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Chapter- 1 

Nanorobotics 
 
 
 
 
 
 
 
 

Nanorobotics is the technology of creating machines or robots at or close to the 
microscopic scale of a nanometer (10−9 meters). More specifically, nanorobotics refers to 
the still largely hypothetical nanotechnology engineering discipline of designing and 
building nanorobots, devices ranging in size from 0.1-10 micrometers and constructed of 
nanoscale or molecular components. As of 2010 nobody has yet built artificial non-
biological nanorobots: they remain a hypothetical concept. The names nanobots, 
nanoids, nanites, nanomachines or nanomites have also been used to describe these 
hypothetical devices. 

 

Another definition is a robot that allows precision interactions with nanoscale objects, or 
can manipulate with nanoscale resolution. Following this definition even a large 
apparatus such as an atomic force microscope can be considered a nanorobotic instrument 
when configured to perform nanomanipulation. Also, macroscale robots or microrobots 
that can move with nanoscale precision can also be considered nanorobots. 

Nanomachines are largely in the research-and-development phase, but some primitive 
molecular machines have been tested. An example is a sensor having a switch 
approximately 1.5 nanometers across, capable of counting specific molecules in a 
chemical sample. The first useful applications of nanomachines, if such are ever built, 
might be in medical technology, which might use them to identify and destroy cancer 
cells. Another potential application is the detection of toxic chemicals, and the 
measurement of their concentrations, in the environment. Recently, Rice University has 
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demonstrated a single-molecule car developed by a chemical process and including 
buckyballs for wheels. It is actuated by controlling the environmental temperature and by 
positioning a scanning tunneling microscope tip. 

Nanorobotics theory 
Since nanorobots would be microscopic in size, it would probably be necessary for very 
large numbers of them to work together to perform microscopic and macroscopic tasks. 
These nanorobot swarms, both those incapable of replication (as in utility fog) and those 
capable of unconstrained replication in the natural environment (as in grey goo and its 
less common variants), are found in many science fiction stories, such as the Borg 
nanoprobes in Star Trek and The Outer Limits episode The New Breed. The word 
"nanobot" (also "nanite", "nanogene", or "nanoant") is often used to indicate this fictional 
context and is an informal or even pejorative term to refer to the engineering concept of 
nanorobots. The word nanorobot is the correct technical term in the nonfictional context 
of serious engineering studies. 

 

Some proponents of nanorobotics, in reaction to the grey goo scare scenarios that they 
earlier helped to propagate, hold the view that nanorobots capable of replication outside 
of a restricted factory environment do not form a necessary part of a purported productive 
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nanotechnology, and that the process of self-replication, if it were ever to be developed, 
could be made inherently safe. They further assert that their current plans for developing 
and using molecular manufacturing do not in fact include free-foraging replicators. 

Approaches 

Biochip 

The joint use of nanoelectronics, photolithography, and new biomaterials provides a 
possible approach to manufacturing nanorobots for common medical applications, such 
as for surgical instrumentation, diagnosis and drug delivery. This method for 
manufacturing on nanotechnology scale is currently in use in the electronics industry. So, 
practical nanorobots should be integrated as nanoelectronics devices, which will allow 
tele-operation and advanced capabilities for medical instrumentation. 

Nubots 

Nubot is an abbreviation for "nucleic acid robots". Nubots are synthetic robotics devices 
at the nanoscale. Representative nubots include the several DNA walkers reported by 
Ned Seeman's group at NYU, Nales Pierce's group at Caltech, John Reif's group at Duke 
University, Chengde Mao's group at Purdue, and Andrew Turberfield's group at the 
University of Oxford. 

Positional nanoassembly 

Nanofactory Collaboration, founded by Robert Freitas and Ralph Merkle in 2000, is a 
focused ongoing effort involving 23 researchers from 10 organizations and 4 countries 
that is developing a practical research agenda specifically aimed at developing 
positionally-controlled diamond mechanosynthesis and a diamondoid nanofactory that 
would have the capability of building diamondoid medical nanorobots. 

 

Bacteria based 

This approach proposes the use of biological microorganisms, like the bacterium 
Escherichia coli. Thus the model uses a flagellum for propulsion purposes. The use of 
electromagnetic fields are normally applied to control the motion of this kind of 
biological integrated device, but has limited applications. 

