
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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