et al. [51] reported the synthesis of
SnO2 nanorod arrays on large-area flexible metallic substrates (Fe–Co–Ni alloy and
Ni foil) via a hydrothermal process. The electrochemical behavior was found to
depend crucially on the structural parameters of the array. An array consisting of
SnO2 nanorods of average 60 nm in diameter and 670 nm in length delivered a
reversible Li-capacity as high as 580 mAh/g after 100 cycles (0.1C) and showed
less than 50 % reduction to 350 mAh/g at a higher rate of 5C rate. Structural
disintegration and agglomeration were not observed for the SnO2 nanorod arrays
even after 50 cycles. In comparison, commercially available ca. 40 nm SnO2 par-
ticles yield an initial capacity of 500 mAh/g, although this capacity dropped to
100 mAh/g after 50 cycles [52]. The best performance so far was observed for
3 nm SnO2 nanoparticles, which exhibited an initial capacity of 740 mAh/g with
negligible capacity fading [53].

(iii) Li can be stored reversibly in transition metal oxides through a conversion
reaction mechanism, where the transition metal experiences reduction/
oxidation reactions [39–42] Anodes based on these materials also exhibits
relatively high capacities (500–1000 mAh/g).

MxOy þ 2yLiþ þ 2ye� , xMþ yLi2O

For instance, the theoretical capacity of Co3O4 is 890 mAh/g. In 2008, Li et al.
[15] utilized a mild template-free, ammonia-evaporation-induced method for
large-area growth of self-supported Co3O4 NW arrays on different substrates,
including Si wafers, glass slides, and Cu or Ti foils. Ti foil is an excellent substrate
for this work, as it is resistive to the alkaline ammonia solution and oxidation, and it
does not alloy with metallic Li at low voltage and thus serves as a good current
collector. In addition, the NW arrays produced by their method had mesoporous

210 8 Nanowire-Enabled Energy Storage



structures, which provided extra freedom for volumetric changes during lithiation.
The NW arrays show a stable capacity of 700 mAh/g at 1C after 20 cycles, and can
maintain the capacity around 50 % at a higher charging rate of 50C, substantially
better than freestanding Co3O4 NWs not grown on Ti foils. Later, Wu et al. [54]
reported a two-step hydrothermal synthesis of a Co3O4/a-Fe2O3 branched NW
heterostructures. The single-crystalline, primary Co3O4 NW trunk arrays directly
grown on Ti substrates allow for efficient electrical and ionic transport. The sec-
ondary a-Fe2O3 branches provide enhanced surface area and high theoretical Li+

storage capacity, and can also serve as volume spacers between neighboring Co3O4

NW arrays to maintain electrolyte penetration as well as reduce the aggregation
during Li+ intercalation. These Co3O4/a-Fe2O3 branched NW heterostructures
yielded improved electrochemical energy storage performance with reversible
capacity of *980 mAh/g after 60 cycles. In comparison, the best performance
using other nanomaterials so far was observed in graphene-encapsulated Co3O4

nanoparticles, exhibiting a reversible capacity of 1100 mAh/g in the first 10 cycles,
and over 1000 mAh/g after 130 cycles [55].

8.2.2 Cathodes

Since the concept of a rechargeable lithium cell based on Li intercalation reactions
was initiated in the early 1970s, numerous lithium intercalation cathode electrodes
have been proposed to date [10]. Two categories of materials have been used for
LIB cathodes [43, 56–58]. The first category include lithium transition metal oxides
with layered anion close-packed lattice, where the transition metal ions occupy
alternate layers and Li ions can be intercalated into the remaining layers.
Commonly used materials include LiCoO2, LiNiO2 and LiMn2O4. One intrinsic
advantage of this category of cathode is their higher energy density owning to their
compact lattice structures. The second category includes layered materials with
more open structures, such as V2O5 and transition metal phosphates (e.g., the
olivine LiFePO4). These materials provide the advantages of better safety and lower
cost compared to the first category.

Currently, LiCoO2, LiNiO2 and LiMn2O4 are used as commercial LIB cathode
materials, among which LiCoO2 being the most popular candidate owing to the
convenience and simplicity of preparation [10]. LiCoO2 cathode materials are
typically cycled with excellent stability between the fully lithiated discharge state
LiCoO2 (*3.0 V vs. Li/Li+) and a roughly half-delithiated state LixCoO2 (x = 0.5–
0.6, 4.2 V vs. Li/Li+), leading to a capacity of *140 mAh/g, while its theoretical
capacity is 273 mAh/g [59]. In 2005, Jiao et al. [60] reported a hard template route
to synthesize LiCoO2 NWs. Preliminary electrochemical tests using these LiCoO2

NW arrays as cathodes showed an initial discharge capacity of 80 mAh/g and a
capacity retention of 40 mAh/g after 50 cycles, much less than that of commercial
LiCoO2 cathodes [59]. Later, Xiao et al. [61] demonstrated the synthesis of cobalt
precursor Co(CO3)0.35Cl0.2(OH)1.1 NW aggregates by a hydrothermal method, and
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transformed these into Co3O4 NWs at high temperature. Subsequent reaction with
LiOH yielded LiCoO2 NWs. High-resolution TEM revealed that these LiCoO2

NWs were composed of nanoparticles, with most of the nanoparticles having
exposed (010) planes. The as-prepared LiCoO2 NWs exhibited charge/discharge
capacity stabilized at 100 mAh/g after 100 cycles. In comparison, the most recent
report on flake-like LiCoO2 nanoparticles synthesized using Co(OH)2 nanoflakes as
sacrificial templates via a simple coprecipitation method showed a reversible dis-
charge capacity up to 179 mAh/g [62].

The disadvantages of LiCoO2 as cathode material include its high cost and
toxicity [43, 56–58]. As an alternative, LiMn2O4 can be a lower cost, environ-
mentally friendly, and highly abundant material for LIB cathodes. The theoretical
charge storage capacity is 148 mAh/g [63], although it can be limited due to phase
changes during cycling [64, 65]. The Cui group [66] reported the hydrothermal
synthesis of single-crystalline b-MnO2 nanorods and their chemical conversion into
free-standing single-crystalline LiMn2O4 nanorods. The LiMn2O4 nanorods had an
average diameter of 130 nm and length of 1.2 µm. Galvanostatic battery testing
showed that LiMn2O4 nanorods had a charge storage capacity of 100 mAh/g at a
high current density of 148 mA/g (1C) with high reversibility and 85 % capacity
retention after 100 cycles, while the capacity of commercially available powders
was only 50 mAh/g at the same current density. Structural studies showed that the
Li ions intercalated into the cubic phase of LiMn2O4 with a small change of lattice
parameter, followed by the coexistence of two nearly identical cubic phases in the
potential range of 3.5–4.3 V. Similarly, they also reported ultrathin LiMn2O4 NWs
with cubic spinel structure synthesized by a solvothermal reaction. This approach
produced a-MnO2 NWs which were converted in a second step to LiMn2O4 NWs
with diameters less than 10 nm and lengths of several micrometers [67]. These
small diameters NWs yielded 100 and 78 mAh/g at high charging rates of 60 and
150C, respectively [67]. Hosono et al. [68] synthesized single crystalline cubic
spinel LiMn2O4 NWs using Na0.44MnO2 NWs as a self-template. These
self-templated NWs exhibited reversible capacities of 108, 102, and 88 mAh/g at
fast charge/discharge rates of *50, 100, and 200C, respectively. More recently,
Wang et al. [69] reported an all NW based flexible LIB, using homologous Mn2O3

and LiMn2O4 NWs for anodes and cathodes, respectively. As shown in Fig. 8.3, the
same precursors, MnOOH NWs, were transformed from hydrothermally grown
MnO2 nanoflakes and directly attached on Ti foils via reaction with poly(vinyl
pyrrolidone). The Mn2O3 anode and LiMn2O4 cathode were subsequently formed
by thermal annealing and reaction with lithium salt, respectively. The LiMn2O4 NW
cathode showed a reversible capacity of 94.7 mAh/g at a charging rate of 1C and
high capacity retention of � 96 % after 100 cycles. Furthermore, the flexible
Mn2O3//LiMn2O4 full LIB exhibited an output voltage of >3 V, a thickness of
0.3 mm, high flexibility, and a specific capacity of 99 mAh/g based on the total
weight of the cathode material. It also exhibited good cycling stability with a
capacity of *80 mAh/g after 40 charge/discharge cycles. Notably, a recent study
reported the synthesis of nanoparticles with a new composition Li4Mn2O5, prepared
by direct mechanochemical synthesis at room temperature [70] yielded a discharge
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capacity of 355 mAh/g. This is the highest yet reported among known lithium
manganese oxide electrode materials. Such a high capacity is in principle unex-
pected, as the oxidation state of Mn in Li4Mn2O5 is 3+. If one assumes that only the
Mn3+/Mn4+ redox couple is active, then two Li ions could be extracted, resulting in
the formation of Li2Mn2O5 with a theoretical capacity of 245 mAh/g. According to
the magnetic measurements, the authors proposed that the electrochemical activity
is due to the Mn3+/Mn4+, O2−/O−, as well as Mn4+/Mn5+ redox couples. Future
studies could help to illuminate better these interesting results.

For Li ion intercalation applications, V2O5 offers advantages of low cost, natural
abundance and straightforward synthesis [12]. Interestingly, different LixV2O5

phases form after intercalation of Li ions, each with different theoretical capacities.
The highest capacity x-LixV2O5 phase yields *440 mAh/g for deep discharge,
although all of the intercalated Li ions cannot be extracted from the host structure,
indicating an irreversible transition [71]. In 2010, Mai et al. [72] reported the
synthesis of ultralong hierarchical V2O5 NWs with diameters of 100–200 nm and
lengths up to several millimeters using electrospinning combined with annealing.
As shown in Fig. 8.4, the hierarchical NWs were constructed from attached V2O5

nanorods of diameter *50 nm and length of 100 nm. The initial and 50th dis-
charge capacities of the ultralong hierarchical V2O5 NW cathodes were 390 and
201 mAh/g when the LIB was cycled between 1.75 and 4.0 V, much higher than
the self-aggregated short nanorods synthesized by a hydrothermal method. Chan
et al. [73] used in situ TEM to study the chemical, structural, and electrical
transformations of V2O5 nanoribbons at the single nanostructure level. It was found
that transformation of V2O5 into the Li3V2O5 phase depends not only on the width
but also the thickness of the nanoribbons. Transformation can take place within
10 s in thin nanoribbons, suggesting a Li+ diffusion constant that is 3 orders of
magnitude faster than in bulk materials, resulting in a significant increase in battery

Fig. 8.3 Schematic of the synthesis and fabrication of the Mn2O3//LiMn2O4 LIB full cell.
Reproduced from [69]. Copyright 2014 American Chemical Society
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power density. Recently, it was reported that NWs/nanorods assembled into a 3D
interconnected V2O5 nano-network yielded improved electron/ion transport and
enhanced structure stability [74]. The inner porous structure was proposed to
promote ion diffusion and to buffer volume change during cycling. As a cathode,
the interconnected V2O5 nano-network exhibited little capacity fading after 1000
charge/discharge cycles at high current densities of 1.0 and 2.0 A/g.

Lithium metal phosphates are presently at the center of much interest as cathodes
for LIBs, with a theoretical capacity of 170 mAh/g for the commonly investigated
LiFePO4. Lim et al. [75] used a hard template for the synthesis of LiFePO4 NWs. In
this work, a 2D hexagonal Santa Barbara amorphous (SBA-15) silica template,
containing parallel cylindrical pores arranged with a hexagonal P6mm symmetry,
served to organize the wires into parallel bundles. After impregnation of the template
with a solution consisting of LiFePO4 precursor, the silica template was removed
and the resultant LiFeO4 NWs were subsequently annealed. Electrochemical cycling
demonstrates the discharge capacity at a rate of 15C shows 137 mAh/g, corre-
sponding to a capacity retention of 89 % compared with the capacity at a rate of
0.2C. This capacity value was less than that reported for hollow LiFePO4

nanoparticles, which was 153 mAh/g at 15C and had a 95 % capacity retention
compared to that at 0.2C.

8.3 Electrochemical Capacitors

LIBs are attractive energy storage devices in terms of their overall energy density
(Wh/kg), although the rate of discharge and charge, which is defined by the power
density (kW/kg), can be too slow for some applications [10, 11]. High power
density needs can in principle be met by ECs, also known as supercapacitors or

Fig. 8.4 a, b Schematic
illustration of formation of the
ultralong hierarchical
vanadium oxide NWs during
annealing. c Side view of two
ultralong hierarchical
vanadium oxide NWs near
each other. d Self-aggregation
of short vanadium oxide
nanorods. Reproduced from
[72]. Copyright 2010
American Chemical Society
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ultracapacitors [76, 77]. ECs are power devices that can be fully charged or dis-
charged in seconds, and can yield high power densities of the order of 10 kW/kg for
short times [78]. There are two classes of ECs depending on the charge storage
mechanism [41, 77, 79–81]. The first class is electrical double layer capacitors
(EDLCs), which operate by adsorbing/desorbing charged ions from an electrolyte
onto high surface area electrodes forming a double layer structure. Carbon-based
materials with high surface area are typically used for EDLCs. A second group of
ECs, known as pseudo-capacitors or redox supercapacitors, use transition metal
oxides or conducting polymers as electrode materials, with the charge storage
depending on fast Faradaic redox reactions. Energy and power densities are two
crucial parameters for evaluating the EC performance. The maximum energy, E,
and power densities, P, of a EC can be obtained using the following equations [78]:

E ¼ CV2=2

P ¼ V2=4R

where C is the specific capacitance (SC) of the cell, V is the operating voltage, and
R is the series resistance. Therefore, a good EC should possess a high SC, wide
operating voltage, and minimum resistance. The advantages of nanomaterials in
ECs include: (i) the large surface to volume ratio, which provides more ion
adsorption or active sites for the formation of electrical double-layer and
charge-transfer reactions; (ii) short diffusion and transport length scales for elec-
trolyte ions within the nanostructures, which can facilitate transport of electrolyte
ions; and (iii) can effectively buffer stress from volume change in redox EC elec-
trodes during charge/discharge. In this section, we introduce several examples of
transition metal oxide [82–86] NWs as electrode materials for pseudo-capacitors.

Among all transition metal oxides, RuO2 has ultrahigh theoretical SC
(*2000 F/g), excellent electrical conductivity, a wide potential window, long cycle
life, and high chemical stability; all of these features have made it one of the most
promising candidates for EC electrodes [87–89]. The highest SC value reported was
for anodically-deposited amorphous RuO2 thin films on stainless steel substrates,
where a maximum SC of 1190 F/g in H2SO4 electrolyte was reported [90]. In
comparison, RuO2 nanorod arrays grown on LiNbO3(100) substrates were reported
by Ke et al. [91] to have a SC value of 569 F/g. The decreased SC for the crystalline
nanorods versus amorphous films can be attributed to slower transport and diffusion
of ions [80, 81]. The major drawbacks of RuO2 are high cost and toxicity, which
prevent it from being used in the commercial ECs. Alternative transition metal
oxide materials include MnO2, NiO, Co3O4, and V2O5, as well as hybrid mixtures
of two or more of these oxides [87–89]. However, these higher abundance and
lower toxicity metal oxides have lower conductivity and theoretical SC than RuO2

[87–89].
For example, Lu et al. [92] reported the synthesis of large-area manganese oxide

(MnO2) nanorod arrays on F-doped SnO2 (FTO) coated substrates. The
free-standing MnO2 nanorods of 70–100 nm in diameter and 1.5 lm in length were
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grown on FTO substrates via anodic electrodeposition in dimethyl sulfoxide
(DMSO) aqueous solution. While the theoretical SC is *1100 F/g [93], electro-
chemical measurements showed that the MnO2 nanorod electrodes exhibited SC as
high as 660.7 F/g at a scan rate of 10 mV/s and 485.2 F/g at a current density of
3 A/g. Interestingly, during 1500 cycles at room temperature with a current density
of 3 A/g, the MnO2 nanorod electrode SC increased more than 20 % of its initial
value over the first 700 cycles, and then retained almost constant SC. This work
represents arguably the best reported performance for MnO2 EC electrodes.

The electrical conductivity of many transition metal oxides is lower than RuO2,
and this limits their SC and power characteristics (due to high charge-transfer
resistance). The design of hybrid materials containing different metal oxides, carbon
structures, and conductive polymers is a potential route to enhance the electrical
conductivity and charge-storage capability by introducing more defects and charge
carriers. In addition, coating an ultrathin layer of metal oxide on the surface of a
porous, high surface area material can shorten the electron transport distances and
thus lead to good electrochemical performance. Xia et al. [94] presented a general
two-step solution-based method for the fabrication of transition metal oxide
core/shell nanostructure arrays on various conductive substrates. Demonstrated
examples include Co3O4 on ZnO NW cores and NiO nanoflake shells with a
hierarchical and porous morphology (Fig. 8.5a, b). Supercapacitor electrodes based
on the Co3O4/NiO core/shell NW arrays on a 3D macroporous Ni foam exhibited a
high SC of 853 F/g and stable cycling performance up to 6000 cycles (Fig. 8.5c, d).

Fig. 8.5 a, b Co3O4/NiO core/shell NW arrays showing the flake morphology of the NiO. c SC at
different current densities. d Cycling performances at 2 A/g. Reproduced from [94]. Copyright
2012 American Chemical Society
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These results can be compared to the theoretical SC for NiO of 2573 F/g [95]. In
2013, Lou and coworkers [96] developed a cost-effective and simple strategy to
design and fabricate novel hierarchical NiCo2O4@MnO2 core-shell heterostruc-
tured NW arrays on Ni foams for supercapacitor electrodes. These electrodes,
which had slim mesoporous NiCo2O4 NW cores and ultrathin MnO2 nanoflake
shells, achieved a SC value of >1200 F/g.

In addition to those aforementioned hybrid structures, more complex heterostruc-
tures have also been demonstrated. For example, Jiang et al. [97] reported the design
and synthesis of a highly graphitic carbon-tipped MnO2/mesoporous carbon/MnO2

(MMCM) hybrid NW, using a multi-step hydrothermal method combined with
soft-template method for mesopore formation (Fig. 8.6a, b). The hybrid NW with
optimal carbon content, when applied as an electrode, exhibited superior capacitive
properties in 1 MNa2SO4 aqueous solution, including high SCof 266 F/g (Fig. 8.6c),
rate capability (56.4 % capacity retention at 60 A/g, Fig. 8.6d), and cycling stability
without degradation after 1200 cycles. The energy densities achieved was as high as

Fig. 8.6 a, b Schematic and TEM image of the highly graphitic carbon-tipped MMCM hybrid
NWs. c Charge-discharge curves at 1–60 A g−1. d SC as a function of different current densities of
the MMCM hybrid NWs (red lines), the MCM hybrid NWs (blue lines) and the pristine MnO2

NWs (black lines). Reproduced from [97]. Copyright 2011 Royal Society of Chemistry
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20.8 Wh/kg, at a power density of 30 kW/kg, indicating that the MnO2 in this hybrid
nanomaterial was efficiently utilized with the assistance of the highly conductive
graphitic carbon-tipped mesoporous carbon shell.