Open technology 
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A document with a proposal on nanobiotech development using open technology 
approaches has been addressed to the United Nations General Assembly. According to 
the document sent to the UN, in the same way that Open Source has in recent years 
accelerated the development of computer systems, a similar approach should benefit the 
society at large and accelerate nanorobotics development. The use of nanobiotechnology 
should be established as a human heritage for the coming generations, and developed as 
an open technology based on ethical practices for peaceful purposes. Open technology is 
stated as a fundamental key for such an aim. 

Potential applications 

Nanomedicine 

Potential applications for nanorobotics in medicine include early diagnosis and targeted 
drug-delivery for cancer,, biomedical instrumentation surgery,, pharmacokinetics 
monitoring of diabetes, and health care. 

 

In such plans, future medical nanotechnology is expected to employ nanorobots injected 
into the patient to perform work at a cellular level. Such nanorobots intended for use in 
medicine should be non-replicating, as replication would needlessly increase device 
complexity, reduce reliability, and interfere with the medical mission. Instead, medical 
nanorobots are posited to be manufactured in hypothetical, carefully controlled 
nanofactories in which nanoscale machines would be solidly integrated into a supposed 
desktop-scale machine that would build macroscopic products. 
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The most detailed theoretical discussion of nanorobotics, including specific design issues 
such as sensing, power communication, navigation, manipulation, locomotion, and 
onboard computation, has been presented in the medical context of nanomedicine by 
Robert Freitas. Some of these discussions remain at the level of unbuildable generality 
and do not approach the level of detailed engineering. 
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Chapter- 2 

Nanotechnology 
 
 

 

 

 

Nanotechnology, shortened to "nanotech", is the study of manipulating matter on an 
atomic and molecular scale. Generally nanotechnology deals with structures sized 
between 1 to 100 nanometer in at least one dimension, and involves developing materials 
or devices within that size. Quantum mechanical effects are very important at this scale. 

Nanotechnology is very diverse, ranging from extensions of conventional device physics 
to completely new approaches based upon molecular self-assembly, from developing new 
materials with dimensions on the nanoscale to investigating whether we can directly 
control matter on the atomic scale. 

There is much debate on the future implications of nanotechnology. Nanotechnology may 
be able to create many new materials and devices with a vast range of applications, such 
as in medicine, electronics, biomaterials and energy production. On the other hand, 
nanotechnology raises many of the same issues as any new technology, including 
concerns about the toxicity and environmental impact of nanomaterials, and their 
potential effects on global economics, as well as speculation about various doomsday 
scenarios. These concerns have led to a debate among advocacy groups and governments 
on whether special regulation of nanotechnology is warranted. 
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Origins 

 
  
Buckminsterfullerene C60, also known as the buckyball, is a representative member of the 
carbon structures known as fullerenes. Members of the fullerene family are a major 
subject of research falling under the nanotechnology umbrella. 

The first use of the concepts found in 'nano-technology' (but pre-dating use of that name) 
was in "There's Plenty of Room at the Bottom", a talk given by physicist Richard 
Feynman at an American Physical Society meeting at Caltech on December 29, 1959. 
Feynman described a process by which the ability to manipulate individual atoms and 
molecules might be developed, using one set of precise tools to build and operate another 
proportionally smaller set, and so on down to the needed scale. In the course of this, he 
noted, scaling issues would arise from the changing magnitude of various physical 
phenomena: gravity would become less important, surface tension and van der Waals 
attraction would become increasingly more significant, etc. This basic idea appeared 
plausible, and exponential assembly enhances it with parallelism to produce a useful 
quantity of end products. The term "nanotechnology" was defined by Tokyo Science 
University Professor Norio Taniguchi in a 1974 paper as follows: "'Nano-technology' 
mainly consists of the processing of, separation, consolidation, and deformation of 
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materials by one atom or by one molecule." In the 1980s the basic idea of this definition 
was explored in much more depth by Dr. K. Eric Drexler, who promoted the 
technological significance of nano-scale phenomena and devices through speeches and 
the books Engines of Creation: The Coming Era of Nanotechnology (1986) and 
Nanosystems: Molecular Machinery, Manufacturing, and Computation, and so the term 
acquired its current sense. Engines of Creation: The Coming Era of Nanotechnology is 
considered the first book on the topic of nanotechnology. Nanotechnology and 
nanoscience got started in the early 1980s with two major developments; the birth of 
cluster science and the invention of the scanning tunneling microscope (STM). This 
development led to the discovery of fullerenes in 1985 and carbon nanotubes a few years 
later. In another development, the synthesis and properties of semiconductor nanocrystals 
was studied; this led to a fast increasing number of metal and metal oxide nanoparticles 
and quantum dots. The atomic force microscope (AFM or SFM) was invented six years 
after the STM was invented. In 2000, the United States National Nanotechnology 
Initiative was founded to coordinate Federal nanotechnology research and development 
and is evaluated by the President's Council of Advisors on Science and Technology. 