In addition to hybrid materials containing multiple metal oxides, carbon-based
materials have also been extensively used to form hybrid structures with metal
oxide NWs for enhancing their electrical conductivity [98]. The Lu group [99]
demonstrated the synthesis of hierarchically porous nanocomposites of interpene-
trating CNTs and V2O5 NW networks (Fig. 8.7), with the SC values of 440 and
200 F/g achieved at current densities of 0.25 and 10 A/g, respectively. In com-
parison, Boukhalfa et al. [100] used ALD method to deposit ultrathin V2O5 on the
surfaces of CNTs that were assembled as a self-supporting paper. Flexible elec-
trodes fabricated using this method were able to deliver remarkable SCs of up to
1550 F/g per active mass of the V2O5 and 600 F/g per mass of the composite
electrode at 1 A/g in 8 M LiCl. Conducting polymers can also applied as the main
electrical transport channels for nanocomposites with metal oxides. For instance,
Zang et al. [101] demonstrated a one-step in situ co-precipitation approach to
synthesize ultrafine MnO2/polypyrrole (PPy) nanorod composite powders at room
temperature. In this approach, pyrrole monomers worked as a reduction agent to
reduce Mn7+ ions in KMnO4 solution to form Mn4+ ions in the form of b-MnO2

crystal. At the same time the pyrrole monomers were subjected to an oxidative
polymerization process to form conductive PPy. The SC of the b-MnO2 NWs
reached as 294 F/g. In another example, Zhou et al. [102] developed a superca-
pacitor electrode composed of well-aligned CoO NW arrays grown on 3D nickel
foam with PPy uniformly immobilized onto or firmly anchored to each NW surface
to boost the pseudocapacitive performance. This CoO NW/PPy hybrid electrode
reached a SC of 2333 F/g, almost achieving the theoretical value of the hybrid,
2467 F/g.

Fig. 8.7 Schematic of method to form supercapacitor material based on interpenetrating networks
of CNTs and V2O5 NW. Reproduced from [99]. Copyright 2009 John Wiley and Sons
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8.4 Sodium-Ion Batteries

Na-ion batteries (NIBs), as an alternative to LIBs, have attracted extensive inves-
tigations, owing to abundant supply and widespread terrestrial reserves of sodium
mineral salts [103]. Much progress on developing electrode materials for NIBs has
been achieved [103]. Similar to LIB, a NIB consists of two Na intercalation
materials as anode and cathode, and share the basic requirements for these elec-
trodes. For instance, single-crystalline layered V2O5 NWs were synthesized by a
simple solvothermal method, and presented a large (001) interlayer spacing of
11.53 Å, which can accommodate Na ion intercalation [104]. When applied as
cathode materials in NIBs, V2O5 NWs exhibited a high capacity of 231.4 mAh/g at
a current density of 80 mA/g. This capacity corresponds well to the theoretical
capacity of 236 mAh/g to form Na2V2O5 [105] on Na-ion intercalation. Su et al.
[106] demonstrated the synthesis of MnO2 nanorods with exposed tunnel structures
by a hydrothermal method. The as-prepared MnO2 nanorods had exposed {111}
crystal planes, which led to Na ion intercalation/deintercalation, were used as
cathode materials for NIBs, with a high initial Na ion storage capacity of
350 mAh/g, and a discharge capacity of 192 mAh/g maintained after 100 cycles,
still much lower than the theoretical capacity, 1232 mAh/g [107]. In another report
[108], the Na4Mn9O18 NWs deliver a reversible capacity of 128 mAh/g at 0.1C
with an initial capacity retention capability of 77 % after 1000 cycles at 0.5C.

Recently, Kim et al. [109] reported the electrochemical activity of anatase TiO2

nanorods as anode materials in NIB. The anatase TiO2 nanorods were synthesized
by a hydrothermal method, and their surfaces were coated with carbon to improve
the electric conductivity. In cell tests, anodes of bare and carbon-coated anatase
TiO2 nanorods exhibit stable cycling performance and attained a capacity of about
172 and 193 mAh/g on the first charge, respectively, in the voltage range of 3–0 V.
The carbon-coated anatase TiO2 delivered good capacity at high rates, 104 mAh/g
at a 10C rate, 82 mAh/g at a 30C rate and 53 mAh/g at a 100C rate, while the
theoretical capacity is 1348 mAh/g. In addition, Yuan et al. [110] realized a strategy
for fabrication of flexible and porous CuO nanorod arrays by simply engraving
commercial copper foils in situ, and the foils were then used directly as the anodes
for a NIB. The efficacy of this concept was demonstrated by the high initial capacity
of over 640 mAh/g, which is close to the theoretical capacity of 674 mAh/g, for a
high charging rate of *8C at room temperature.

8.5 Future Directions and Challenges

It is important to appreciate the advantages and disadvantages of nanomaterials for
electrochemical energy storage, as well as how to control their synthesis and
properties [111]. Although NW structures have enabled the potential to provide
higher energy density than current energy storage systems, this research field is still
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in the developmental stage and will require efforts to understand potentially novel
electrochemical behavior in order to achieve practical applications. Specifically,
there are challenges facing the development and utilization of NW materials in
energy storage, and systematic and detailed studies are still required to promote the
progress of this field. For example, further fundamental studies directed toward
electrochemical reaction processes and mechanisms in different electrolyte systems
(e.g. aprotic, aqueous, hybrid and solid electrolytes) are required to better under-
stand the overall energy storage process. Such studies also will guide the devel-
opment of novel NW cathode and anode materials, as well as electrolytes and
separators.

The research field of NW materials for energy storage has a very bright future,
due to the existence of a wide and distinct variety of compounds with various NW
structures that have been studied, and will continue to be investigated with foci on
discovering new and novel materials, as well as optimizing the performance of the
already established ones. As a result, the materials chemistry and electrochemistry
of these NW materials will be further enhanced and enriched in the future.
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Chapter 9
Nanowire-Enabled Energy Conversion

Abstract Substantial recent scientific effort has been focused on the development
of renewable energy sources, such as solar energy, in order to lower the carbon
footprint for energy usage. Semiconductor NWs are attractive candidates for energy
conversion materials since their composition, size and other factors that determine
basic electronic and optical properties can be synthetically manipulated in complex
ways. In this chapter, we discuss representative NW-based structures and devices
for energy conversion, particularly focusing on photovoltaic, thermoelectric, and
piezoelectric systems that have been used produce energy by converting light, heat,
and mechanical sources.

9.1 Introduction

Renewable clean energy sources will become increasingly important in the coming
decades due to decreasing availability of fossil fuel sources and problematic
long-term consequences of fossil fuel usage associated with increases in CO2

green-house gas emission [1]. There exist many potential renewable energy tech-
nologies in the form of solid-state devices [2], such as solar cells and photoelec-
trochemical (PEC) cells, which convert solar energy in the form of light to the more
practical form of electricity or chemical fuels [3]. Since electricity is ubiquitously
used to power machines and instruments, the practical end product of many energy
conversion processes is electrical energy. Even in devices which produce other
forms of energy, such as storable chemical fuels, the conversion process often
requires, at least as an intermediate energy state, an electrical potential. The study of
energy conversion in materials is a field full of opportunities for practical and
socially significant applications [4].

Due to their tailorable compositions and structures, capability for efficient and
wavelength-tunable photon absorption, and anisotropic charge transport properties,
many semiconductor NW-based materials are promising candidates for energy
conversion devices [4, 5]. To realize this potential, a fundamental understanding of
the electrochemical properties and electron transfer characteristics of NW electrodes
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and catalysts will be essential. The following sections will review advanced
semiconductor NW devices that can enable photovoltaic, thermoelectric, and
piezoelectric energy conversion.

9.2 Photovoltaics

Solar energy conversion is an attractive process for clean and renewable power [6–8].
For over two decades, commercial single- and multi-crystalline silicon solar panels
have dominated the world market for photovoltaics (PVs) [9]. More recent devel-
opments in commercial PVs have centered on second generation solar cells based on
thinner semiconductor absorber layers such as CuInxGa1-xSe2 (CIGS), CdTe, and
amorphous silicon [6, 10]. Third generation solar cells, including tandem cells and
down-converter cells, have demonstrated energy conversion efficiencies beyond the
Shockley-Queissier limiting efficiency of 31 % for a single cell at 1-sun illumination,
but at much higher cost [10–12]. Due to their excellent material quality and tunable
band gaps, III–V compound semiconductors are normally key components of such
high efficiency solar cells. Moreover, studies attempting to harness effects such as
multiple exciton generation and hot carriers in quantum confined nanostructures have
also created much interest [13]. These ideas suggest that fundamental studies of the
synthesis and PV properties of nanoscale structures could serve as a rich area to
search for high efficiency and low-cost solar cell solutions.

The basic solar cell is based on a p–n junction photodiode to generate power
(Fig. 9.1a) [7, 8]. The photogenerated electrons and holes are separated by the
electric field in the junction region, which has a depletion width (W). The first step
in PV conversion process is light absorption. Photon energy absorption leads to
excitation of electrons to various energy levels in the active material. To get effi-
cient energy absorption, light has to be confined inside the active material. Light
confinement is obtained in standard solar cells with various features, including

Fig. 9.1 a Schematic of a p–n junction showing depletion region (W) and the corresponding
energy-band diagram. Incident light ħx creates an electron–hole (e–h) pair. b Typical photodiode
I–V characteristics under illumination
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reflective layers on the back side, front and back surface texture to enhance optical
coupling [14] and antireflective coating on the front side [15]. The second step is
carrier separation and charge collection. Carriers generated in either the p- or n-type
material within a minority charge carrier diffusion length of the depletion region can
be collected at the junction and contribute to the total current.

As shown in Fig. 9.1b, the typical parameters relevant to solar cell characteri-
zation include [7, 8]: (i) short-circuit current ISC, sometimes evaluated in the current
density form JSC, corresponds to the short circuit condition when the voltage equals
0. For an ideal cell, ISC is the total current produced by photon excitation;
(ii) open-circuit voltage VOC, the voltage when no current passing through the cell;
(iii) maximum power PMAX, indicated by the dashed lines, that can be achieved by
the solar cell, the voltage and current at PMAX are denoted as VMP and IMP,
respectively; (iv) the fill factor (FF), the ratio of PMAX and the theoretical power PT;
(v) efficiency η, the ratio of the power output and the solar power input. The
maximum η is achieved at PMAX. Solar cell are typically characterized under 1-sun,
air mass 1.5-global illumination (AM 1.5 G) as a standard for comparison.

The use of single semiconductor NWs or NW arrays as PV elements presents
several key advantages that could be leveraged to produce high-efficiency, robust,
integrated PV power sources [4, 9, 16–19]. Using NW arrays instead of wafers or
thin films provides opportunities to minimize losses in photon absorption and
carrier separation and collection at a lower cost. The potential cost benefits come
primarily from lowering the purity standard and the amount of semiconductor
material needed to obtain high efficiencies; increasing the defect tolerance; and
enabling new single-crystalline materials to be used without expensive,
lattice-matched substrates. For single NW PV devices, the principle of bottom-up
design allows the rational control of key nanomaterial parameters, which will
determine PV performance, including chemical/dopant composition, diode junction
structure, size, and morphology. Also, studies of PV properties at the single NW
level will permit determination of the intrinsic limits, areas of improvement, and
potential benefits of nano-enabled PV. As the most predominant products in the
current PV market are Si-based modules (band gap *1.1 eV) [7, 8], here we use
SiNW arrays as examples to discuss the enhancement of light absorption, both
single SiNWs and SiNW arrays with radial p–n junctions for enhanced carrier
separation, and III–V compound materials for tunable band gaps.

9.2.1 Nanowire Arrays for Enhanced Light Absorption

Two major aspects for a solar cell design are the light absorption and charge
separation/collection. Strong photon trapping and absorption are prerequisites for
generating sufficient charge carriers and obtaining high photoconversion efficiency
[20]. Absorption losses can be divided into two categories: reflection and
transmission.
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Reflection at an interface arises from a difference in refractive index between two
media [21]. One common strategy to reduce reflection of a solar cell is to add
anti-reflection coatings that have a refractive index intermediate between that of the
semiconductor and that of air [22]. As NW arrays with air filled in the spacings can
be regarded as an intermediate layer between air and the substrate, the
anti-reflection design of NWs has been further optimized by fabricating NW arrays
with gradual modulation of the effective refractive index [23] (Fig. 9.2a). With
graded-refractive index layers, light experiences a gradual change of the refractive
index instead of a sharp change, which substantially reduces light reflection over a

Fig. 9.2 a Top (from left to right): Schematic illustration of an amorphous hydrogenated Si layer
(a-Si:H) on ITO glass, a monolayer of SiO2 nanoparticles on top of a Si layer, a uniform SiNW
array, and a Si nanocone array. Bottom (from left to right): The effective refractive index profiles of
the interfaces between air and the Si thin film, SiNW array, and Si nanocone array. b SEM image
of amorphous Si:H nanocones prepared by nanosphere lithography. c Measured value of
absorption on samples with Si:H thin film, uniform NW arrays, and nanocone arrays as the top
layer over a large range of wavelengths at normal incidence. Reproduced from [23]. Copyright
2009 American Chemical Society
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large range of wavelength and angles of incidence. For example, Huang et al. [24]
reported a simple aperiodic array of tapered SiNWs (nanocones) with a
sub-wavelength structure that can suppress the reflection of light at a range of
wavelengths from the ultraviolet, through the visible part of the spectrum, to the
THz region. Reflection is suppressed for a wide range of angles of incidence and for
both s- and p-polarized light. The antireflection properties result from changes in
the refractive index caused by variations in the height of the SiNWs. Later, Zhu
et al. [23, 25] also reported tapered SiNW solar cells with an efficient broadband

Fig. 9.3 Optical measurements of SiNW arrays of various lengths. Cross-sectional SEM image of
SiNW arrays with lengths of a 2 lm and b 5 lm. c Transmission spectra of planar and NW
samples. NW samples exhibit significantly decreased transmission across a broad wavelength
range due to increased light-trapping in the NW arrays. Reproduced from [27]. Copyright 2010
American Chemical Society
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anti-reflection property. The SiNWs were fabricated by RIE with a SiO2 nanosphere
monolayer mask, followed by HF etching of the SiO2 mask. As shown in Fig. 9.2b,
c, for wavelength between 400 and 650 nm, the absorption of the tapered SiNW
arrays is maintained above 93 %, which is much better than that of the uniform
SiNW arrays (75 %) and amorphous Si thin films (64 %). Later, Lu et al. [26]
reported the use of EBL and RIE to form periodically aligned SiNWs with a
nano-conical-frustum shape. The top and bottom diameters of the conical SiNWs
are 340 and 800 nm, respectively, and the array periodicity is 800 nm. For solar
cells with only bare Si and with these ordered SiNWs arrays, they showed Isc of
13.6 and 26.4 mA/cm2, Voc of 0.54 and 0.59 V, FF of 0.71 and 0.69, and η of 5.2
and 10.8 %, respectively.

In addition to suppressing reflection, NW arrays are also very efficient at
reducing transmission. This permits the use of significantly less material than bulk
crystalline PV devices by reducing the overall thickness of the semiconductor
absorber layer [3]. To quantify the light-trapping capability of the SiNW arrays,
transmission measurements were performed through the free-standing Si-thin films
on transparent SiO2 support layers (Fig. 9.3a, b) [27]. These thin Si films were
subsequently patterned and etched to form NWs, and the optical measurements
performed on these films before and after NW fabrication show that the trans-
mission over the entire spectral range from 600 to 1100 nm is reduced by factors of
2.9–7.8 and 12–29 for the 2 and 5 lm NWs, respectively, compared to the planar
sample (Fig. 9.3c). This demonstrates the ability of NW architectures to reduce the

Fig. 9.4 Representative composition and optical properties of each wire-array tiling pattern. The
scale bars in the left column apply to all images across each row. Top row SEM images of
as-grown wire arrays viewed from a top-down perspective. Second row SEM images viewed at a
20° angle. Third row transmitted diffraction patterns of polymer-embedded wire arrays on a quartz
slide. Bottom row integrated transmission of each wire array as a function of the beam incidence
angle. Reproduced from [28]. Copyright 2010 Nature Publishing Group
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raw material requirements to fully absorb the solar spectrum, which could even-
tually lead to decreased PV manufacture cost.

Atwater and coworkers [28] studied the absorption of SiNW arrays indepen-
dently from the optical effects of the growth substrate by embedding them in
transparent PDMS. Numerous arrays of varying NW length, diameter, spacing and
tiling patterns (including periodic, quasi- periodic and random motifs) were
investigated (Fig. 9.4). It was shown that arrays having less than 5 % areal fraction
of NWs could achieve up to 96 % peak absorption with up to 85 % absorption of
day-integrated, above-band gap direct sunlight. The observed absorption
enhancement and collection efficiency enable a cell geometry that not only uses
1/100th the material of traditional wafer-based devices, but also may offer increased
PV efficiency owing to an effective optical concentration of up to 20 times.

9.2.2 Radial Junction Nanowires for Enhanced Carrier
Separation

In addition to the superior light trapping and harvesting capabilities, NWs with
radial core-shell p–n junctions can allow for light absorption and charge carrier
separation/collection in two orthogonal directions [6, 9, 16]. The incident photons
can be efficiently absorbed in the axial direction of NWs, typically several to tens of
microns. After holes and electrons are generated, they can quickly diffuse across the
p–n junctions in the radial direction, typically in the order of several to tens of
nanometers, leading to effective charge separation and collection. NW arrays with
excellent light absorption and high quality interfaces between their core-shell
p–n junctions could then lead to high-efficiency photoconversion. Simulations of
radial p–n junctions confirmed this core-shell NW design concept [29], and sug-
gested that radial p–n junctions prepared from lower quality materials, which would
lead to shorter carrier diffusion length, could still achieve efficient charge separa-
tion. For axial junction NWs, the p-type and n-type regions can be made arbitrarily
short since their main purpose is to provide contact to the junction embedded within
the NW. Therefore, the active device area can be kept very small so as to enhance
integration. In this section, we introduce representative examples of radial
p–n SiNWs synthesized via both bottom-up and top-down methods.

In 2007, Lieber and coworkers [30] reported the first example of solar cell based on
single SiNWswith radial junctions. The SiNWswere synthesized byAu-nanoparticle
catalyzed VLS growth and had a p–i–n coaxial structure (Fig. 9.5a, c). To fabri-
cate the single NW PVs, the n-type and intrinsic Si shells on one end of
SiNW were selectively etched to expose the p-Si core inside, and then separate
contacts were made to the p-type core and outer n-type shell. I–V data shown in
Fig. 9.5d yielded a Voc of 0.26 V, Isc of 0.503 nA (Jsc of 23.9 mA/cm2), and FF of
55.0 %, and a maximum photoconversion efficiency of 3.4 % (Fig. 9.5e). In com-
parison, the same group [31] reported the fabrication of tandem solar cells based on
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SiNWs with axial doping variation of p–i–n+–p+–i–n. The introduction of tandem
structures increased the Voc to 0.29 V, while the Jsc dropped to 3.5 mA/cm2, leading
to a maximum efficiency of 0.5 %.