Fundamental concepts 
One nanometer (nm) is one billionth, or 10−9, of a meter. By comparison, typical carbon-
carbon bond lengths, or the spacing between these atoms in a molecule, are in the range 
0.12–0.15 nm, and a DNA double-helix has a diameter around 2 nm. On the other hand, 
the smallest cellular life-forms, the bacteria of the genus Mycoplasma, are around 200 nm 
in length. 

To put that scale in another context, the comparative size of a nanometer to a meter is the 
same as that of a marble to the size of the earth. Or another way of putting it: a nanometer 
is the amount an average man's beard grows in the time it takes him to raise the razor to 
his face. 

Two main approaches are used in nanotechnology. In the "bottom-up" approach, 
materials and devices are built from molecular components which assemble themselves 
chemically by principles of molecular recognition. In the "top-down" approach, nano-
objects are constructed from larger entities without atomic-level control. 

Areas of physics such as nanoelectronics, nanomechanics, nanophotonics and nanoionics 
have evolved during the last few decades to provide a basic scientific foundation of 
nanotechnology. 
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Larger to smaller: a materials perspective 

 
 
Image of reconstruction on a clean Gold(100) surface, as visualized using scanning 
tunneling microscopy. The positions of the individual atoms composing the surface are 
visible. 

A number of physical phenomena become pronounced as the size of the system 
decreases. These include statistical mechanical effects, as well as quantum mechanical 
effects, for example the “quantum size effect” where the electronic properties of solids 
are altered with great reductions in particle size. This effect does not come into play by 
going from macro to micro dimensions. However, quantum effects become dominant 
when the nanometer size range is reached, typically at distances of 100 nanometers or 
less, the so called quantum realm. Additionally, a number of physical (mechanical, 
electrical, optical, etc.) properties change when compared to macroscopic systems. One 
example is the increase in surface area to volume ratio altering mechanical, thermal and 
catalytic properties of materials. Diffusion and reactions at nanoscale, nanostructures 
materials and nanodevices with fast ion transport are generally referred to nanoionics. 
Mechanical properties of nanosystems are of interest in the nanomechanics research. The 
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catalytic activity of nanomaterials also opens potential risks in their interaction with 
biomaterials. 

Materials reduced to the nanoscale can show different properties compared to what they 
exhibit on a macroscale, enabling unique applications. For instance, opaque substances 
become transparent (copper); stable materials turn combustible (aluminum); insoluble 
materials become soluble (gold). A material such as gold, which is chemically inert at 
normal scales, can serve as a potent chemical catalyst at nanoscales. Much of the 
fascination with nanotechnology stems from these quantum and surface phenomena that 
matter exhibits at the nanoscale. 

Simple to complex: a molecular perspective 

Modern synthetic chemistry has reached the point where it is possible to prepare small 
molecules to almost any structure. These methods are used today to manufacture a wide 
variety of useful chemicals such as pharmaceuticals or commercial polymers. This ability 
raises the question of extending this kind of control to the next-larger level, seeking 
methods to assemble these single molecules into supramolecular assemblies consisting of 
many molecules arranged in a well defined manner. 

These approaches utilize the concepts of molecular self-assembly and/or supramolecular 
chemistry to automatically arrange themselves into some useful conformation through a 
bottom-up approach. The concept of molecular recognition is especially important: 
molecules can be designed so that a specific configuration or arrangement is favored due 
to non-covalent intermolecular forces. The Watson–Crick basepairing rules are a direct 
result of this, as is the specificity of an enzyme being targeted to a single substrate, or the 
specific folding of the protein itself. Thus, two or more components can be designed to be 
complementary and mutually attractive so that they make a more complex and useful 
whole. 

Such bottom-up approaches should be capable of producing devices in parallel and be 
much cheaper than top-down methods, but could potentially be overwhelmed as the size 
and complexity of the desired assembly increases. Most useful structures require complex 
and thermodynamically unlikely arrangements of atoms. Nevertheless, there are many 
examples of self-assembly based on molecular recognition in biology, most notably 
Watson–Crick basepairing and enzyme-substrate interactions. The challenge for 
nanotechnology is whether these principles can be used to engineer new constructs in 
addition to natural ones. 