In addition to single NWs, Tsakalakos et al. [32] reported direct growth of SiNW
arrays on stainless steel foils coated with Ta2N for all-inorganic solar cells in
2007. The diameter and length of these SiNWs were *100 and 16 µm, respec-
tively, and the SiNWs were p-type with a doping concentration of *1018 cm−3.
Following NW growth, the surface of these p-type SiNWs was covered with
a * 40 nm-thick, amorphous n-type Si shell by plasma-enhanced CVD to form
p–n junctions. Strong suppression of the light reflection was observed, although the
measured efficiency was relatively low at *0.1 %. This low efficiency was
attributed to the limitations in photogenerated carrier separation, p–n junction
quality, and electrical contacts. Kendrick et al. [33] prepared well-aligned radial
p–n junction SiNW array with an average NW diameter of 2.6 lm, by
Au-nanoparticle catalyzed VLS growth, and used an oxidation cleaning process to
remove residual Au catalyst material from the NW tips. The measured Voc and Jsc

Fig. 9.5 a Illustrations of the core/shell SiNW structure; its cross-sectional diagram shows that
the photogenerated electrons (e−) and holes (h+) are swept into the n-shell and p-core, respectively,
by the built-in electric field. b SEM images of the p–i–n coaxial SiNW at two different
magnifications. c Cross-section SEM image of a coaxial SiNW after wet-chemical etching from the
cleaved end. d Dark and light I–V curves of a coaxial SiNW device. e Current density versus
voltage for single SiNW coaxial p–i–n (red), axial p–i–n (blue) and Schottky junction (black
squares) PV devices. Reproduced from [30]. Copyright 2007 Nature Publishing Group
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were 500 mV and 7.6 mA/cm2, with an improved efficiency of 2.3 % and a FF of
57 %, much higher than the randomly oriented SiNW arrays reported previously
[32].

SiNWs prepared by the top-down methods, such as RIE or the metal-assisted
solution etching, have also been employed for solar cell applications. For instance,
the Yang group [27] reported the fabrication of SiNW-based solar cells by deep RIE
etching of n-type Si wafer, using the self-assembled *500-nm-diameter SiO2

nanosphere monolayer as masks. The average lengths of the n-type SiNWs obtained
in this way were about 5 µm, and the average distance between adjacent SiNWs in
the array was *500 nm, where the separation was determined by the size of the
SiO2 nanosphere mask. After removal of the SiO2 nanospheres by HF etching,
p–n junctions were formed by boron diffusion. Solar cell performance measured on
a 0.67 cm � 0.67 cm SiNW array and AM 1.5G illumination showed Voc of
525 mV, Jsc of 16.45 mA/cm2, FF of 55.9 %, and an efficiency of *4.83 %. For
solution-etched SiNW arrays, Li et al. [34] reported an efficiency of *9.2 % for an
array obtained with a size of *1 � 1 cm2. Although this solution-based method is
cost effective, the surface of the SiNWs prepared in this way is much rougher than
VLS–grown SiNWs, and this roughness can limit the formation of high quality
p–n junctions and good electrical contacts. In addition, rough surfaces may intro-
duce a higher density of surface defects that substantially enhance carrier recom-
bination and thus further limit solar cell performance.

In 2012, Kempa et al. [35] demonstrated the controlled synthesis of a series of
polymorphic core/multi-shell NWs with highly crystalline, hexagonally-faceted
shells, and well-defined coaxial p/n and p/in diode junctions. Designed 200–
300 nm diameter p/in NW diodes exhibit Voc and FF up to 0.5 V and 73 %,
respectively. Single-NW wavelength-dependent photocurrent measurements reveal
size-tunable optical resonances, external quantum efficiencies greater than unity,
and current densities double those for Si films of comparable thickness. In addition,
finite-difference-time-domain (FDTD) simulations for the measured NW structures
agree quantitatively with the photocurrent measurements, and demonstrate that the
optical resonances are due to Fabry–Perot and whispering–gallery cavity modes
supported in the high-quality faceted nanostructures (Fig. 9.6). Synthetically opti-
mized NW devices achieved current densities as high as 17 mA/cm2 and power
conversion efficiencies of 6 %.

In spite of these substantial research effort and progress, the performance of
SiNW-based solar cells still remain lower than microscale Si wires [36]. This can be
partially rationalized as the high surface-to-volume ratio of SiNWs can enhance
photocarrier recombination and reduce Voc, although Jsc of SiNWs can be improved
by the relaxation of charge diffusion distance requirement and enhanced light
absorption [28]. Yuan et al. [37] carried out a detailed study of SiNW electronic
properties that aims at understanding what limits the performance of SiNWs, which
demonstrated that the performance of SiNW solar cells is not a result of the NW
morphology, but intrinsic to the growth chemistry. This work suggested more
attention should be paid to the optimization of the synthesis of SiNWs in order to
realize the full potential of this exciting material for energy conversion purposes.
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Oh et al. [38] reported that the Auger recombination is a more dominating charge
recombination process than the surface recombination for solar cells made of
SiNWs and Si nanopores. This Auger recombination, induced by excessive doping
related to in-diffusion through the high surface area of these Si nanostructures, can
be suppressed with light and shallow doping as well as the surface area control. By
this means, an all-inorganic solar cell made of “black-silicon” has achieved 18.2 %
efficiency under AM 1.5G illumination without additional antireflection coating.

9.2.3 Tuning Band Gaps of III–V Compounds

Group III–V compounds have also attracted considerable attention as potential
full-solar-spectrum PV materials, since their band gaps can be tuned over a large
range with different composition and doping [39, 40]. For instance, the band gap of
InxGa1-xN can in principle be tuned to span nearly the entire solar spectrum from

Fig. 9.6 Enhanced and tunable absorption in NWs. a External quantum efficiency (EQE) as a
function of wavelength for a p/in NW (black curve) and simulated EQE spectrum (dashed red
curve). b EQE spectrum of a p/pin NW compared to the irradiance of the AM1.5G solar spectrum
(dashed blue curve). c FDTD simulations of resonant mode spatial profiles for p/in (profiles 1–3)
and p/pin (profiles 4–6) structures. Labeled profiles correspond to the EQE peaks labeled within
(a) and (b). Resonant modes labeled 3 and 6 correspond to whispering–gallery type modes while
all others correspond to Fabry–Perot resonances. d Plot of electric field intensity for plane wave
(k = 445 nm) interacting with a NW (left) and bulk Si (right). Beneath are plots of total JSC as a
function of position inside the NW or bulk Si. Reproduced from [35]. Copyright 2012 the National
Academy of Sciences of the United States of America
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0.7 to 3.4 eV [41, 42]. Previously, research focused on the growth of III-nitride thin
films on lattice mismatched sapphire substrates had shown relatively high densities
of threading dislocations, which degraded p–n diode device performance by
increasing leakage current [43–45]. In contrast, the synthesis of III-nitride NWs can
be virtually substrate-free, which prevents the formation of dislocations originating
from lattice mismatch between NWs and the planar growth substrate [46–51].
Moreover, the effective relaxation of lateral strain in coaxial heterostructured NWs
can allow for high-quality integration of materials with larger lattice mismatches
than possible in traditional planar structures [52]. In 2009, the Lieber group [53]
reported the first experimental realization of coaxial group III-nitride NW PV
devices, n-GaN/i-InxGa1-xN/p-GaN, where variation of indium mole fraction was
used to control the active layer band gap and hence light absorption (Fig. 9.7).
A key advantage of this core/shell/shell architecture is that the p/i/n interface
extends along the entire length of the NW with carrier separation in the
radial direction. In this geometry, photogenerated carriers can be collected from the
p/i/n junction with high efficiency since diffusion lengths are relatively short.
Hence, >85 % of the incident light with energy above the band gap, which can be
tuned with the value of x, can be absorbed within the first 200 nm of material.
Electroluminescence measurements demonstrate tunable emission from 556 to
371 nm and thus confirm band gap variations in the InxGa1-xN active layer from
2.25 to 3.34 eV. AM 1.5G illumination yielded Voc from 1.0 to 2.0 V and Jsc from
0.39 to 0.059 mA/cm2 as the indium composition is decreased from 0.27 to 0, and a
maximum efficiency of � 0.19 %.

Fig. 9.7 Cross-sectional view of p–GaN/i–InxGa1-xN/n–GaN heterojunction (left) and p–GaN/n–
GaN homojunction (right) NW structural motifs and their corresponding energy band diagrams.
The wavy colored arrows in the cross-section view indicate light of different wavelengths that is
absorbed by the NWs. The dashed lines in the band diagrams indicate the position of the Fermi
level. Reproduced from [53]. Copyright 2009 American Chemical Society
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9.3 Photoelectrochemical Conversion/Photocatalysis

Electricity and hydrogen produced through light energy-driven water splitting are
two important forms of clean energy [54–58]. Water splitting is a thermodynami-
cally uphill or endothermic process: H2O ! H2 + 1/2O2, where
ΔG = 237.2 kJ/mol and E0 = 1.23 V versus normal hydrogen electrode (NHE).
This process can be carried out in a PEC cell, where the light energy is absorbed by
the electrodes (cathode and anode) and converted into electrical energy as well as
chemical energy stored in hydrogen (Fig. 9.8a). Since the first demonstration in
1972 reporting the PEC cells using TiO2-based electrode [59], substantial research
have been carried out focusing on the design and fabrication of the semiconductor
electrodes [3, 4, 58, 60, 61].

NW arrays have been explored as potential PEC electrodes for several years
[3, 4, 58]. A large variety of materials have been utilized as photocathodes and
photoanodes, in which a reduction reaction and an oxidation reaction take place,
respectively [62]. For anodes, semiconductors with low valence band edge are often
investigated, due to their high oxidation potential. The current research has been
focused on several materials, including TiO2 [63, 64], ZnO [65, 66], WO3 [67],
Fe2O3 [68, 69], BiVO4 [70], Ta3N5 [71], and n-type Si [72]. Common photocathode
candidates include III-V compounds such as GaN [73] and GaP [74, 75], p-type Si
[76, 77] and combined core/shell structures [78]. In addition, catalysts for water
splitting half-reactions, such as hydrogen evolution reaction (HER) [79–81] and
oxygen evolution reaction (OER) [82–84], are often needed to enhance the reaction
rate and efficiency. Here, we will focus on SiNWs as an example for description of
the PEC-related works. Since the band gap of Si (*1.1 eV) is smaller than that
required for full water splitting, a redox couple such as alcohols, Br2/Br

− or I3/I
− is

often used for sacrificial hole scavenging in the electrolyte solution without oxygen
evolution [85] to yield an overall thermodynamically favorable reaction (Fig. 9.8b).
For other PEC materials, readers are referred to several reviews [55–57, 62].

Fig. 9.8 a Fundamental principle of semiconductor-based photocatalytic water splitting for
hydrogen generation. Reproduced from [56]. Copyright 2010 American Chemical Society.
b Schematic diagram of the hydrogen production PEC cell using SiNW arrays. Reproduced from
[85]. Copyright 2012 IOP Publishing Ltd.
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9.3.1 Si Nanowire-Based Photoelectrochemical Water
Splitting

In 2007, Mallouk and coworkers [86] demonstrated one of the first PEC energy
conversion devices based on VLS-synthesized p-type SiNWs. The Voc of the SiNW
photocathode, *220 mV, was substantially lower than the best result achieved for
bulk Si sample (ca. 500 mV). Another challenge of this early work was that the
SiNWs were produced as free-standing structures, limiting the potential for
large-scale device fabrication. At the same time, Lewis and coworkers [87] reported
VLS-grown vertically aligned microscale n-type Si wire arrays with high aspect
ratios, where the growth was performed at high temperature, 1050 °C, using SiCl4
diluted in H2. These *1.5 µm diameter Si wires were epitaxially grown from a
degenerately doped n-type Si(111) wafers, and yielded a slightly better Voc

of *389 mV and Jsc *1.43 mA/cm2; these values were higher than the control
substrate without NWs where Voc was *232 mV and Jsc was *0.28 mA/cm2.
Later, Yuan et al. [72] developed a method for synthesis of vertically aligned
SiNWs using a simple hot-wall CVD system and SiH4 as the precursor. The Jsc and
Voc obtained from their work were 4.19 mA/cm2 and 324 mV, respectively. In
2010, the Atwater and Lewis groups [76] reported the growth of p-type Si wires on
p+-Si(111) substrates using Cu NPs as catalyst and SiCl4/BCl3 as the precursors. By
controlling the bulk impurities, surface defects and doping, NWs, with 100 µm in
length and 1.6 µm in diameter were found to yield PEC efficiency of 2.6 %. These
p-type SiNWs could also be transferred to flexible and transparent PDMS films,
with a PEC performance similar to those attached to the Si wafer [88]. On the other
hand, SiNWs arrays formed by metal-assisted solution etching offer an alternative
means of obtaining large-scale substrates for PEC electrodes. In 2008, Peng et al.
[89] demonstrated PEC conversion using n-type solution-etched SiNWs with a
doping concentration of *3.4–6.4 � 1014/cm3. The etched SiNW arrays have a
relatively uniform length of *15 µm but a 20–300 nm distribution in diameters.
A modest Jsc of 1.36 mA/cm2 was obtained with a Br2/Br

− redox couple, while the
photo-voltage, Voc * 730 mV, was substantially higher than other reports.

Recently, the mechanism of the water splitting on Si surfaces was further
investigated in pure water under light illumination [90]. It was reported that
hydrogen gas can indeed be produced from SiNWs when illuminated in water, but
the reactions are not a real water-splitting process. Instead, the production of
hydrogen gas on the SiNWs occurs through the cleavage of Si–H bonds and the
formation of Si–OH bonds, resulting in the low probability of generating oxygen.
On the other hand, these two types of surface dangling bonds both extract pho-
toexcited electrons, whose competition greatly impacts carrier lifetime and reaction
efficiency. Thus, surface chemistry represents another key area to address in order
to achieve high efficiency in such Si-based photocatalytic systems.

In addition to pristine SiNWs, other materials have been explored to form hybrid
structures with SiNWs to improve their PEC performance. Platinum nanoparticles
(PtNPs) are one of the most frequently used materials due to superior catalytic
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properties [58] of this precious metal. Deposition of 5–10 nm PtNPs on the sidewall
surfaces of solution-etched n-type SiNW arrays was demonstrated by Peng et al.
[91]. The resulting SiNW/PtNP hybrid yielded a photo-conversion efficiency of
8.14 %, which was the highest value reported at that time. The Si/PtNP junctions
and the excellent catalytic activity of PtNPs for the electrode process were sug-
gested to be responsible for enhancing the solar energy conversion efficiency.
Carbon structures, such as CNTs and graphene, were also studied as hybrid
structures with SiNWs [58]. Shu et al. [92] reported a hybrid solar cell composed of
a heterojunction cell and a PEC cell. A thin film of double-walled CNTs forms a
heterojunction with the SiNW array in the hybrid cell, and also functions as the
transparent counter electrode of the PEC cell. This hybrid heterojunction solar cell
and PEC cell shows an efficiency of 1.29 %, at an optimal SiNW density of 15 %.
Furthermore, by transferring pre-formed CNT arrays on the top of the SiNW arrays
to make the CNT/SiNW junctions, an efficiency up to 6 % was achieved [93].

Key challenges identified to SiNW-based PEC include addressing surface
photo-oxidation and photo-corrosion of Si when it is in contact with the electrolyte
[94] and reducing recombination losses. Carbon coating has been frequently
applied to improve the stability of SiNWs. For example, SiNWs with covalently
attached methyl groups demonstrate excellent stability even in the presence of water
[94]. When using a room temperature ionic liquids as electrolyte solvent, negligible
surface oxidation was observed on the SiNW surfaces, and an efficiency of 6.0 %
was obtained from these methylated SiNW/PtNP photoelectrodes under AM 1.5G
irradiation. Later, the same group [95] reported that coating SiNWs with an
ultra-thin carbon film by CVD deposition to form a Si/C core/shell structure, fol-
lowed by decoration with PtNPs. The environmentally friendly and chemically
stable carbon film not only passivates the SiNW surface and protects them again
photo-corrosion, but also reduces recombination losses that increase due to solution
etching. The PtNPs can further improve the stability of SiNWs and lead to a
significant increase in the efficiency owing to enhanced interfacial charge transfer.
As a result, these SiNW/C/PtNP arrays display a high photoconversion efficiency
up to 10.86 % and excellent performance stability in aqueous Br2/Br

– solution.

9.3.2 Dual-Band Gap Artificial Photosynthesis

The concept of “artificial photosynthesis” has inspired substantial research interest
for over three decades, in which abundant energy-poor molecules (such as water
and carbon dioxide) are converted into energy-rich molecules (such as hydrogen
and hydrocarbons), using sunlight as the energy source, mimicking the natural
photosynthesis process occurring in plants [62, 96–99]. The carbon-fixing scheme
in nature displays crucial design features for an engineered solar-to-fuel conversion
system: spatial and directional arrangement of the light-harvesting components,
charge separation and transport, and conversion of the stored potential to chemicals
at catalytic sites in compartmentalized spaces [4].
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The thermodynamic potential needed to drive the water splitting or carbon
dioxide reduction is typically greater than 1 V [100]:

H2O ! H2 þ 1=2O2 E0 ¼ 1:23 V
� �

CO2 þH2O ! HCOOHþ 1=2O2 E0 ¼ 1:40 V
� �

CO2 þH2O ! HCHOþO2 E0 ¼ 1:34 V
� �

CO2 þ 2H2O ! CH3OHþ 3=2O2 E0 ¼ 1:21 V
� �

CO2 þ 2H2O ! CH4 þ 2O2 E0 ¼ 1:06 V
� �

Hence, if only one light-absorber material is used, the voltage requirements limit the
choice of materials to wide band gap semiconductors [100]. Inspired by biological
photosynthesis with two light-absorbing centers that relay excited electrons in a
nanoscopic space, a dual-band gap PEC system, known as “Z-scheme”, is expected
to have higher theoretical energy conversion efficiency than a single band gap
system [99, 101, 102].

A model “Z-scheme” system with two light-absorbing NW materials, Si and
TiO2, were chosen to demonstrate the capability of an integrated nanostructure to
use sunlight to split water (Fig. 9.9a, b) [103]. For such asymmetric NW
heterostructures with the dual-band gap configuration, electron-hole pairs can be
generated in the Si and TiO2 using photons of different wavelengths, corresponding
to their different band gaps. Because of the band-bending of the space-charge layer
at the semiconductor/electrolyte interface [54], solar illumination leaves positively
charged holes on the n-TiO2 side (anode) and negatively charged electrons on the
p-Si side (cathode), while the majority carriers recombine at the Si/TiO2 interface.
Charge transport of photogenerated electrons and holes within a single asymmetric
Si/TiO2 NW was measured as shown in Fig. 9.9c, f. Under UV illumination, a
higher surface potential was observed on the n-TiO2 side, relative to the potential of
the p-Si side. This asymmetric NW heterostructure with a dual band gap configu-
ration and simultaneously exposed anode and cathode surfaces represents an ideal
platform for the development of technologies for the generation of solar fuels,
although better photoanode materials, which can more efficiently absorb the solar
spectrum, remain to be developed.

Subsequent studies [104] have further developed this system by demonstrating a
fully integrated system of nanoscale photoelectrodes. This system consisted of
arrays of p-SiNW backbones with highly branched n-TiO2 NW protruding from a
portion of the backbone NWs (Fig. 9.10). Similar to the photosynthetic system in a
chloroplast, the artificial photosynthetic system comprises two semiconductor light
absorbers with large surface area, an interfacial layer for charge transport, and
spatially separated cocatalysts to facilitate the water reduction and oxidation. All of
the individual components, including two NW photoelectrodes with large surface
area, an ohmic contact, and two cocatalysts, were carefully positioned in order to
maximize the energy conversion efficiency (Fig. 9.10). Under simulated sunlight, a
0.12 % solar-to-fuel conversion efficiency is achieved, which is comparable to that
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of natural photosynthesis [105]. The result demonstrates the possibility of inte-
grating material components into a functional system that mimics the nanoscopic
integration in chloroplasts. It also provides a conceptual blueprint of modular
design that allows incorporation of newly discovered components for improved
performance.

Recently, Liu et al. reported an artificial photosynthetic scheme that functions
via a similar two-step process by developing a biocompatible light-capturing NW
array that enables a direct interface with microbial systems [106]. In this system, a
hybrid semiconductor NW—bacteria system can reduce CO2 at neutral pH to a
wide array of chemical targets, such as fuels, polymers, and complex pharmaceu-
tical precursors, using only solar energy input (Fig. 9.11). The SiNW array harvests
light energy to provide reducing equivalents to the anaerobic bacterium, Sporomusa
ovata, for the PEC production of acetic acid under aerobic conditions (21 % O2)
with low overpotential (<200 mV), high Faradaic efficiency (up to 90 %), and

Fig. 9.9 a Schematic energy diagram of charge separation for the Si/TiO2 dual-band gap
configuration. The Fermi level in dark (dashed blue) and quasi-Fermi levels under illumination
(dashed red) are shown. b Schematic of the spatial charge distribution within an asymmetric NW
under illumination according to (a). c Topographical AFM image of the asymmetric NW and
measured surface potential mapping of an asymmetric NW in the dark d and under 365 nm UV
illumination with 4.5 mW/cm2 intensity e. f Surface potential profiles along an asymmetric NW
from Si (distance 0 lm) to Si/TiO2. The curves are offset for clarity. Reproduced from [103].
Copyright 2011 American Chemical Society
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Fig. 9.10 a Structural schematics of the nanotree heterostructure. TiO2 NWs (blue) were grown
on the upper half of a SiNW (gray), and the two semiconductors absorb different regions of the
solar spectrum. Photoexcited electron—hole pairs are separated at the semiconductor-electrolyte
interface to carry out water splitting with the help of cocatalysts (yellow and gray dots on the
surface). b Energy band diagram of the nanotree heterostructure for solar-driven water splitting.
c, d False-colored SEM image (c) and magnified SEM image (d) of the details of a nanotree
heterostructure. Reproduced from [104]. Copyright 2013 American Chemical Society
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long-term stability (up to 200 h). The resulting acetate (� 6 g/L) can be activated
by genetically engineered Escherichia coli and used as a building block for a variety
of value-added chemicals, such as n-butanol, polyhydroxybutyrate polymer, and
three different isoprenoid natural products. As such, interfacing biocompatible
solid-state nanodevices with living systems provides a starting point for developing
a programmable system of chemical synthesis entirely powered by sunlight.

9.4 Thermoelectrics

In addition to solar-related energy conversion, electricity generated from other
energy sources, such as heat, can also contribute to the production of renewable
energy [107]. When placed in a temperature gradient, thermoelectric materials
generate an electrical potential that can be used to power an external load.
Approximately 90 % of the world’s power is generated by heat engines that use
fossil fuel combustion as a heat source and typically operate at 30–40 % efficiency,
such that roughly 15 TW of heat is lost to the environment [108]. Thermoelectric
modules could potentially convert part of this low-grade waste heat to electricity.
Their efficiency depends on the thermoelectric figure of merit, ZT, of their material
components, which is defined as ZT = S2 T/qk, where S, q, k, and T are the Seebeck
coefficient, electrical resistivity, thermal conductivity, and absolute temperature,
respectively [107]. Therefore, ideal thermoelectric materials should have a low k, to

Fig. 9.11 Schematic of a general artificial photosynthetic approach, it includes four general
components: 1 harvesting solar energy, 2 generating reducing equivalents, 3 reducing CO2 to
biosynthetic intermediates, and 4 producing value-added chemicals. Reproduced from [106].
Copyright 2015 American Chemical Society
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maintain large temperature gradients, and a low q, to minimize Joule heating and
maximize the available charge carriers contributing to the thermoelectric effect.
Both electrons and lattice vibrations, called phonons, can conduct heat and thus
contribute to k. S depends on the electronic band structure of the material near the
Fermi level and varies with the change in carrier density per degree Kelvin [4, 107].
Over the past five decades, however, it has been challenging to increase ZT > 1,
since the parameters of ZT are generally interdependent [109, 110]. Theoretical
calculations have shown that the reduction of materials dimension can benefit for
the ZT enhancement, as the electronic band structure tuned by quantum confine-
ment effect in nanostructures should increase the power factor (S 2 /q) for quantum
wire structure dramatically [111]. Bismuth compounds [112] (such as Bi2Te3 and
Bi2Se3) and lead chalcogenides [113] (such as PbSe) are among the most promising
candidates for thermoelectric conversion close to room temperature, while the
fabrication of these materials in nanostructures are not often easy to scale to
practically useful dimensions [114–116].

Si, on the other hand, is the most abundant and widely used semiconductor, with
a large industrial infrastructure for low-cost and high-yield processing. Bulk Si,
however, has a high k * 150 W/mK at room temperature, giving ZT < 0.01 at
300 K [117]. In 2008, the Yang group [108] demonstrated the use of wafer-scale
SiNWs synthesized by an aqueous electroless etching (EE) method for thermo-
electric conversion. SiNWs synthesized by this method had diameters of *50 nm
and rough surfaces (Fig. 9.12a, b), which led to substantial reduction of
k. Figure 9.12c shows the measured k of both VLS and EE SiNWs. The k of both
type of NWs is strongly diameter-dependent [118], which is attributed to boundary
scattering of phonons. In the case of the EE NWs, the roughness at the NW surface
behaves like secondary scattering boundary, and was proposed to contribute to
higher rates of diffuse reflection or backscattering of phonons. Regardless of the
details, measurements yielded a thermal conductivity *1.6 W/mK, approximately
unchanged power factor S2/q, and resulting ZT of 0.6 at room temperature. At the
same time, the Heath group [119] also reported efficient thermoelectric performance
from SiNWs with cross-sectional areas of only 10 � 20 and 20 � 20 nm2. By

Fig. 9.12 Rough SiNWs and their thermal conductivity. a, b TEM images of an EE NW and a
VLS NW, respectively. c Temperature-dependent thermal conductivity of EE NWs and VLS NWs.
Reproduced from [108]. Copyright 2008 Nature Publishing Group
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varying the NW size and impurity doping levels, ZT values representing an
approximately 100-fold improvement over bulk Si were achieved over a broad
temperature range, including ZT * 1 at 200 K. Their measurements of S, q and
k indicated that the improved efficiency originates from phonon effects [117, 120].
In 2012, Lee et al. [121] employed a Si–Ge alloy NW structure to maximize the
depletion of heat-carrying phonons. This resulted in a k of * 1.2 W/mK, signifi-
cantly lower than those of bulk SiGe, k * 7–8 W/mK. The ZT measured for the
SiGe alloy NW was 0.46 at 450 K and can theoretically reach 2.2 at 800 K. The
authors suggested that the surface-boundary scattering is prominent when the NW
diameter is over *100 nm, whereas alloying plays a more important role in sup-
pressing phonon transport for smaller diameter NWs.

9.5 Piezoelectric Effects

The piezoelectric effect [122], which corresponds to the ability of a material to
generate a voltage in response to an applied mechanical force, has also been
explored as an alternative approach for energy conversion [123, 124]. This concept
has been subsequently explored in a range of NW structures [125, 126], as first
discussed for ZnO NWs as a nanogenerator in 2006 [127]. In this initial NW case,
an AFM tip was scanned across a vertically grown ZnO NW, and a corresponding
electric voltage/current was generated during NW deformation (Fig. 9.13). The
working mechanism of the nanogenerator can be described as a transient flow of
electrons driven by the piezopotential. When the nanogenerator is subject to a
compressive stress, a piezopotential field is created along the NWs. As a result of
the electrostatic force, inductive charges accumulate on the top and bottom elec-
trodes. In other words, the strained NWs are analogous to polarized dipole moments
in a plate capacitor filled by a dielectric material. Once the stress is released, the
disappearance of the piezopotential leads to a back flow of the electrons through the
external circuit. Later in 2008, a new design of nanogenerator was developed with a
single ZnO NW bonded horizontally on a flexible substrate [128]. Cycled bending
of the substrate produced an AC electric output from the NW. Since then, the power
output has been directed along a rapidly ascending path [129]. Up to now, sub-
stantial progress has been made to integrate a large number of NWs together,
aiming at collecting an electric current from all NWs simultaneously [130, 131]. For
more recent development of the ZnO NW-based nanogenerators, readers can refer
to several review articles [125, 126].
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Fig. 9.13 a Experimental setup and procedures for generating electricity by deforming a
piezoelectric NW with a conductive AFM tip. b Schematic definition of a NW and the
coordination system. c Longitudinal strain ez distribution in the NW after being deflected by an
AFM tip from the side. d The corresponding longitudinal piezoelectric–induced electric field Ez

distribution in the NW. e Potential distribution in the NW as a result of the piezoelectric effect.
f, g Contacts between the AFM tip and the semiconductor ZnO NW at two reversed local contact
potentials (positive and negative), showing reverse- and forward-biased Schottky rectifying
behavior, respectively. This oppositely biased Schottky barrier across the NW preserves the PZ
charges and later produces the discharge output. Reproduced from [127]. Copyright 2006
American Association for the Advancement of Science
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9.6 Future Directions and Challenges

Harvesting renewable energy from the environment provides a potentially endless
source of energy, whether for increasing the efficiency of existing generation
processes, charging batteries quasi-continuously, or enabling self-powered devices.
Various environmental energy sources can be utilized in the conversion process,
including solar, thermal and mechanical energy sources. A promising general
strategy for developing efficient and durable systems for energy conversion outlined
in this chapter involves the rational design, synthesis, and assembly of the
inorganic/organic/hybrid nanostructures at multiple length scales. Semiconductor
NWs, with their unique capability of bridging nanoscopic and macroscopic worlds,
represent novel and efficient building blocks for implementing this general strategy,
and correspondingly for tapping into these energy sources, as discussed in this
chapter. One emerging and exciting direction is their application in solar-to-fuel
conversion. The generation of fuels by the direct conversion of light energy to
chemical bonds in a single device is an attractive goal, although no such systems yet
have been demonstrated with the required efficiency and durability for economical
commercialization. Future work focused on pushing the limits and control of
electrical and thermal transport in NWs, as well as their efficient organization into
larger scale arrays, will be crucial to the development of new energy conversion
technologies that can benefit humankind.
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Chapter 10
Nanowire Field-Effect Transistor Sensors

Abstract Sensitive and quantitative analysis of proteins and other biochemical
species are central to disease diagnosis, drug screening and proteomic studies.
Research advances exploiting SiNWs configured as FETs for biomolecule analysis
have emerged as one of the most promising and powerful platforms for label-free,
real-time, and sensitive electrical detection of proteins as well as many other bio-
logical species. In this chapter, we first briefly introduce the fundamental principle
for semiconductor NW-FET sensors. Representative examples of semiconductor
NW sensors are then summarized for sensitive chemical and biomolecule detection,
including proteins, nucleic acids, viruses and small molecules. In addition, this
chapter discusses several electrical and surface functionalization methods for
enhancing the sensitivity of semiconductor NW sensors.

10.1 Introduction

Fundamental biomedical research demands novel biosensors and assays that can
fulfill the requirements of ultra-sensitivity and high-throughput [1, 2]. Many
semiconducting nanomaterials, such as NWs, carbon nanotubes and graphene have
been studied for the electronic sensing in an effort to address these needs. Among
them, SiNWs possess unique structural and chemical characteristics, including
diameters similar to proteins, high surface-to-volume ratios, chemically
well-defined and tailorable silicon oxide surfaces, which have enabled them to be
configured as high-performance FETs for label-free, real-time, sensitive detection
of proteins and other biomolecules [3–5].

The electrical detection of biomolecules using a NW-FET can be understood as
follows. The surface of a NW-FET is functionalized with biomolecule receptors,
such as monoclonal antibodies or single-strand DNA (ssDNA) probes, which can
selectively bind to biomolecule targets in solution. The binding of charged biomo-
lecules, (the sign and number of charges depend on the isoelectric point of the
biomolecules and the solution pH), leads to a variation of charge or electric potential
at the NW surface, in a way similar to applying an external potential to gate electrode
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in a conventional FET device. The charge carrier densities of the NW-FET is thus
tuned and leads to an electrical conductivity change associated with the biomolecular
binding events in real time. Since the NW diameters can be similar to biomolecules
such as proteins and nucleic acids, these binding events can be sensitively detected
by the NW-FETs. Furthermore, incorporation of a number of NW-FET elements in a
single sensor chip where the NWs are functionalized with different surface receptors
allows for multiplexed electrical detection in the same assay, enabling a unique and
powerful platform for chemical/biological recognition [6].

In this chapter, we first briefly introduce the fundamental principles of the
NW-FET sensor. Then, representative examples in which FET sensors are applied
to detect chemical and biomolecule targets, including proteins, nucleic acids,
viruses, and small molecules, are summarized. Furthermore, several methods for
improving the sensitivity and/or capabilities of NW-FET sensors, including the use
of branched NWs to enhance the capture efficiency of molecular analytes, operation
of the FET in the subthreshold regime, increasing the analyte concentration by
electrokinetic effects, and detection in physiological fluids, are briefly illustrated.

10.2 Fundamental Principles of Field-Effect
Transistor Sensors

As previously discussed in Chap. 5, FETs are among the fundamental building
blocks of today’s high–density integrated circuits. In a standard planar metal-oxide
semiconductor FET (Fig. 10.1a), the semiconductor substrate is connected to the
gate (G), the source (S) and the drain (D) electrodes. If no gate voltage is applied
(the “Off” state), the FET is equivalent to two back-to-back p–n junctions with
almost no current flows. In the “On” state, when the gate bias exceeds a threshold
voltage, carriers (e.g., holes for p–Si and electrons for n–Si) are induced at the
semiconductor–oxide interface, the potential barrier of the channel drops, resulting
in a significant current flow. Therefore, the conductance of the semiconductor
channel between the source and drain regions can be switched on and off by the
potential at the gate electrode.

The use of planar FETs for ion–selective sensors was introduced several decades
ago [7], while their opportunities as chemical and biological sensors have further
been advanced in new and significant ways using NWs. Similar to planar FET, the
conductance of a NW-FETs can be controlled by variations in the charge density or
electric potential in the channel region. This response makes NW-FETs ideal
candidates for chemical and biological sensing, as the change in electric field due to
binding of a charged molecule to the NW surface, which is analogous to applying a
voltage via a gate electrode, can readily change the device conductance. For
example, a p-type SiNW functionalized with surface receptors that can specifically
capture chemical/biomolecule targets will exhibit an increase in conductance when
negatively charged molecules bind to the receptors. This increase in conductance is
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similar to applying a negative gate voltage and results from accumulation of charge
carriers (holes) in the p-type FET (Fig. 10.1b). Conversely, binding positively
charged molecules will deplete hole carriers and reduce the conductance. Hence,
NW-FETs can enable real-time label-free direct electrical readout of biological
events, including binding/unbinding, enzymatic reactions and electron transfer.
These detection capabilities are ideal for developing a platform system for ana-
lyzing biological samples.

Semiconductor NWs composed of Si or other materials (e.g., ZnO, SnO2 and
In2O3) have been explored extensively as FET sensors [8–10]. Among these NW
materials, the potential to achieve molecular-size diameters [11], high electron or
hole mobility [12], and versatile surface functionalization of SiNWs [13], as well as
the potential of interfacing with existing mature silicon industry processing, have
made SiNWs one of the most widely studied for biomolecular sensing [3–5].
SiNW-FETs are transformed into nanosensors by surface functionalization with
probe molecules that enable the specific recognition of chemical/biological molecule
targets. Covalent binding to the native silicon oxide (SiO2) layer that naturally grows
on SiNWs represents one of the most robust approaches for probe attachment and
takes advantage of the wealth of knowledge available from studies focused on
functionalization of glass (SiO2) slides [14]. A detailed surface functionalization
process is described elsewhere [13]. The simplest and earliest established example of
this approach is hydrogen–ion concentration detection or pH sensing [8]. In this case,

Fig. 10.1 a A typical planar FET. The semiconductor substrate (e.g., p–Si) is connected to gate
(G), source (S) and drain (D) electrodes, and can be switches between the “off” and “on” states by
applying the gate voltage. b Schematic comparison of (top) a standard FET device and (bottom) a
SiNW-FET sensor. The NW surface is functionalized with a receptor layer to recognize target
biomolecules in a solution, which are charged and provide a molecular gating effect on SiNWs.
Reproduced from [76]. Copyright 2006 Future Medicine Ltd. (color figure online)
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the SiO2 layer at a p-SiNW surface is modified with 3–aminopropyltriethoxysilane
(APTES), which yields amino group (–NH2) termination on the NW surface
(Fig. 10.2a). The amino groups and silanol groups (Si-OH) on the unreacted regions
of the oxide layer undergo protonation and deprotonation as the hydrogen-ion con-
centration varies, thereby changing the surface charge and the NW conductance.
The NW electrical conductance shows a stepwise, discrete and stable increase, in
response to increasing pH from 2 to 9 (Fig. 10.2b). More recently, Noy and
coworkers demonstrated SiNW-FETs modified with lipid bilayers with and without
ligand-gated and voltage-gated ion channels to monitor the solution pH. For lipid
bilayer containing ion channels, devices responded to changes in solution pH, and
when the channels were blocked the device response was strongly diminished [15].
Sensing studies of several distinct classes of biological targets are discussed below.