Molecular nanotechnology: a long-term view 

Molecular nanotechnology, sometimes called molecular manufacturing, describes 
engineered nanosystems (nanoscale machines) operating on the molecular scale. 
Molecular nanotechnology is especially associated with the molecular assembler, a 
machine that can produce a desired structure or device atom-by-atom using the principles 
of mechanosynthesis. Manufacturing in the context of productive nanosystems is not 
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related to, and should be clearly distinguished from, the conventional technologies used 
to manufacture nanomaterials such as carbon nanotubes and nanoparticles. 

When the term "nanotechnology" was independently coined and popularized by Eric 
Drexler (who at the time was unaware of an earlier usage by Norio Taniguchi) it referred 
to a future manufacturing technology based on molecular machine systems. The premise 
was that molecular scale biological analogies of traditional machine components 
demonstrated molecular machines were possible: by the countless examples found in 
biology, it is known that sophisticated, stochastically optimised biological machines can 
be produced. 

It is hoped that developments in nanotechnology will make possible their construction by 
some other means, perhaps using biomimetic principles. However, Drexler and other 
researchers have proposed that advanced nanotechnology, although perhaps initially 
implemented by biomimetic means, ultimately could be based on mechanical engineering 
principles, namely, a manufacturing technology based on the mechanical functionality of 
these components (such as gears, bearings, motors, and structural members) that would 
enable programmable, positional assembly to atomic specification. The physics and 
engineering performance of exemplar designs were analyzed in Drexler's book 
Nanosystems. 

In general it is very difficult to assemble devices on the atomic scale, as all one has to 
position atoms on other atoms of comparable size and stickiness. Another view, put forth 
by Carlo Montemagno, is that future nanosystems will be hybrids of silicon technology 
and biological molecular machines. Yet another view, put forward by the late Richard 
Smalley, is that mechanosynthesis is impossible due to the difficulties in mechanically 
manipulating individual molecules. 

This led to an exchange of letters in the ACS publication Chemical & Engineering News 
in 2003. Though biology clearly demonstrates that molecular machine systems are 
possible, non-biological molecular machines are today only in their infancy. Leaders in 
research on non-biological molecular machines are Dr. Alex Zettl and his colleagues at 
Lawrence Berkeley Laboratories and UC Berkeley. They have constructed at least three 
distinct molecular devices whose motion is controlled from the desktop with changing 
voltage: a nanotube nanomotor, a molecular actuator, and a nanoelectromechanical 
relaxation oscillator. 

An experiment indicating that positional molecular assembly is possible was performed 
by Ho and Lee at Cornell University in 1999. They used a scanning tunneling microscope 
to move an individual carbon monoxide molecule (CO) to an individual iron atom (Fe) 
sitting on a flat silver crystal, and chemically bound the CO to the Fe by applying a 
voltage. 
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Current research 

 
  
Graphical representation of a rotaxane, useful as a molecular switch. 

 
  
Sarfus image of a DNA biochip elaborated by bottom-up approach. 
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This device transfers energy from nano-thin layers of quantum wells to nanocrystals 
above them, causing the nanocrystals to emit visible light. 

Nanomaterials 

The nanomaterials field includes subfields which develop or study materials having 
unique properties arising from their nanoscale dimensions. 

• Interface and colloid science has given rise to many materials which may be 
useful in nanotechnology, such as carbon nanotubes and other fullerenes, and 
various nanoparticles and nanorods. Nanomaterials with fast ion transport are 
related also to nanoionics and nanoelectronics. 
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• Nanoscale materials can also be used for bulk applications; most present 
commercial applications of nanotechnology are of this flavor. 

• Progress has been made in using these materials for medical applications. 
• Nanoscale materials are sometimes used in solar cells which combats the cost of 

traditional Silicon solar cells 
• Development of applications incorporating semiconductor nanoparticles to be 

used in the next generation of products, such as display technology, lighting, solar 
cells and biological imaging. 

Bottom-up approaches 

These seek to arrange smaller components into more complex assemblies. 

• DNA nanotechnology utilizes the specificity of Watson–Crick basepairing to 
construct well-defined structures out of DNA and other nucleic acids. 