10.3 Examples of Nanoelectronic Sensors

10.3.1 Protein Detection

The sensitive detection of proteins, especially those known as disease markers, offers
substantial potential to benefit disease diagnosis and treatment. In 2001, pioneering
work demonstrated real-time protein sensing with SiNW-FET device [8].
Specifically, SiNWs functionalized with biotin receptors were used to selectively
detect streptavidin at concentrations down to 10 pM, substantially lower than other
methods at the time. However, the strong binding affinity between biotin and
streptavidin leads to effectively irreversible binding and precluded monitoring

Fig. 10.2 a Schematic of a functionalized NW device and the protonation/deprotonation process
that changes the surface charge state. b Changes in NW conductance versus pH. Reproduced from
[8]. Copyright 2001 the American Association for the Advancement of Science (color figure
online)
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unbinding and sequential measurements at different streptavidin concentrations. To
overcome this limitation, several reversible surface modifications have been
explored, including biotin–monoclonal antibiotin binding and calmodulin (CaM)-
Ca2+ interaction, to investigate quantitative concentration-dependent analyses [8]. In
a more recent study [16], CaM–modified SiNWs are used to detect Ca2+ and CaM–

binding proteins through the association/dissociation interaction between glu-
tathione and glutathione S–transferase. In addition, this basic approach has been
used to demonstrate successful concentration-dependent detection of cardiac tro-
ponin T [17] (a biomarker for myocardial infarction), SARS virus nucleocapsid
proteins [18], and bovine serum albumin [19] in recent literature and thus further
validate the efficacy of NW-FETs as protein sensors.

In genomics and proteomics research, simultaneous detection of multiple proteins
is believed to be especially important for diagnosing complex diseases such as
cancers [20, 21]. Moreover, the availability of different biomarkers matched with
different stages of diseases could allow for early detection and robust diagnosis.
Early work on SiNW-FET devices [8], although powerful in detecting
binding/unbinding of proteins, lacked the capability of selective multiplexed sens-
ing. To address this issue, Zheng et al. [22] developed integrated NW sensor arrays,
in which *100 individually addressable NW-FETs were functionalized with sev-
eral different receptors (Fig. 10.3a), and demonstrated several new sensing capa-
bilities. Specifically, monoclonal antibodies for the cancer marker proteins prostate
specific antigen (PSA) carcinoembryonic antigen (CEA) and mucin-1 were used to
functionalize SiNW-FETs in the same device array (Fig. 10.3b). Upon addition of
buffer solutions containing different concentrations of these cancer biomarkers,

Fig. 10.3 a Optical image of a NW array. b Sequential detection of PSA, CEA and mucin-1
solutions using three SiNW-FET sensors. c Complementary sensing of PSA using a p-type (NW1)
and a n-type (NW2) SiNW-FET sensors in a same array. Reproduced from [22]. Copyright 2005
Nature Publishing Group
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changes in electrical conductance of the corresponding NW-FETs were recorded
with femtomolar sensitivity, which is several orders of magnitude better than pos-
sible with the standard enzyme-linked immunosorbent assay (ELISA) [22]. This
work also introduced the new concept of incorporating both p-type and n-type NWs
into the same device array (Fig. 10.3c). In so doing, the binding of a negatively
charged biomarker such as PSA on the NW sensor surfaces led to an increase in
conductance for p-SiNWs and a decrease for the n-SiNWs in the same sensor
chip. These complementary, opposite electric signals can be used to distinguish false
positive signals and enable real-time, highly sensitive and selective detection of
multiplexed biomolecule targets. Similarly, Li et al. [9] reported the complementary
sensing of PSA using n-type In2O3 NWs and p-type carbon nanotubes. The
enhanced electrical conductance for the NW sensors and the suppressed electrical
signal for the carbon nanotube sensors upon the PSA addition are demonstrated with
concentrations down to 5 ng/mL sensitivity at physiological buffer concentrations.

Later, an anisotropic wet-etch fabrication method was reported as an alternative
‘top-down’ NW device fabrication strategy for NW-FET sensors [23]. The sensi-
tivity of these top-down fabricated SiNW devices were shown to have sub–100 fM
sensitivity for biotin–streptavidin interaction, mouse immunoglobulin G (IgG), and
mouse immunoglobulin A (IgA) detection.

10.3.2 Nucleic Acid Detection

In addition to detection of protein binding/unbinding, real-time detection of nucleic
acids (e.g., DNAs and RNAs) has been successfully carried out using Si and GaN
NW-FET devices [24–27]. The surface functionalization methods and detection
schemes used in these studies were similar to those described above for protein
sensing, where nucleic acid concentration is transduced following binding to a
probe by changes in device conductance. A major difference between nucleic acid
and protein detections exists in the fact that the high density of negative charges on
the nucleic acid phosphate backbones requires high ionic strength buffers to screen
the repulsion and allow for binding when DNA or RNA is used as the probe
molecule. However, high ionic strength solutions have short Debye screening
lengths (see Sect. 10.4.3), which can make difficult or preclude detection.
A solution that overcomes this high ionic strength binding/screening issue involves
using neutral charge peptide nucleic acids (PNAs) [28, 29], which exhibit excellent
binding affinity with DNA at lower ionic strengths. Indeed, modification of SiNWs
with PNA probe molecules was shown to exhibit time-dependent conductance
changes associated with selective binding of complimentary target DNA at con-
centrations as low as 10 fM. Moreover, this work showed that a DNA SiNW-FET
biosensor could be used to distinguish fully complementary (wild type) versus
single-base mismatched (mutant) DNA targets associated with Cystic fibrosis [25].
Additional studies using SiNWs functionalized with PNA probes in which the DNA
target binding domain distance was changed exhibited a reduction in sensitivity

260 10 Nanowire Field-Effect Transistor Sensors



with increasing distance between the hybridization site and the NW surface [30].
This observation is consistent with basic sensing mechanism since the ‘field effect’
is reduced for fixed charge as the separation from the SiNW surface increases.

An alternative approach for surface functionalization of SiNW surfaces for DNA
detection involves electrostatic adsorption of the probes. For example, Bunimovich
et al. [31] reported electrostatic adsorption of primary DNA probe strands onto an
amine-terminated SiNW surfaces, where the *parallel orientation of the DNA
probes along the NW surface reduces Debye screening effects and can thereby yield
sensitive DNA detection.

More recently, detection of other nucleic acid targets, such as microRNAs
(miRNAs) have been carried out using PNA-modified SiNWs. Focus on
microRNAs (miRNAs), which are a large class of short, noncoding RNA molecules
that regulate animal and plant genomes, is intriguing because they have been
proposed as biomarkers for cancer diagnosis [32]. PNA-functionalized SiNW
devices have shown the capability to detect miRNAs down to a remarkable sen-
sitivity of 1 fM [33], ca. one order of magnitude better than reported earlier for
DNA detection [30]. This phenomenon can be attributed to the higher thermal
stability and melting temperature of PNA–RNA complex than that of PNA–DNA
complex. The technique enabled identification of fully complementary versus
one-base mismatched miRNA sequences, as well as detection of miRNA in total
RNA extracted from HeLa cells, and thus offers substantial potential as a new
diagnostic tool.

10.3.3 Virus Detection

Viruses are a major cause of infectious diseases and remain the world’s leading
cause of death [34]. Successful treatment of viral diseases often depends upon rapid
and accurate identification of viruses at ultralow concentrations. The first demon-
stration of nanoFET based virus sensors involved the detection of influenza A virus
using SiNW devices. By recording the electrical conductance changes upon
binding/unbinding of virus particles to monoclonal antibody-modified SiNWs, the
selective detection of influenza A at the single particle level was demonstrated [35].
The binding kinetics between different virus–receptor interactions were also elec-
trically differentiated by SiNW-FETs (Fig. 10.4). In addition, simultaneous detec-
tion of influenza A and adenovirus using independent SiNW biosensors
functionalized with distinct antibodies for these two types of viruses was demon-
strated [35], and more recently, SiNW-FET based selective detection of influenza A
viruses down to 29 viral particles per micro-liter was achieved for breath con-
densate samples [36]. These achievements represent important proof-of-concept
steps towards powerful viral diagnostic devices.

Another example of virus detection was the diagnosis of Dengue, a
arthropod-borne viral infection [37]. In this latter work, a specific nucleic acid
fragment with 69 base pairs derived from Dengus serotype 2 virus genome
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sequence was selected as the target DNA and amplified by the reverse transcription
polymerase chain reaction (RT-PCR). The hybridization of the target DNA and
PNA-functionalized SiNW-FET sensors increases the device resistance, leading to a
sensitivity limit down to 10 fM.

10.3.4 Small Molecule Detection

Detection of small molecules that bind specifically to proteins is of vital importance
to drug discovery and screening. One example of small molecule detection involves
the identification of adenosine triphosphate (ATP) binding, and the small-molecule
inhibition of ATP binding to the tyrosine kinase, Abl, which are proteins that
mediate signal transduction in mammalian cells. Gleevec, which competitively
inhibits ATP binding to Abl, has been used to monitor binding/unbinding behaviors
of ATP. The gleevec concentration at fixed ATP concentration yields conductance
decrease, which is consistent with reversible competitive inhibition of an agonist
(ATP) with an antagonist (Gleevec) [38]. In a different direction, highly ordered
flexible SiNW films, have been applied to detect NO2 with parts-per-billion
(ppb) sensitivity [39]. Other small molecules, such as ammonia (NH3), acetic acid
(AcOH) [40] and 2,4,6-trinitrotoluene (TNT) [41], have also been successfully
detected by surface–functionalized SiNW-FET sensors.

Fig. 10.4 Schematic of virus
binding/unbinding to a
SiNW-FET and the
corresponding
time-dependent conductance
change. Reproduced from
[35]. Copyright 2004 the
National Academy of
Sciences of the United States
of America

262 10 Nanowire Field-Effect Transistor Sensors



Despite numerous approaches developed for achieving highly sensitive detection
of polar molecules, the detection of nonpolar volatile organic compounds (VOCs)
still remains challenging, due to the weak adsorption of nonpolar VOCs on the
surface of NWs and the lack of suitable nonpolar organic functionalities that can be
attached to the SiNWs. To address this issue, silane monolayers with a low fraction
of Si–O–Si bonds between the adjacent molecules were used to modify
SiNW-FETs to enhance their sensitivity towards nonpolar VOCs [42]. In another
work [43], it was demonstrated that multiple independent parameters of a specific
molecularly modified SiNW-FET can provide high selectivity towards specific
VOCs in both single-component and multi-component environments as well as
estimating the constituent VOC concentrations.

10.4 Methods for Enhancing the Sensitivity
of Nanowire Sensors

10.4.1 3D Branched Nanowires for Enhanced
Analyte Capture Efficiency

3D branched NWs [44–49] in which secondary NW branches are grown in a radial
direction from a primary NW backbone, provide a number of unique capabilities
including a substantially-enhanced surface area compared to the backbone alone. By
functionally encoding at well-defined branch junctions during synthesis, rationally
designed and synthesized branched NWs can provide well-controlled variations in
the composition of the NW backbone and branches, and thus allow for complex
electronic and photonic nanodevices. Focusing on sensing, Jiang et al. [47] devel-
oped the general synthesis of branched, single-crystalline semiconductor NW
heterostructures, including Si backbones with Au branches. The Au-branched NW
devices were investigated as nanoelectronic sensors for biomolecular detection
(Fig. 10.5). The Au branches, which can be modified in a highly-specific manner
using thiol chemistry, can be considered as receptor-functionalized “antennae” for
biomolecular analytes. The high surface area of the Au branches provides the
potential for enhanced capture efficiency, and thereby can increase the overall device
sensitivity. For example, a sensitivity of 80 pg/mL for PSA detection was obtained
from mAb-modified p-Si/Au-branch NW-FET sensors, with high selectivity.

10.4.2 Detection in the Subthreshold Regime

The fundamental characteristics of NW-FET devices, such as the transconductance
and noise, can have substantial effect on the ultimate detection sensitivity.
Conventionally, nanoFET-based sensors are operated in the ‘ON’ state (above the
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threshold voltage), where the transconductance depends linearly on gate-voltage or
surface potential. However, in the subthreshold regime it is well-known that the
device conductance depends exponentially on gate-voltage [50], which could in
principle lead to much higher analyte binding sensitivity. Indeed, Gao et al. [51]
studied and compared the detection sensitivity of SiNW-FET sensors in the linear
and subthreshold regimes (Fig. 10.6). In previous literature using SiNW-FET sen-
sors [8], the conductance change (DG) or the resistance change (DR) of the sensor
devices was used to quantify the concentration of the target molecules. However, an

Fig. 10.6 a Conductance, G, versus Vg for a p-type SiNW-FET. Inset: scheme for electrolyte
gating. b Real time pH sensing. The device in the subthreshold regime shows much larger DG/G
change versus pH. Reproduced from [51]. Copyright 2010 American Chemical Society

Fig. 10.5 Conductance versus time curve recorded on a p–Si/Au branched NW sensor with
alternate delivery of PSA (4 ng/mL, 80 pg/mL, 200 ng/mL) and pure buffer solutions. The top and
bottom arrows mark the delivery of protein and buffer solutions into the sensing channel,
respectively. Inset: schematic of Si/Au branched NW sensor. Reproduced from [47]. Copyright
2011 the National Academy of Sciences of the United States of America (color figure online)
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absolute signal change, such as DG, does not reflect the intrinsic device sensitivity,
especially when working in the subthreshold regime where device conductance is
very small. To better compare sensing in different device regimes Gao et al. used a
dimensionless parameter, DG/G, to characterize and compare device sensitivities.
This principle is exemplified in both pH and protein sensing experiments, where the
electrolyte gating is used to tune the operational mode of NW-FETs (Fig. 10.6b).
These results showed that significant sensitivity enhancement could be achieved by
optimization of the FET operating conditions and understanding the fundamental
electrical gating property of NW-FETs. One caveat to the success of this work is that
the device noise should be dominated by carrier-carrier scattering, such that the noise
is also exponentially reduced in the subthreshold regime. If the noise is dominated by
other scattering mechanisms, such as contact current injection and/or interface
trapping/detrapping, then it may not be possible to exploit the exponential depen-
dence of conductance on gate-voltage/surface potential in the subthreshold regime.

10.4.3 Reducing the Debye Screening Effect

Conventional FET sensors detect the concentration of the target species by their
intrinsic charge. The charges of solution-based molecules, however, can be screened
by dissolved counter ions in the solution. The Debye length, which is inversely
proportional to the square root of the ionic strength of an electrolyte, represents the
net or screened electrostatic effect of a charged species in ionic solution. A high ionic
strength electrolyte solution leads to a short Debye length, and charges outside of the
Debye length are electrically screened. For instance, the Debye length of
1 � PBS, *0.7 nm, can screen most protein antigen charges when they bind to an
antibody modified FET surface. In order to reduce the charge screening effect of
electrolyte solutions, the Debye length is typically increased by using dilute buffer
solutions with low ion concentrations [18, 52].

Recently, several groups have reported approaches based on smaller receptors,
such as aptamers [53] or antibody fragments [54] to reduce the distance between the
FET surface and the receptor-bound biomolecule analyte. In one example [54], the
sizes of antibody probes were reduced through common biochemical methods
(Fig. 10.7), thereby improving the analyte detection capability. These studies are
promising, although further studies are needed to determine how general detection is
under the limit of physiological conditions (Debye length <1 nm) as the sizes of the
aptamer and antibody fragment receptors are similar to or greater than this critical
length scale. Zhong and co-workers [55] also reported a direct high-frequency
measurement strategy for standard biological receptors, although those measurement
requires significantly more complex device geometry, making difficult or precluding
application to cellular and in vivo sensing.

Recently, Lieber and coworkers [56] developed a new and general strategy to
overcome this challenge for NW-FET sensors that involves incorporating a bio-
molecule permeable polymer layer, such as polyethylene glycol (PEG), linked to
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the FET sensor, where the polymer increases the effective screening length near the
NW-FET surface to allow for detection in high ionic strength solutions (Fig. 10.8a).
Using PSA as a model system, they showed that PEG-coated SiNW-FETs can
detect PSA in phosphate buffer concentrations up to 150 mM, with a detection

Fig. 10.7 a Schematic for the generation of F(ab’)2/Fab fragments from a whole IgG molecule.
b Schematic for the immobilization of a full IgG, F(ab’)2 and Fab antibody-fragments which
contain free amine groups onto the SiO2 surface as receptor layers. Reproduced from [54].
Copyright 2012 American Chemical Society

Fig. 10.8 a Schematic illustration of a NW-FET device (top) without and (bottom) with a porous
and biomolecule permeable PEG surface modification. b Comparison of signal response traces
recorded from three SiNW-FET devices with and one device without PEG modification.
Reproduced from [56]. Copyright 2015 American Chemical Society
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sensitivity of *10 nM and linear response range up to 1000 nM. In contrast,
similar FETs without PEG functionalization can only detect PSA in buffer salt
concentrations lower than 10 mM (Fig. 10.8b). This work suggests a new and
general device design strategy for the FET sensor applications in physiological
environments, important for in vitro and in vivo biological sensing.

10.4.4 Electrokinetic Enhancement

Concentration of analyte near a device surface by electrokinetic effects offers
another approach for high-sensitivity protein detection [57]. In a nonuniform
alternating current (AC) electric field, the dielectrophoresis (DEP) force can induce
polarized particles to move in a directed manner leading to the formation of con-
centration enhancement and depletion regions in a microfluidic flow channel.
Compared to the detection limit without AC excitation, NW sensors modified with
monoclonal antibodies for PSA in an appropriate AC field exhibit close to a *104

fold increase in sensitivity; that is, the protein concentration at the sensor surface is
increased by DEP. In addition, NW devices functionalized with other receptors for
capturing cholera toxin subunit B were also demonstrated, suggesting the general
applicability of this method for enhanced sensitivity detection [22, 57, 58]. It is
important to recognize, however, the DEP enhancement, including frequency
response, depends sensitively on solution ionic strength [58, 59].

10.4.5 Frequency Domain Measurement

In addition to the conventional real time measurement device conductance to
monitor sensing, frequency-dependent fluctuations in the NW-FET electric signal at
equilibrium can convey additional information about the dynamics of the
biomolecule-NW hybrid system through a coupling to carrier transport in the device
to binding events. For example, binding and unbinding can affect the intrinsic
device noise, and thus can be characterized through measurements of the
frequency-dependent noise spectra (Fig. 10.9a) [60]. In a recent study, the noise
spectra was used to analyze contributions from different noise sources [60]. The
frequency domain spectrum of a fluctuating two-level system has the form of a
Lorentzian function similar to that of a RC circuit (Fig. 10.9b and c). The 1/f noise
is well-known in conventional metal–oxide semiconductor FETs (MOSFETs), and
arises from electron capture/emission from trap states [61, 62]. If biomolecule
binding/unbinding contributes substantially to the noise, it can leads to a Lorentzian
peak in addition to the 1/f background. Specifically, a p-type SiNW-FET was first
modified with PSA monoclonal antibodies, then solutions with different PSA
concentrations and pure buffer were sequentially delivered to the NW sensor via a
microfluidic channel. In conventional time-domain measurements (Fig. 10.9d), a

10.4 Methods for Enhancing the Sensitivity of Nanowire Sensors 267



reliable PSA detection limit for this device was ca. 5 pM. However, the frequency
domain noise spectra (Fig. 10.9e–g) from the same NW-FET device showed that
the Lorentzian curve shape was still clearly observed at a PSA concentration as low
as 0.15 pM, ca. 30 times better than that the same device measured in the time
domain. The improved detection sensitivity was attributed to the separation of the
Lorentzian characteristic frequency from the most dominant background of
1/f noise, which becomes less important at high frequencies.