• Approaches from the field of "classical" chemical synthesis also aim at designing 
molecules with well-defined shape (e.g. bis-peptides). 

• More generally, molecular self-assembly seeks to use concepts of supramolecular 
chemistry, and molecular recognition in particular, to cause single-molecule 
components to automatically arrange themselves into some useful conformation. 

• Atomic force microscope tips can be used as a nanoscale "write head" to deposit a 
chemical upon a surface in a desired pattern in a process called dip pen 
nanolithography. This technique fits into the larger subfield of nanolithography. 

Top-down approaches 

These seek to create smaller devices by using larger ones to direct their assembly. 

• Many technologies that descended from conventional solid-state silicon methods 
for fabricating microprocessors are now capable of creating features smaller than 
100 nm, falling under the definition of nanotechnology. Giant magnetoresistance-
based hard drives already on the market fit this description, as do atomic layer 
deposition (ALD) techniques. Peter Grünberg and Albert Fert received the Nobel 
Prize in Physics in 2007 for their discovery of Giant magnetoresistance and 
contributions to the field of spintronics. 

• Solid-state techniques can also be used to create devices known as 
nanoelectromechanical systems or NEMS, which are related to 
microelectromechanical systems or MEMS. 

• Focused ion beams can directly remove material, or even deposit material when 
suitable pre-cursor gasses are applied at the same time. For example, this 
technique is used routinely to create sub-100 nm sections of material for analysis 
in Transmission electron microscopy. 

• Atomic force microscope tips can be used as a nanoscale "write head" to deposit a 
resist, which is then followed by a etching process to remove material in a top-
down method. 
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Functional approaches 

These seek to develop components of a desired functionality without regard to how they 
might be assembled. 

• Molecular electronics seeks to develop molecules with useful electronic 
properties. These could then be used as single-molecule components in a 
nanoelectronic device.   

• Synthetic chemical methods can also be used to create synthetic molecular 
motors, such as in a so-called nanocar. 

Biomimetic approaches 

• Bionics or biomimicry seeks to apply biological methods and systems found in 
nature, to the study and design of engineering systems and modern technology. 
Biomineralization is one example of the systems studied. 

• Bionanotechnology the use of biomolecules for applications in nanotechnology, 
including use of viruses. 

Speculative 

These subfields seek to anticipate what inventions nanotechnology might yield, or 
attempt to propose an agenda along which inquiry might progress. These often take a big-
picture view of nanotechnology, with more emphasis on its societal implications than the 
details of how such inventions could actually be created. 

• Molecular nanotechnology is a proposed approach which involves manipulating 
single molecules in finely controlled, deterministic ways. This is more theoretical 
than the other subfields and is beyond current capabilities. 

• Nanorobotics centers on self-sufficient machines of some functionality operating 
at the nanoscale. There are hopes for applying nanorobots in medicine, but it may 
not be easy to do such a thing because of several drawbacks of such devices. 
Nevertheless, progress on innovative materials and methodologies has been 
demonstrated with some patents granted about new nanomanufacturing devices 
for future commercial applications, which also progressively helps in the 
development towards nanorobots with the use of embedded nanobioelectronics 
concepts. 

• Productive nanosystems are "systems of nanosystems" which will be complex 
nanosystems that produce atomically precise parts for other nanosystems, not 
necessarily using novel nanoscale-emergent properties, but well-understood 
fundamentals of manufacturing. Because of the discrete (i.e. atomic) nature of 
matter and the possibility of exponential growth, this stage is seen as the basis of 
another industrial revolution. Mihail Roco, one of the architects of the USA's 
National Nanotechnology Initiative, has proposed four states of nanotechnology 
that seem to parallel the technical progress of the Industrial Revolution, 
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progressing from passive nanostructures to active nanodevices to complex 
nanomachines and ultimately to productive nanosystems. 

• Programmable matter seeks to design materials whose properties can be easily, 
reversibly and externally controlled though a fusion of information science and 
materials science. 

• Due to the popularity and media exposure of the term nanotechnology, the words 
picotechnology and femtotechnology have been coined in analogy to it, although 
these are only used rarely and informally. 

Tools and techniques 

 
  
Typical AFM setup. A microfabricated cantilever with a sharp tip is deflected by features 
on a sample surface, much like in a phonograph but on a much smaller scale. A laser 
beam reflects off the backside of the cantilever into a set of photodetectors, allowing the 
deflection to be measured and assembled into an image of the surface. 