Fig. 10.9 a Electrical noise in a time-domain measurement. b Lorentzian and 1/f functions in the
frequency domain. c Models of a two-level system (left) and a RC circuit (right). d Time domain
conductance measurement of a p-type SiNW-FET sensor modified with PSA monoclonal
antibodies, when different concentrations of PSA solutions were delivered to the sensor. e–g Power
spectra recorded in solutions with different PSA concentrations, 150 (e) and 0.15 pM (f), show
Lorentzian shape curves, while power spectrum recorded in 5 fM PSA solution shows a
1/f frequency dependence (g). Reproduced from [60]. Copyright 2010 American Chemical Society
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10.4.6 Nanowire–Nanopore Sensors

The integrated NW–nanopore FET sensor has the potential for single-molecule
DNA sequencing at low cost and with high throughput [63]. The conventional
nanopore DNA sequencing technique records ionic current from nanopores [64],
while NW–nanopore sensors allow for direct sequencing of DNA molecules with
fast translocation rates given the much higher bandwidth of NW-FETs.

Studies have shown that nanopores can be introduced adjacent to SiNW-FETs
using the focused electron beam in a transmission electron microscopy (TEM) [63]
(Fig. 10.10a). A sensor device can then be configured by attaching PDMS solution
reservoir chambers above and below the silicon nitride membrane on which the
SiNW-FET nanopore devices are fabricated. When the two chambers are filled with
solutions of different ionic strength, FET signals corresponding to DNA transloca-
tion events can be reproducibly recorded (Fig. 10.10b and c). Notably, a 10–60 times
higher signal was observed from the SiNW-FET than that of the corresponding ionic
current change in these studies. This work demonstrates a new nanopore sequencing
device concept with fast sequencing and large-scale integration properties.

Fig. 10.10 a, b Schematic and TEM image of a SiNW–nanopore sensor. c Recording of SiNW–

nanopore FET conductance and ionic current during DNA translocation. Reproduced from [63].
Copyright 2012 Nature Publishing Group
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10.4.7 Double-Gate Nanowire Sensors

In order to achieve higher sensitivity NW-FET sensors, extensive effort has been
focused on advanced device designs prepared by top-down lithography [65, 66].
For example, several groups have fabricated and explored double-gate NW-FET
biosensor, with two separated gates, G1 (primary) and G2 (secondary), straddling
both sidewalls of the SiNW, to enhance device sensitivity [65, 66]. This work has
shown that by applying the same voltage to G1 and G2, the threshold voltage (VT)
in the double gate mode is very sensitive to a small change of VG2 (the G2 voltage).
Therefore, compared to a single-gate FET sensor, the sensing window of the
double-gated FET is significantly broadened, especially in the subthreshold regime
described earlier.

10.4.8 Detection of Biomolecules in Physiological Fluids

Rapid and accurate molecular analysis in physiological fluids (i.e., blood or serum)
is essential for disease diagnosis and management. NW-FET sensors have routinely
demonstrated ultrasensitive, real-time, multiplexed detection biomolecular species,
but also have limitations with respect to sensing in complex, physiological solutions
as describe in Sect. 10.4.3. To reiterate, the primary limitation for FETs is related to
Debye screening effect [67] in high ionic strength blood/serum samples.

To overcome the limitation of Debye length, researchers have developed several
methods to detect analytes in blood/serum samples, including simply reducing the
solution ionic strength. For example, the ion concentration can be reduced by
diluting a blood sample with buffer solution [68]. Dilution will reduce analyte
concentration and can affect ligand- and protein-protein interactions, and thereby
reduce device sensitivity. A second approach involves desalting the serum samples
before detection of biomarkers [22], which can maintain or even be used to increase
analyte concentrations (after dissolution in buffer). Similar to off-chip desalting
using rapid size-exclusion chromatography [22], a microfluidic purification chip
(MPC) can be used to pre-isolate the target molecules and then release them into a
pure buffer suitable for analysis using SiNW-FET arrays [69]. A fourth method
adopts a steady-state measurement instead of a real-time recording [70].
Specifically, the resistance of the SiNW is measured in a low ionic strength buffer
solution after antibody functionalization. Then, the SiNW sensor is incubated with
undiluted serum and subsequently washed to remove unbound proteins, followed
by the measurement of the second resistance value in the buffer solution. The
concentration of the target molecules can be calculated according to the resistance
change before and after antibody–antigen interaction. This method is independent
of the ionic strength of the sample solution, thus circumventing the Debye
screening in physiological fluids; however, it is subject to variations in device
properties between steps since slow changes in background conductance are not
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followed. Other reported methods include using smaller receptors, such as aptamers
[53] or antibody fragments [54], and adding biomolecule permeable polymer layers
to the FET sensor [56], as discussed in Sect. 10.4.3.

The long-term stability of the NW nanoelectronic devices in physiological
studies has also been investigated [71]. Coated with a thin layer of Al2O3,
SiNW-FETs yield long-term stability (>4 months) in physiological model solutions
at 37 °C. Notably, coating with Al2O3/HfO2 layers has suggested that an even
longer of stability of >1 year is possible for SiNW-FETs in physiological model
solutions. These latter results suggest the potential of the SiNW-FETs for long-term
chronic in vivo studies in animals and biomedical implants.

10.5 Future Directions and Challenges

Over the last decade, remarkable research progresses have been achieved on the
design and implementation of semiconductor NW sensors. In this chapter, we have
illustrated how the NW-based FET sensors modified with specific surface receptors
represent a powerful chemical/biomolecule detection platform. The examples
described here summarize several unique capabilities for direct, label-free,
real-time, ultrasensitive and highly selective multiplexed detection of proteins,
nucleic acids, viruses, and small molecules, and show clearly the potential of these
materials and devices to significantly impact disease diagnosis, genetic screening,
and drug discovery, as well as offering powerful new tools for research in many
areas of disease diagnosis and life sciences.

Nonetheless, there are several areas of scientific study, which if addressed, could
further push the limits of this technology for applications. First, one fundamental
challenge to the ultrasensitive detection is to obtain well-defined receptor structures
on nanodevice surfaces. In part, this reflects difficulties in characterizing receptor–
device structure at the single nanodevice level and correlating such results with
sensing results. One approach that could address this structural issue at the single
device level would be by exploiting the substantial advances in cyro-EM [72, 73],
which could yield high-resolution structural information of the organic/biologic/
nanodevice interface. A second direction that could improve this critical
device-receptor interface would be through exploration of highly-selective,
self-limiting covalent chemistry that precisely defines distance and orientation of
the receptors. Second, the real-time and multiplexed detection capabilities of
nanoelectronic FET sensors for direct analyses of whole blood/serum detection
could yield important advances in clinical monitoring and diagnostics. As discussed
in Sects. 10.4.3 and 10.4.8, the most critical issue has been overcoming Debye
screening in physiological solutions. The new strategy of modifying FET nan-
odevices with a permeable polymer layer to increase the effective screening length
[56] is one promising strategy for achieving real-time detection, although further
fundamental studies will be necessary to develop this and/or other approaches to the
level of a technology. Third, almost all the nanoFET-based sensors are exclusively
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surface-bound devices. For many applications, one of the most impactful directions
could be the transformation from on-chip signaling to the in vivo monitoring as an
implant. Recent advances in the development of NW-FET arrays embedded in
engineered tissue patches [74], which could be implanted, and incorporation of
sensors in injectable electronics [75], which is directly implanted in specific tissue,
could enable the goal of direct in vivo monitoring.

In the next decade, continued efforts to achieve the capability in controlling the
mechanisms of the NW sensor arrays will move beyond current technologies and
take advantage of information emerging from genomics and proteomics to improve
the diagnosis and treatment of cancer and other complex diseases. We believe that
these advances can be developed in simple NW sensor devices that would represent
a clear application of nanotechnology and, more importantly, a substantial benefit to
the society.
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Chapter 11
Nanowire Interfaces to Cells and Tissue

Abstract The interface between nanosystems and biosystems is emerging as one
of the broadest and most dynamic areas of science and technology, bringing
together biology, chemistry, physics and many areas of engineering, biotechnology
and medicine. The combination of these diverse areas of research promises to yield
revolutionary advances in healthcare, medicine and the life science through, for
example, the creation of new and powerful tools that enable direct, sensitive and
rapid analysis of biological species and cellular activities. Research at the interface
between nanomaterials and biology could yield breakthroughs in fundamental
science and lead to revolutionary technologies. In this chapter, we will introduce
studies focused on building the interface of NWs to cells and tissues, including
extracellular and intracellular signal recording, synthetic cyborg tissues and in vivo
recording.

11.1 Introduction

The field of nanomaterials has the potential to have a particularly high impact on
medicine. It is thus appropriate to assess the current state and project the future role
of nanotechnology within relevant areas of biomedical science and engineering.
Interfacing with cells and tissues, for example, is an especially challenging problem
that is unsolved by current technologies [1, 2]. There exist a wide range of health
problems that can be treated by stimulation of the nervous system, including hearing
loss, chronic pain, incontinence, obesity, and diabetes. Some of these problems,
such as paralysis or retinal degeneration, are exceptionally hard to treat. At the same
time, the set of medical devices and treatments available to a practitioner in this field
for evaluating and treating disorders related to neural tissues is especially limited.
This situation is caused in part by the poor accessibility of most of the nervous
system and by insufficient development of methods to intercept and alter the
transmission of neural signals [3]. This chapter introduces the studies of building the
interface of NWs to cells and tissues, including imaging, drug delivery, extracellular
and intracellular signal recording, synthetic cyborg tissues and in vivo recording.

© Springer International Publishing Switzerland 2016
A. Zhang et al., Nanowires, NanoScience and Technology,
DOI 10.1007/978-3-319-41981-7_11

277



11.2 Nanowire/Cell Interfaces and Electrophysiological
Recording

Electrophysiology is an important approach to investigate and understand bio-
electrical signals and activity in the body, including but not limited to, the brain,
heart, and muscles [4]. For instance, neurons are the elementary processing units in
the brain, and are organized and interconnected into complex networks. Information
in neural networks is processed by the opening and closing of ion channels on the
membrane, producing action potentials (APs) that propagate within cells and
between interconnected cells. Electrophysiological recording and decoding of the
functional connectivity in brain is central to basic neuroscience research.

In addition, a variety of imaging techniques have been developed for the purpose
of brain mapping, such as magnetic resonance imaging (MRI) and positron emis-
sion tomography (PET) [5–7]. Although these noninvasive methods offer coarse
views, they cannot be used to analyze neural networks. To this end, many optical
methods have emerged for both recording and stimulating signal propagation in
neural circuits [8–13]. However, optical approaches also have limitations, including
difficulty of accessing deep brain activity and of obtaining simultaneously high
spatial and temporal resolution. NW-based bioelectronics has the potential to allow
multiplexed, long-term, and deep-brain detection of neural activity with high spa-
tiotemporal resolution. More generally, nanotechnology offers a number of
opportunities for brain science [1, 2, 14–17].

11.2.1 Traditional Extracellular Electrophysiological
Recording

11.2.1.1 Principles of Extracellular Recording

An active cellular process in electrogenic cells is accompanied by ionic current
flows across the cell membrane, which change both the intracellular and extracel-
lular potentials. A microelectrode positioned near to the outer membrane can in
principle detect an extracellular potential change, and is termed extracellular
recording. Two common recording paradigms are based on passive metallic
microelectrodes and active transistor electrodes. In the former case, the extracellular
potential induces an interfacial electric current owing to the electrochemical
impedance, while for the latter, the extracellular potential acts as a gate modulating
the transistor conductance. In both cases, the output signal is closely related to the
interface between cell and device.
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11.2.1.2 Passive Metallic Microelectrodes and Their Scaling Limits

In 1972, Thomas et al. [18] described a planar multielectrode array for use in
recording from cultured cells. This technique is now referred to as a microelectrode
arrays (MEAs) and has been widely applied to record neural activity [19]. In an
MEA, each electrode is connected to a recording amplifier for signal processing and
has the potential for recording single-unit spike activity from each electrode at the
same time. This capability makes MEAs a useful tool for the investigation of fast
network dynamics both in vitro [20–22] and in vivo [23, 24]. In addition to
recording signals from cells, MEAs are also capable of stimulating them [25].
A limiting feature of conventional MEAs is the relatively large electrode sizes, 10–
30 lm diameters for recording (100–200 lm for stimulation), similar to or larger
than the size of neuron soma. Reduction of the size of metal electrodes could
increase their spatial resolution, but also leads to an increase in impedance that
results in larger thermal noise and smaller recording amplitudes [26, 27]. To
overcome this impedance limitation, surface modification methods that increase the
effective electrode surface area have been employed [28–31].

11.2.1.3 Active Transistor Electrodes

In 1991, Fromherz and coworkers reported coupling and extracellular recording
from neuron cells using planar Si FETs [32] , including mammalian cells [33]. As
an alternative to metallic microelectrodes, electrolyte-oxide-silicon field-effect
transistors (EOS-FETs) and their arrays can be fabricated by standard industrial
CMOS technology, and have been actively investigated for a further improvement
of signal detection capabilities in electrophysiological recording.

11.2.1.4 Extracellular Electrode/Cell Interfaces

The electrode/cell interface for passive and active electrodes plays a central role in
extracellular recording since it affects the signal amplitude and shape as well as
noise levels. A general goal for improving the electrode/cell interface involves
decreasing their separation in order to increase the electrode/cell seal resistance
[26]. When neurons are cultured on a recording device, a gap or cleft exists between
the electrode and cell membrane [34–36], where this cleft determines the seal
resistance. Methods to promote cell adhesion and reduce the cleft/increase seal
resistance include surface modification, substrate modulation and electrode shape
control. For example, self-assembled monolayer modified MEAs have been
reported to significantly improve device performance [37–39]. Surface patterned
MEAs have also been employed to immobilize cultured neurons to enhance cou-
pling [40, 41]. In addition, studies of electrodes with 3D tips have been shown to
promote cell membrane wrapping around the tips, thus resulting in improved seal
resistances compared to flat and recessed electrodes [35, 42].
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11.2.2 Nanowire Transistors for Extracellular Recording

11.2.2.1 Extracellular Recording from Cultured Neurons

The Lieber group first applied SiNW-FETs for extracellular recording from cultured
mammalian neurons in 2006 [43]. They adopted the bottom-up paradigm to fab-
ricate the SiNW-FETs and passivated the arrays for cell-culture. For example, they
showed that polylysine patterning could promote the patterned growth of neuronal
projections (axons and dendrites) over arrays of four SiNW-FETs (Fig. 11.1a). At
each point where the axon or dendrite crosses a NW device, a highly localized
0.01–0.02 lm2 synapse-like junction is formed, which allows for multisite
recording with multiple SiNW-FET devices from single neurons in contrast to the
typical one neuron per electrode achieved with MEA and planar FETs.

This general approach was used to investigate action potential spike propagation
in several multiplexed SiNW-FET/neuron configurations. For example, in the
above configuration one SiNW was used as a local input to elicit action potential
spikes that were recorded from two other SiNW devices with dendrite junctions
while the fourth SiNW, which is not interfaced with either an axon or dendrite,
served as a control and showed no action potential signal (Fig. 11.1b). In addition,
SiNW/neuron configurations were designed to investigate the spike propagation in
axons and dendrites. As shown in Fig. 11.1c, multiple SiNWs forming junctions
with a single dendrite and axon revealed signal propagation rates of 0.16 m/s for the
dendrite and 0.43 m/s for the axon. The potential to extend this approach to highly
integrated systems was also shown with a configuration containing 50 indepen-
dently addressable NW-axon elements for a single neuron (Fig. 11.1d). Overall,
these results showed early on the potential for SiNW-FET sensors to enable mul-
tiplexed recording with subcellular spatial resolution from neurons.

11.2.2.2 Extracellular Recording from Cardiac Cells

Cardiomyocytes represent another electrogenic cell type that have been extensively
studied with bioelectronic devices. The groups of Chen [44] and Lieber [45] carried
out extracellular recording from cardiac cells using SiNWs synthesized by
top-down and bottom-up approaches, respectively. An advantage of top-down
fabricated NWs is the capability to define (during fabrication) their length such that
measurements across an entire cell membrane or simultaneous measurement from
multiple cells can be made (Fig. 11.2a–c). In the work of Chen and coworkers [44],
cultured cardiomyocytes on NW chips exhibited rhythmic transient changes in the
device conductance after 1–2 days involving an up-stroke current spike followed by
a down-stroke one. The authors attributed the paired spikes to the onset and end of
an AP, although this contrasts most other work in the literature [45–48].
Specifically, typical extracellular recordings show only one peak associated with
the rapid potential change due to sodium-ion channel opening.
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Fig. 11.1 a Optical image of
a NW-neuron interface.
b Neuron stimulation and
resulting NW electrical
responses. NW4 is not in
contact with any neurites.
c Propagation studies using
the multi-NW—neurite
structures. Top Optical image
of the settings. Bottom
Relation of latency time with
distance and histogram of
propagation speed. d Aligned
axon crossing a 50-NW
device array and
corresponding signal
propagation data. Reproduced
from [43]. Copyright 2006 the
American Association for the
Advancement of Science
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Multiplexed measurements made with bottom-up SiNW-FET device arrays
interfaced with cultured embryonic chicken cardiomyocytes showed single biphasic
peaks associated with each AP of the beating cells [45] (Fig. 11.2d–f). To inves-
tigate the signal propagation within cardiomyocyte monolayers, an average spacing
between adjacent SiNW-FETs in the array was set around 300 lm. Multiple
SiNW-FETs in contact with cardiomyocytes were simultaneously recorded, and
showed stable field potential spikes with high signal-to-noise ratio (>10). The large
signal magnitude indicates a good junction, and therefore a large seal resistance,
exists between SiNW-FETs and cardiomyocytes. Later, the same group [49] syn-
thesized SiNWs encoded with active FET channel lengths of 50, 80, and 150 nm
(Fig. 11.2g). These devices were interfaced to cardiomyocytes and the
conductance-time response of action potentials was recorded. Significantly, while
the peak-to-peak voltage and signal-to-noise ratio showed little variation versus
channel length, the deduced peak-to-peak extracellular action potential width of
*500 ls was found to be comparable to the reported time constant for individual
sodium ion channels. In longer or large devices, the extracellular action potential
widths are typically � 1 ms, presumably due to averaging over a number of

b Fig. 11.2 Interfacing SiNW-FETs with cardiomyocytes for extracellular recording. a Long NWs
fabricated by top-down paradigm. Isolated cardiomyocytes are cultured on the NW chip, where the
dark lines denoted two NWs, I and II. b Currents measured by NW I and II. A series of transient
current events are observed for NW II because it is covered by a contracting myocyte. c Typical
results from NW II (left) compared to the intracellular action potential recorded with a nanopipette
(right). Reproduced from [44]. Copyright 2009 John Wiley & Sons, Inc. d, e Schematic of a
cardiomyocyte on a NW-FET device and the displacement (Z) of the PDMS/cell substrate. f Two
traces recorded with different Z values. Reproduced from [45]. Copyright 2009 National Academy
of Sciences of the United States of America. g Point-like recording using a short-channel NW
fabricated by bottom-up paradigm. Left Schematic of the short-channel FET-cell interface, where
the active channel size is comparable to that of a few ion channels. Right Typical signals of beating
cardiomyocytes from devices with channel lengths of 150 (blue), 80 (green) and 50 nm (red).
Reproduced from [49]. Copyright 2012 American Chemical Society

Fig. 11.3 SiNW interfaced to aortic smooth muscle cells. a Rat aortic smooth muscle cells (A7r5)
on the NW chip, in which the dashed square depicts the sensing area. b NW recorded current
signals induced by membrane depolarizing in high concentration K+ solution. Reproduced from
[44]. Copyright 2009 John Wiley & Sons, Inc
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channels. These results thus suggest the possibility to monitor ion channel activity
using short-channel NW-FET devices. In addition, Eschermann et al. [48] evaluated
the signal shape recorded from spontaneous activity of cardiac muscle HL-1 cells
with SiNW transistors fabricated by top-down process. It is worth mentioning that
they also used diamond transistor array for recording HL-1 and HEK293 cells
transfected with potassium channels [50].

11.2.2.3 Extracellular Recording from Other Electrogenic Cells

SiNW-FET devices have also been used to investigate electrophysiological prop-
erties of other types of electrogenic cells. For example, Chen and coworkers [44]
investigated the electrical activities of rat aortic smooth muscle cells (A7r5) as
shown in Fig. 11.3, where each NW was in contact with multiple cells. A series of
current spikes was recorded by the NW upon introduction of a solution containing a
high concentration of potassium ions with each spike having a biphasic signal with
durations of *1 ms similar to recording from cardiomyocytes [45, 48] but nearly
two orders of magnitude shorter than that of typical intracellular action potential of
A7r5 cells [51, 52]. As discussed above this is consistent with the NWs recording
the initial rapid inward sodium current, which contributes to the initial depolar-
ization of the action potential recorded with the patch-clamp, but not subsequent
slower repolarizing steps.

11.2.3 Intracellular and Intracellular-like
Electrophysiological Recording

11.2.3.1 Strengths and Constraints of Intracellular Measurements

In general, noninvasive extracellular recording has advantages for long-term mul-
tiplexed measurements. However, extracellular recording sacrifices one-to-one
correspondence between cells and electrodes, and also suffers from other funda-
mental limitations such as reduced signal strength and quality, and difficulty in
recording sub-threshold events [53]. Intracellular recording can overcome all of
these limitations, although not without other challenges. For example, the patch
clamp methodology [54, 55], which is the most widely used intracellular recording
technique, requires the formation of direct ionic and/or electrical junctions between
the probe tip and the cytosol, which has several limitations. First, the probe tip size
needs to be within 0.2–5 lm: small enough to ensure penetrating the cell membrane
without major damage, but also large enough to produce a low junction impedance
needed for recording small cellular signals. Second, irreversible changes occur to
the cell when it is directly exposed to external probe surfaces and electrolytes, thus
limiting the capability for long-term recording. Third, the relatively large size of the
pipettes and associated 3D manipulators limit potential integration for multiplexed
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measurements. With these limitations in mind, it is possible to define the charac-
teristics of an ideal electronic device for intracellular recording; this device should
possess (i) a small size to minimize invasiveness and potentially allow for direct
contact with subcellular structures, (ii) high sensitivity and signal fidelity as size is
decreased, and (iii) the capability to achieve multiplexed recording at both single
cell and cell network levels. Over the past several years, solid-state nanoFET based
devices have demonstrated capabilities that may allow for accurate, fast, and
multiplexed intracellular recording [2, 56–58].

11.2.3.2 Intracellular-Like Recording with Protruding Metal
Electrodes

The existence of an extracellular cleft between the living cell membranes and the
planar substrate used to support recording devices can reduce electrical coupling

Fig. 11.4 Intracellular-like recordings with FGSEs. a Experimental setup with one cell interfaced
to a single glass microelectrode (red) and FGSE (blue). b Calibrated recording from the
intracellular microelectrode (red) and FGSE (blue) for a pulse of 5 mV, 20 ms. c A
hyperpolarizing current pulse (purple) induced hyperpolarization recorded by the intracellular
microelectrode (red) and the FGSE (blue). d–f Depolarizing currents generated action potentials
with amplitudes of *50 mV (intracellular microelectrode, red) and *25 mV (FGSE, blue).
Reproduced from [61]. Copyright 2010 Nature Publishing Group
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and corresponding signal levels. As discussed above in Sect. 11.2.1.4, a number of
approaches have focused on decreasing the cleft size and consequently increasing
the seal resistance as a means to enhance signals. Spira and coworkers [42, 59–61]
significantly increased the seal resistance by functionalizing micrometre-size
mushroom-shaped gold protrusions, thereby forming tight coupling with the cell
membrane. This approach was further confirmed by Offenhäusser and coworkers
[62]. Systematic investigations of the cleft width between the plasma membrane
and protruding gold electrode surfaces reveal that these structures significantly
enhance the contact, in particular at the protruding head region. As an example,
studies of an Aplysia neuron cultured on a chemically functionalized gold-spine
electrode (FGSE) and simultaneously interrogated with a patch-clamp microelec-
trode (Fig. 11.4) showed several key points. First, injection of a hyperpolarizing
current with the patch-clamp electrode yielded a 10 and 5 mV recorded polariza-
tions using the patch-clamp and FGSE (Fig. 11.4c). In addition, injection of
depolarizing currents led to the observation of intracellular action potentials that
were temporally correlated between the patch-clamp and FGSE (Fig. 11.4d–f),
although the amplitudes were approximately twofold smaller for the FGSE (25 mV)
versus the patch clamp (50 mV). These observations demonstrate that functional-
ized FGSEs can record intracellular-like responses from electrogenic cells and thus
provide significant information beyond that obtained from conventional planar
metallic microelectrodes and MEAs.

11.2.3.3 Intracellular 3D Nanowire Transistors

The nanoscale dimensions of SiNW-FETs make them potentially ideal as intra-
cellular probes because (i) their small size should allow for minimally-invasive
insertion and (ii) the FET device holds the promise for the true intracellular
recording since it is nearly independent of interfacial impedance in contrast to
passive electrode techniques. Nevertheless, the overall size of all conventional
nanoFETs, which have a linear device geometry, is much larger than active FET
component due to the source and drain electrical contacts. The necessity of having
two contacts makes minimally-invasive insertion of a nanoFET into cells difficult if
not impossible.

b Fig. 11.5 Intracellular recordings with SiNW-FETs. a Schematics of cellular recording from a
cardiomyocyte monolayer on PDMS support (left) and extracellular (middle) and intracellular
(right) NW/cell interfaces. Inset is an SEM image of the kinked nanowire device. Purple lines
denote the cell membrane and NW lipid coating. b Plots corresponding to (i) extracellular, (ii)
extracellular to intracellular transition, and (iii) steady-state intracellular recording. Reproduced
from [46]. Copyright 2010 American Association for the Advancement of Science. c A branched
SiO2 nanotube integrated on top of a SiNW transistor. Reproduced from [66]. Copyright 2012
Nature Publishing Group. d Optical image of a kinked NW probe (left) and patch-clamp pipette
(right) recording from the same cell. Reproduced from [68]. Copyright 2014 Nature Publishing
Group
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A break-through that first overcame this geometry-size constraint was achieved
with synthesis on nonlinear kinked NWs [63]. The kinked structure allows for
localization of a point like FET detector at the kinked NW tip, metal contacts
geometrically-removed from this probe tip (Fig. 11.5a) thereby allowing for the
realization of bioprobes capable of facile intracellular recordings [46]. An inter-
esting feature of these nanoFET probes was modification with phospholipid
bilayers to promote spontaneous cellular internalization without external forces.
Indeed, contact of cultured cardiomyocyte cells to a 3D kinked SiNW bioprobe
showed three distinguishable recording stages during internalization (Fig. 11.5b).
Initially, only an extracellular action potential was observed, and then after ca. 40s,
the extracellular signal gradually disappeared with concomitant increase in a new
signal consistent with the intracellular action potential. Finally, at steady state an
intracellular action potential with average peak amplitude of *80 mV and duration
of *200 ms was recorded, which is consistent with true intracellular recording.

Following this pioneering work, 3D FET-based NW-nanotube and kinked
p-n junctions nano-bioprobes were also investigated for intracellular recordings
[64–69]. For example, recording using branched nanotube-NWs was reported in
2012 [66]. In this work, a branched SiO2 nanotube was synthetically integrated on a
SiNW transistor (Fig. 11.5c), modified with a phospholipid bilayer, which allowed
penetration through cardiomyocyte cell membranes, followed by intracellular action
potential recording by the SiNW-FET. The intracellular potential functions as an
electrolyte gate through the nanotube, thereby modulating the conductance of the
nanoFET. Significantly, by using multiple branched SiNW-FETs, the authors
demonstrated multiplexed intracellular electrical recordings from both single cells
and cell networks.

A limitation of these chip-based 3D nano-bioprobes has been a difficulty in
exploiting the nanometer-scale probe resolution in a deterministic manner to record
from specific cell regions and/or subcellular structures. To overcome this limitation,
Qing et al. [68] fabricated free-standing probes with a kinked SiNW nanoFET
sensors. Under a standard microscope, these probes were manipulated in 3D space
to target specific regions and obtain stable, full-amplitude intracellular action
potential spikes. Compared to the signal measured from patch-clamp probes on the
same cell, the free-standing NW probe showed the same amplitude and temporal
properties (Fig. 11.5d), thus demonstrating the capability to record true intracellular
(vs. intracellular-like) properties.

The substantial progress in intracellular recording described above was made
possible by the availability of nanostructures with similar characteristic length
scales to natural biological functional substructures. Semiconductor NW building
blocks excel among nanomaterials in their capabilities to be rationally designed and
synthesized with complex motifs with near molecular-scale precision. It is worth
noting that applications of semiconductor NWs in biology are still at an early stage
with future research needed to better understand and ultimately exploit the bio-
chemical mechanisms yield nanoFET-cell interfaces.
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11.2.3.4 Intracellular MEA-Based Nanopillars

Substantial effort has also been placed on the development of vertical NW electrode
arrays. In 2012, Park and coworkers [70] demonstrated parallel electrical interfacing
to mammalian neurons using vertical NW electrode arrays (Fig. 11.6a–c). The NWs
in the arrays were 150 nm in diameter and 3 lm in height with Ti/Au metallic tips,
where each addressable electrode consisted of 9 NWs. To achieve recording it was
necessary to apply voltage/current pulses, which can electroporate the cell mem-
brane, although the spike amplitudes was much smaller than true intracellular
signals (Fig. 11.6d). In parallel, Cui and coworkers [71] reported using vertical Pt
NWs electrodes (150 nm in diameter and 1–2 lm in height) to record extracellular
and intracellular action potentials from cultured cardiomyocytes, although the peak
amplitudes were less than full-amplitude intracellular action potential. This work
also used electroporation to assist short-term penetration of NWs across the cell

Fig. 11.6 a SEM image of a vertical NW electrode array. b Stimulation/recording pads for
multi-site interrogation of neuronal circuits. c A rat cortical cell on the NW array. d Action
potentials stimulated using a patch pipette (blue) and recorded by the NW array (magenta).
Reproduced from [70]. Copyright 2012 Nature Publishing Group
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membrane. In these two vertical metallic NW studies, the intracellular-like access
gained by electroporation was transient, in contrast to the long-term access of
lipid-coated SiNW-FETs reported by the Lieber group. Notably, Melosh and
coworkers have also shown that proper surface functionalization can help electrodes
similar to the Park and Cui studies to gain intracellular access [72–75].

More recently, Cui and coworkers [76] have reported MEA-based nanoelec-
trodes consisting of iridium oxide (IrO2) nanotubes. When these IrO2 nanotube-
based chips were used as a substrate for cardiomyocytes culture, they reported that
the cell membrane wrapped around the vertical nanotubes and protruded into the
hollow spacing between adjacent nanotubes, thus suggesting that the nanotube
array geometry could be beneficial for creating tight cell-electrode junctions similar
to that achieved with FGSEs. Consistent with this structural observation, the
authors observed larger and more stable intracellular action potentials from the
beating cardiomyocytes with amplitudes closer to expected full amplitude measured
with patch-clamp micropipettes.

The above results show that vertical NWs can bridge microelectrode-cell inter-
faces and allow direct access to intracellular information like micron-scale gold
spine electrodes [42, 59–61]. However, the current vertical NW MEAs have several
limitations, including (i) high electrochemical impedance due to the small contact
area, which has generally been overcome by using multiple NWs as a single elec-
trode, and (ii) recorded intracellular potentials that are about ten times lower than the
patch-clamp signals. Future research on the effects of NW surface modification
should be investigated to improve the internalization of these NW-based MEA
electrodes as well as cell sealing, which could improve the stability and
signal-to-noise ratio of the observed signals.

11.3 Nanowire-Tissue Interfaces and Electrophysiological
Recording

Making effective electrode-tissue interfaces requires consideration of the interfacial
contact between electrodes and the 3D cell networks comprising functional tissues.
In this regard, the position, shape, and size of an electrode with respect to the target
tissue are all critical factors determining this contact or coupling. Moreover, given
the intrinsic 3D interconnectivity of cells in tissues, consideration of the mechanical
properties and connectivity of the nanoelectronic devices will also be critical. These
latter factors are typically not considered in recording from single cells for 2D
in vitro cell cultures. Previously, several different types of micro- and nanostruc-
tures based electrodes have been used as tools for interfacing to tissues [77–80],
although they are outside the scope of this book. Below we will introduce
cutting-edge studies that have exploited SiNW-FETs for interfacing to brain and
heart tissues, and additionally, will summarize how their integration into flexible
electronics can open up new opportunities in bioelectronics.
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11.3.1 Acute Brain Slice Studies with Nanowire Transistors

In 2010, Qing et al. [47] reported studies of SiNW-FET arrays fabricated on
transparent substrates that were interfaced to acute brain slices to yield
sub-millisecond temporal resolution and better than 10 lm spatial resolution. The
transparent device chip allowed for imaging of individual cell bodies and identi-
fying areas of healthy neurons on both upper and lower tissue surfaces. The small
active device area (0.06 lm2) and array spacing (3 lm) enable highly localized
multiplexed measurements of neuronal activities and, for example, provided
information addressing signal propagation in the lateral olfactory tract and func-
tional neural connectivity in the olfactory cortex. Figure 11.7a shows a NW-FET
array under an acute brain slice that was stimulated at different locations. Based on
the time and distance difference for stimulation, it was possible to estimate a
propagation rate 1.6–2 m/s in the lateral olfactory tract. To demonstrate the capa-
bility to probe the activity patterns, eight devices within a four-by-four array were
simultaneously monitored while stimulating at eight different locations in the lateral
olfactory tract (Fig. 11.7b). Similar responses are obtained by each device irre-
spective to the stimulation positions after a strong stimulation that can activate all
axons fibers, as revealed in Fig. 11.7c. Reducing the stimulation intensity, such that
only a limited number of axon are activated, yielded data (Fig. 11.7d) that unam-
biguously revealed device specific features. In this weak stimulation regime, 2D
activity maps from all eight devices (Fig. 11.7e) demonstrated clearly heteroge-
neous activity and unique pairwise activity correlations for different stimulation
spots. For example, the signals from devices 1 and 8 showed close correlation for
5/8 stimulation spots while those from devices 3 and 4 show close correlation for
only 3/8 stimulation spots. These studies provided the first example of how
highly-localized direct electrical recording from intact neural networks using
nanoelectronic devices could serve as a powerful approach to visualize the
dynamic, functional neural networks and thus provide key information necessary to
understand circuits and plasticity.

11.3.2 Cardiac Tissue Studies with Nanowire Transistors

Spontaneously beating embryonic chicken hearts were also studied using bottom-up
SiNW-FETs on planar substrates [81] (Fig. 11.8a, b). The bottom-up fabrication
process yields protruding NW-FET channels from the underlying chip, and thus can
enhance coupling to heart tissue. Simultaneous recordings from a beating heart
using a NW-FET and a conventional glass pipette (Fig. 11.8c) showed close
temporal correlation except for a *100 ms delay in the NW-FET peak consistent
with the separation of electrodes. Individual signals recorded from FET devices
exhibited two characteristic components; that is, initial fast and subsequent slower
ones. Further measurement made with and without blebbistatin, which prevents
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contraction while maintaining ion channels excitability, demonstrated that the fast
component was associated with ion-channel current. Studies of the fast transient
peak mad as a function of water-gate potential showed a conductance change from
ca. 55 to 11 nS while the voltage-calibrated signals were constant, 5.1 ± 0.4 mV
(Fig. 11.8d). The relatively constant recorded junction voltage confirmed the robust
nanoFET/heart interface.

Last, the authors also fabricated NW-FET devices on a flexible polymer sub-
strate (Fig. 11.8e) which enabled simultaneous recording from an isolated beating
heart from multiple devices (Fig. 11.8f). Notably, the calibrated voltages associated
with the fast transient for three NW-FET devices, 5.3 ± 0.2, 4.6 ± 0.1, and
5.3 ± 0.2 mV, further highlight the reproducibility of the nanoFET/heart inter-
faces. Moreover, the significantly larger signal-to-noise ratio for the fast transient
implies a tighter interface contact due to the flexible substrate.

11.3.3 3D Nano–Bioelectronic Hybrids

An important goal in tissue engineering is to construct culture systems as close as
possible to the biological, physical and chemical environment of the natural
extracellular matrix (ECM) [82]. 2D bioelectronics have been used in studies of
engineered tissues [83], although the recording devices are not capable of mapping
the critical 3D behavior of the cells comprising the tissue as a whole. To overcome
this basic limitation requires the development of nanoelectronic recording devices
in a 3D architecture interpenetrating the tissue. To achieve this goal necessitates the
following features: (i) macroporous structures to allow for cell interpenetration
during culture; (ii) nanometer to micrometer scale structural features consistent with
the ECM or tissue scaffolds; and (iii) mechanical properties similar to ECM for
natural tissue development [2, 57, 84].