There are several important modern developments. The atomic force microscope (AFM) 
and the Scanning Tunneling Microscope (STM) are two early versions of scanning 
probes that launched nanotechnology. There are other types of scanning probe 
microscopy, all flowing from the ideas of the scanning confocal microscope developed 
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by Marvin Minsky in 1961 and the scanning acoustic microscope (SAM) developed by 
Calvin Quate and coworkers in the 1970s, that made it possible to see structures at the 
nanoscale. The tip of a scanning probe can also be used to manipulate nanostructures (a 
process called positional assembly). Feature-oriented scanning-positioning methodology 
suggested by Rostislav Lapshin appears to be a promising way to implement these 
nanomanipulations in automatic mode. However, this is still a slow process because of 
low scanning velocity of the microscope. Various techniques of nanolithography such as 
optical lithography, X-ray lithography dip pen nanolithography, electron beam 
lithography or nanoimprint lithography were also developed. Lithography is a top-down 
fabrication technique where a bulk material is reduced in size to nanoscale pattern. 

Another group of nanotechnological techniques include those used for fabrication of 
nanowires, those used in semiconductor fabrication such as deep ultraviolet lithography, 
electron beam lithography, focused ion beam machining, nanoimprint lithography, atomic 
layer deposition, and molecular vapor deposition, and further including molecular self-
assembly techniques such as those employing di-block copolymers. However, all of these 
techniques preceded the nanotech era, and are extensions in the development of scientific 
advancements rather than techniques which were devised with the sole purpose of 
creating nanotechnology and which were results of nanotechnology research. 

The top-down approach anticipates nanodevices that must be built piece by piece in 
stages, much as manufactured items are made. Scanning probe microscopy is an 
important technique both for characterization and synthesis of nanomaterials. Atomic 
force microscopes and scanning tunneling microscopes can be used to look at surfaces 
and to move atoms around. By designing different tips for these microscopes, they can be 
used for carving out structures on surfaces and to help guide self-assembling structures. 
By using, for example, feature-oriented scanning-positioning approach, atoms can be 
moved around on a surface with scanning probe microscopy techniques. At present, it is 
expensive and time-consuming for mass production but very suitable for laboratory 
experimentation. 

In contrast, bottom-up techniques build or grow larger structures atom by atom or 
molecule by molecule. These techniques include chemical synthesis, self-assembly and 
positional assembly. Dual polarisation interferometry is one tool suitable for 
characterisation of self assembled thin films. Another variation of the bottom-up 
approach is molecular beam epitaxy or MBE. Researchers at Bell Telephone Laboratories 
like John R. Arthur. Alfred Y. Cho, and Art C. Gossard developed and implemented 
MBE as a research tool in the late 1960s and 1970s. Samples made by MBE were key to 
the discovery of the fractional quantum Hall effect for which the 1998 Nobel Prize in 
Physics was awarded. MBE allows scientists to lay down atomically precise layers of 
atoms and, in the process, build up complex structures. Important for research on 
semiconductors, MBE is also widely used to make samples and devices for the newly 
emerging field of spintronics. 
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However, new therapeutic products, based on responsive nanomaterials, such as the 
ultradeformable, stress-sensitive Transfersome vesicles, are under development and 
already approved for human use in some countries. 

Applications 
As of August 21, 2008, the Project on Emerging Nanotechnologies estimates that over 
800 manufacturer-identified nanotech products are publicly available, with new ones 
hitting the market at a pace of 3–4 per week. The project lists all of the products in a 
publicly accessible online. Most applications are limited to the use of "first generation" 
passive nanomaterials which includes titanium dioxide in sunscreen, cosmetics and some 
food products; Carbon allotropes used to produce gecko tape; silver in food packaging, 
clothing, disinfectants and household appliances; zinc oxide in sunscreens and cosmetics, 
surface coatings, paints and outdoor furniture varnishes; and cerium oxide as a fuel 
catalyst. 