Tian et al. [85] demonstrated the first example of these new concepts using
macroporous NW nanoelectronic scaffolds (nanoES) to develop innervated synthetic
tissues. In this new paradigm, SiNW transistors were fabricated into network

b Fig. 11.7 a Top optical image of an acute brain slice covering a linear array of NW-FETs with the
array perpendicular to the lateral olfactory tract fiber. Red circles denote three devices for
recording while the crosses denote the positions of two stimulation electrodes, corresponding to
distances ca. 400 (red) and 1200 lm (green) from the NW array. Inset is a schematic of the
experimental configuration. Bottom Conductance versus time traces from devices 1–3 following
stimulation at red and green crosses, respectively; the curves correspond to averages of 8
recordings. b Optical image of an acute slice covering a 4 � 4 NW-FET array. Numbers 1–8
denote the device positions while the crosses denote the eight stimulation spots. c Averaged
signals from 15 recordings following stimulation (200 ls/400 lA pulses). Inset is the normalized
map of the signal intensity from the 8 devices deduced from the shaded area in each trace.
d Representative recordings (averaged from 12) from devices 1 and 8 for stimulations at spots a–h
(200 ls/100 lA pulses). e Maps of the relative signal intensity for devices 1–8. Reproduced from
[47]. Copyright 2010 National Academy of Sciences of the United States of America
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structures, where the network, which contains electrical interconnects needed to
address the nanoFETs, was designed to have feature sizes and porosities similar to
conventional passive tissue scaffold. Second, the nanoES was released from the
underlying substrate and configured as a 3D macroporous scaffold by either
stress-induced self-organization or external forces. The porosity of nanoES can
exceed 99 %, which renders the scaffold high flexibility (Fig. 11.9a, b). Last, the
nanoES was combined with biodegradable ECMs, seeded with cells and then the
assembly was cultured to produce synthetic tissues innervated in 3D with nanoFETs.

The structure of a representative nanoES/cardiac hybrid characterized by con-
focal fluorescence microscopy and epifluorescence microscopy (Fig. 11.9c, d)
highlights the high density of cardiomyocytes in close contact with nanoES com-
ponents. Clear striations of cardiac tissue, indicative of mature tissue, were also
observed. The monitoring capability of 3D nanoES/cariac hybrid was demonstrated
by recording from a single-NW-FET located below the construct surface as shown
in Fig. 11.9e. The data revealed regularly spaced spikes with a frequency of
*1 Hz, calibrated potential change of *2–3 mV, signal-to-noise ratio of � 3 and
*2 ms width, all of which agree well with expectations for extracellular recordings
from cardiomyocytes. Moreover, addition of norepinephrine, a drug that stimulates
cardiac contraction, showed a twofold increase of the contraction frequency. Given
the capability to resolve action potentials with single-shot submillisecond time
resolution in 3D (Fig. 11.9f), this work suggests substantial potential for the
nanoES/cardiac hybrids and other tissue hybrids as a new paradigm for 3D mon-
itoring and screening of drugs.

Further development of the nanoES paradigm has been achieved in the seamless
incorporation of active nanoelectronic networks within 3D materials, where active
monitoring and control of host systems have been exhibited by multifunctional NW
electronics. For example, Liu et al. [86] reported the conversion of ordered 2D NW
nanoelectronics precursors into ordered, 3D interconnected and addressable
macroporous nanoelectronic networks. Hundreds of addressable NW devices, with
feature sizes from 10-nm scale (for device elements) to 10-lm scale (for electrical
and structural interconnections), were incorporated in these 3D networks
(Fig. 11.10). Significantly, simultaneous NW photocurrent and confocal micro-
scopy imaging studies demonstrated that it was possible to localize NW positions
inside 3D hybrid materials with *14-nm resolution. This method should prove
particularly useful in future for mapping the positions of the nanodevices to

b Fig. 11.8 a Image of experimental setup for NW-FET/heart interface and recording. Arrows
denote the positions of heart (red), Ag/AgCl reference electrode (yellow), and source/drain
interconnect wires (blue), respectively. b Top Magnified image of heart on the device. Bottom
Zoom-in view of the dotted region in upper image, showing three pairs of NWs with the
orientation along the vertical red lines. c Parallel recordings made using a glass pipette (black) and
NW-FET (red). d Peak conductance amplitude (red) and calibrated peak voltage amplitude (blue)
as a function of gate voltage. e Image of a complete chip on a flexible KaptonTM substrate, where
the central dashed box denotes the position of NW-FETs. f Measured signals at gate of −0.2 V.
Reproduced from [81]. Copyright 2009 American Chemical Society
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Fig. 11.9 Nanoelectronic scaffolds (nanoES) and synthetic tissues. a, b Confocal fluorescence
microscopy and SEM images, respectively, of two nanoES. c Confocal fluorescence micrographs
of a hybrid nanoES/cardiac synthetic tissue patch. d Epifluorescence micrograph of the surface
from the same hybrid with the positing of a NW-FET source-drain electrodes highlighted by the
white dashed lines. e Time-evolution of periodic conductance spikes recorded by a NW-FET
device in the nanoES/cardiac hybrid before and after addition of noradrenaline. f Multiplex
recordings from four NW-FETs in a nanoES/cardiac hybrid. Reproduced from [85]. Copyright
2012 Nature Publishing Group
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Fig. 11.10 a Schematic of 3D macroporous NW structure highlighting simultaneous confocal
fluorescence and photocurrent imaging to localize the positions of NW-FET devices: blue cylinder
NW; orange-red polymer mesh network; green dot laser spot. b 3D reconstructed confocal
fluorescence/photocurrent microscopy image of a 3D mesh structure. The polymer mesh structure is
red-orange and NW-FET positions are green. c 3D micro-CT image of a strain sensor array
embedded in an elastomer, where metal interconnects are visible as yellow-orange lines. d Optical
image of a typical NW device. The white arrow points to the NW, and source (S) and drain
(D) highlighted with blue and pink coloring, respectively. e 3D strain field mapped by the NW strain
sensors, left; and image of elastomer with embedded macroporous NW network, right. Reproduced
from [86]. Copyright 2013 National Academy of Sciences of the United States of America
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high-resolution with respect to cells. The success of integrating 3D multifunctional
nanoelectronics with biological hosts indicates the capability of fabricating truly 3D
nanoelectronic circuits and subsequent 3D incorporation of these multifunctional
circuits into living systems for smart materials and even “cyborg” tissues, although
additional work will be needed before the nanoES-based hybrids can be used as
implants in vivo. Last, it should be noted that the basic nanoES paradigm is
amenable to incorporation of additional types of functional devices, including
photonic devices as well as strain and biochemical sensors, and these could further
broaden the capabilities and opportunities for in vitro and in vivo studies of the
brain and heart in the future.

11.3.4 Injectable Electronics

The mismatch of mechanical properties represents an essential challenge at the
tissue/electrode interface in living systems. Tissues are soft and flexible, also with
interior cell migration while the implanted electronics made, for example, of metal
or silicon, have rigid nonporous structures. This difference results in two disad-
vantages. First, rigidity can yield incomplete and/or ineffective contacts between
devices and cells that corresponding lead to weak signals that my be overwhelmed
by noise [87–89]. Second and perhaps more important, such rigid probes are known
to illicit chronic immune responses that result in the build-up of scar tissue around
probes (e.g., glial scarring in the brain), where the biologically inactive scar tissue
can diminish or eliminate recorded and/or stimulated signals [90, 91]. To overcome
these long-standing limitations of existing implantable electrode probes requires
greater attention to the importance of the electrode/tissue interfaces and matching of
overall probe/tissue feature sizes and mechanical properties.

Significantly, the Lieber group [92, 93] recently proposed and demonstrated a
new paradigm that overcomes these long-standing challenges through syringe
injection of centimeter-scale macroporous electronic networks. In this new
approach (Fig. 11.11a), the syringe is loaded with the ultra-flexible mesh, inserted
into tissue or cavity, and then the mesh is injected while simultaneously retracting
the needle. The mesh structure is critical for controlling the bending stiffness and
allowing loading/injection. Specifically, the angle a (Fig. 11.11b) determines the
bending stiffness of the unit cell. The authors found that when a = 45°, the mesh
electronics can be smoothly delivered through a needles with inner diameters that
were >30 times smaller than the original mesh width (W).

Notably, studies of the chronic tissue response following injection of the
macroporous mesh into live rodent brains (Fig. 11.11c) demonstrated several new
and exciting feature, including (i) filling-in of neural tissue through the macrop-
orous network, (ii) minimal or absence of astrocyte proliferation in the vicinity of
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the injected probe, and correspondingly, (iii) attractive interactions between the
neurons and the macroporous mesh, which lead to the formation of tight
electronics/cell junctions that are ideal for recording. Indeed, the mesh electronics
have proved to be able to record well-defined neural activity from live mice brains
(Fig. 11.11d). In this case, the rigid shell of the syringe allowed placement of the
mesh in specific brain regions. In parallel, they also developed another method to
implant the ultraflexible 3D macroporous electronic device into rodent brains by
rapid freezing in liquid nitrogen and inserting the probe in frozen state [94].
Significantly, the chronic histology studies, which revealed filling-in of neural
tissue through the macroporous network and attractive neuron probe interactions,
contrast results from other solid and more rigid probe designs and are consistent
with a unique long-term stability and biocompatibility of the ultra-flexible mesh
probe/tissue interface. Although it will be important in future studies to develop

Fig. 11.11 a Schematics for injectable electronics. The needle is inserted (i) and retracted (ii) to
leave the mesh electronics in the cavity. b Schematic of the mesh design, where a is the angle with
respect to a rectangular configuration. c Optical image of a longitudinal brain slice taken five
weeks after injection into the hippocampus. The mesh is fully extended. d 16-channel recording
with the mesh electronics following injection into the brain of a live mouse. Reproduced from [92].
Copyright 2015 Nature Publishing Group
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these probes further, for example by extending the chronic histology studies to
shorter and longer times, and increasing the number of sensor elements available for
multiplexed recording and/or introducing stimulation capabilities, the new para-
digm of syringe injectable macroporous mesh electronics promises to be transfor-
mative in capabilities for stable chronic brain activity mapping through the
development of implants for next-generation brain machine interfaces.

11.4 Future Directions and Challenges

The challenges associated with nanotechnology applications in biomedical sciences
are numerous, but their impact on our understanding of how the cardiac and ner-
vous systems work, how they fail in disease, and how one can intervene at a
nanoscopic or even molecular level, is significant. For instance, neural develop-
mental factors, such as the cadherins, laminins, and bone morphometric protein
families, as well as their receptors, can be manipulated in new ways [14].
Bottom-up NW nanotechnology allows us to explore the functional specificity of
these molecules by incorporating them into predefined locations in NW devices to
exert highly targeted effects on single cells. Incorporating nanoelectronics or
nanoscience in general into synthetic biology and/or systems biology can be highly
rewarding. Doing so will represent a great leap forward in materials and biological
sciences, especially because of the many nanoelectronic and nanophotonic devices
that one can envision building into cellular circuitry and merging with biological
information processing systems.

Although great progress has been made in both extracellular and intracellular
electrical recording with NW-FETs, many challenges remain. For extracellular
studies, there remains a pressing need to further enhance nanoFET S/N so that very
weak endogenous biological signals, with an amplitude of *100 lV, can be
readily resolved. This goal may be achieved by a new chemical design and syn-
thesis of high-mobility NW building blocks for nanoFETs, or nanoscale engi-
neering of NW materials to reduce nanoFET noise by, for example, thermal
annealing and/or surface passivation. For intracellular studies, more research is
needed to advance nanoFET-based intracellular measurement techniques. For
example, the S/N of nanoFETs is no better than that of glass micropipette
recordings, although the spatial resolution of the former is much higher. Current
nanoFET designs allow only potential recordings, but measurements of ionic cur-
rents could be performed if other signal transduction mechanisms are combined
with nanoFETs. Moreover, nanoFETs are not yet capable of cell stimulation, in
addition to recording. Nevertheless, there are many advantages of nanoFET intra-
cellular probes used in these studies, including their sub-10-nm sizes; ease of
operation (e.g., no need to compensate or calibrate the probe junction potential and
capacitance); lipid fusion-assisted cellular entrance; minimal mechanical and bio-
chemical invasiveness; and potential for large-scale, high-density, multiplexed
recordings. These capabilities make nanoFET intracellular probes very attractive

300 11 Nanowire Interfaces to Cells and Tissue



tools for substantially broadening the scope of fundamental and applied electro-
physiology studies to regimes that are difficult to access by current methodologies.
For nanoelectronics-cyborg tissues, the long-term in vivo biocompatibility of
nanoES should be studied in greater depth. In addition, cell or tissue interactions
with nanoES and the manipulation of such interactions through modification with
cell growth determinants represents a fruitful area for future studies. In addition, it
should be possible to develop the nanoES to provide electrical and mechanical
stimulation to optimize cell culture and match those of host tissues. Last but not
least, exploration of the frontier of nanoelectronics-brain interfaces, including
chronic in vivo brain activity mapping and modulation with high spatial and
temporal resolution, represents a truly unique opportunity to impact fundamental
research and ultimately healthcare with a substantial benefit to society worldwide.
More generally, as we take advantage of the uniquely small sizes of nanoelectronic
devices organized into arrays and circuits that have similar connectivity, feature
sizes and mechanical properties as the cell networks comprising living tissues of
interest such as the brain, we begin to blur the distinction between nonliving
electronic and living biological systems, and we suggest that this will lead to major
and sometimes unexpected opportunities in understanding complex biological
systems, diseases and potential new therapeutic directions in the future.
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Chapter 12
Conclusions and Outlook

Abstract The development of NW-based materials has led to breakthrough
achievements with rapid expanding impact in all areas of nanotechnology, including
but not limited to, electronics, optoelectronics, energy science, sensors and the life
sciences. In spite of the progresses discussed in this book, substantial room still exists
for NW research and development, and the opportunities may be realized by
exquisite control of NW synthesis and assembly, as well as large scale production. In
this chapter, we will summarize the basic NW research and applications introduced in
this book, and challenges and exciting future opportunities will be discussed.

Central to the vision underlying nanotechnology is the idea that developing and
following a common intellectual path—the bottom-up paradigm of nanoscale sci-
ence and technology—will make it possible to build or assemble virtually any kind
of device or functional system, ranging from ultrasensitive medical sensors to
nanocomputers and brain-machine interfaces. Underpinning this bottom-up para-
digm is the controlled growth of nanoscale materials—the building blocks of the
bottom-up approach—pursued within the disciplines of materials sciences and
chemistry. In this book we have reviewed the remarkable progress made over the
past two plus decades in NW research developing this broad vision.

The intimate integration and interplay between growth and fundamental char-
acterization has enabled the field not only to expand the basic understanding of NW
science and technology, but also to make rational predictions and define new device
concepts unique to these nanoscale building blocks. A key that has been and will
continue to be critical to continued scientific advances is expanding the level of
rational synthetic control of the powerful NW building blocks with precisely
controlled and tunable chemical composition, structure, size, and morphology since
these characteristics ultimately determine physical properties. Moreover, the
capability to create new NW topologies and assemblies where composition and
structure are tuned on multiple length scales has been and will continue to be central
to scientific breakthroughs, such as the first demonstrations of intracellular tran-
sistors merging key elements of living and nonliving information processors [1–3],
that can enable new and potentially transformative future technologies. In this
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regard, semiconductor NWs serve as one of the most powerful platform available
today in nanoscience given that it is now possible to design structures ab initio, and
synthetically realize these structures with the structure and composition controlled
from the atomic scale and up. This capability to design and synthetically realize
complex NW materials is almost unique among nanomaterials, and enables systems
or building blocks to be created, which have predictable physical properties and
which enable testing fundamental limits of performance [4–9].

To fully exploit this bottom-up paradigm in technologies, it will be important to
also build upon rational methods of organizing NWs and other nanomaterials. The
building blocks need to be assembled not only in close-packed arrays, which give a
very fixed kind of interconnectivity, but the orientation, position and spacing
controlled on multiple length scales [10]. It is also possible to assemble hybrid or
multi-component functional materials in novel environments using diverse NW
building blocks [11], allowing for rational exploration of new architectures and
possible applications of multi-component material systems. In addition, advances
described in this book have shown how this approach has already enabled new
concepts for NW device structures, functional units and systems [12–15], and thus
demonstrates unambiguously the potential of creating technologies that might
previously have been more the realm of science fiction versus scientific reality.

Over the past two decades, research on NWs has witnessed fast developments, as
well as substantial and robust achievements that are synonymous with original ideas
put forth in seminal publications [16–18]; that is, the capability to synthetically-
control composition, structure, morphology on multiple length scales allows for
remarkable advances simply not possible in single component materials. The
development of NW-based materials has led to breakthrough achievements with
rapid expanding impact in all areas of nanotechnology. The remarkable perfor-
mance properties of NWs are leading to revolutionary technologies in electronics,
optoelectronics, energy science, sensors and the life sciences more generally, and
will continue to broadly impact the fields of physics, chemistry, biology, medicine,
environmental science, and engineering [19–32]. For example, in the energy
studies, especially related to renewable energy conversion and storage, the rational
design of SiNW structures and array architectures, together with surface coating
and bandgap engineering, has demonstrated significant potentials in increasing light
absorption, charge transfer and separation, photoconversion efficiencies, and
chemical and catalytic performances [33–35]. In the biological studies, for instance,
sensor devices based on SiNW-FETs are emerging as a general and powerful
platform for ultrasensitive, direct electrical detection of biological and chemical
species, as well as interfacing with live cells and tissues for nonconventional
intracellular electrical measurements [9, 22, 23, 28, 29, 32]. The authors believe this
latter area has tremendous growth potential from perspectives of both basic research
and applications, and expect to see transformative advances impacting medicine
and healthcare in the future.

In spite of the remarkable progress discussed in this book, substantial room still
exists for basic NW research and development. These opportunities may be realized
by tackling several challenges. First, the ultimate understanding and exquisite
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control of NW synthesis with atomic accuracy in material morphologies, structures,
chemical modulations, and doping profiles, have not been fully realized by current
synthetic methods and technologies. Second, the assembly and patterning of NWs
into functional device arrays with higher efficiency, accuracy and uniformity will
benefit exploration of larger scale integrated systems for research as well com-
mercialization of existing NW devices that do exhibit unique properties, such as in
the biological realm [36]. Third, development of efficient large scale NW
synthesis/production is ultimately needed to fuel large-scale applications as well as
efficient commercialization strategies to realize the most promising technologies.
Looking into the future, continued efforts to exploit the unique capabilities that exist
today in NW building blocks and will further expand with continued efforts, for
example by thinking out of the box to applications not possible with existing planar
technologies, promises to be a fruitful direction for creating new NW-based
research tools, which may answer long-standing questions or even allow
researchers to pose new questions with the advanced capabilities, to transformative
and/or disruptive technologies for commercialization. We believe that the future is
remarkably bright, with likely revolutionary technologies from NW-based
nanosystems that will impact in many ways in areas such as life sciences, health-
care, information technology, and energy science, and importantly, in so doing offer
a substantial benefit to humankind.
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