 
 
One of the major application of nanotechnology is in the area of nanoelectronics with 
MOSFET's being made of small nanowires ~10 nm in length. Here is a simulation of 
such a nanowire 

The National Science Foundation (a major distributor for nanotechnology research in the 
United States) funded researcher David Berube to study the field of nanotechnology. His 
findings are published in the monograph Nano-Hype: The Truth Behind the 
Nanotechnology Buzz. This study concludes that much of what is sold as 
“nanotechnology” is in fact a recasting of straightforward materials science, which is 
leading to a “nanotech industry built solely on selling nanotubes, nanowires, and the like” 
which will “end up with a few suppliers selling low margin products in huge volumes." 
Further applications which require actual manipulation or arrangement of nanoscale 
components await further research. Though technologies branded with the term 'nano' are 
sometimes little related to and fall far short of the most ambitious and transformative 
technological goals of the sort in molecular manufacturing proposals, the term still 
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connotes such ideas. According to Berube, there may be a danger that a "nano bubble" 
will form, or is forming already, from the use of the term by scientists and entrepreneurs 
to garner funding, regardless of interest in the transformative possibilities of more 
ambitious and far-sighted work. 

Implications 
Because of the far-ranging claims that have been made about potential applications of 
nanotechnology, a number of serious concerns have been raised about what effects these 
will have on our society if realized, and what action if any is appropriate to mitigate these 
risks. 

There are possible dangers that arise with the development of nanotechnology. The 
Center for Responsible Nanotechnology suggests that new developments could result, 
among other things, in untraceable weapons of mass destruction, networked cameras for 
use by the government, and weapons developments fast enough to destabilize arms races 
("Nanotechnology Basics"). 

One area of concern is the effect that industrial-scale manufacturing and use of 
nanomaterials would have on human health and the environment, as suggested by 
nanotoxicology research. Groups such as the Center for Responsible Nanotechnology 
have advocated that nanotechnology should be specially regulated by governments for 
these reasons. Others counter that overregulation would stifle scientific research and the 
development of innovations which could greatly benefit mankind. 

Other experts, including director of the Woodrow Wilson Center's Project on Emerging 
Nanotechnologies David Rejeski, have testified that successful commercialization 
depends on adequate oversight, risk research strategy, and public engagement. Berkeley, 
California is currently the only city in the United States to regulate nanotechnology; 
Cambridge, Massachusetts in 2008 considered enacting a similar law, but ultimately 
rejected this. 

Health and environmental concerns 

Some of the recently developed nanoparticle products may have unintended 
consequences. Researchers have discovered that silver nanoparticles used in socks only to 
reduce foot odor are being released in the wash with possible negative consequences. 
Silver nanoparticles, which are bacteriostatic, may then destroy beneficial bacteria which 
are important for breaking down organic matter in waste treatment plants or farms. 

A study at the University of Rochester found that when rats breathed in nanoparticles, the 
particles settled in the brain and lungs, which led to significant increases in biomarkers 
for inflammation and stress response. A study in China indicated that nanoparticles 
induce skin aging through oxidative stress in hairless mice. 
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A two-year study at UCLA's School of Public Health found lab mice consuming nano-
titanium dioxide showed DNA and chromosome damage to a degree "linked to all the big 
killers of man, namely cancer, heart disease, neurological disease and aging". 

A major study published more recently in Nature Nanotechnology suggests some forms 
of carbon nanotubes – a poster child for the “nanotechnology revolution” – could be as 
harmful as asbestos if inhaled in sufficient quantities. Anthony Seaton of the Institute of 
Occupational Medicine in Edinburgh, Scotland, who contributed to the article on carbon 
nanotubes said "We know that some of them probably have the potential to cause 
mesothelioma. So those sorts of materials need to be handled very carefully." In the 
absence of specific nano-regulation forthcoming from governments, Paull and Lyons 
(2008) have called for an exclusion of engineered nanoparticles from organic food. A 
newspaper article reports that workers in a paint factory developed serious lung disease 
and nanoparticles were found in their lungs. 

Regulation 

Calls for tighter regulation of nanotechnology have occurred alongside a growing debate 
related to the human health and safety risks associated with nanotechnology. 
Furthermore, there is significant debate about who is responsible for the regulation of 
nanotechnology. While some non-nanotechnology specific regulatory agencies currently 
cover some products and processes (to varying degrees) – by “bolting on” 
nanotechnology to existing regulations – there are clear gaps in these regimes. In 
"Nanotechnology Oversight: An Agenda for the Next Administration," former EPA 
deputy administrator J. Clarence (Terry) Davies lays out a clear regulatory roadmap for 
the next presidential administration and describes the immediate and longer term steps 
necessary to deal with the current shortcomings of nanotechnology oversight. 

Stakeholders concerned by the lack of a regulatory framework to assess and control risks 
associated with the release of nanoparticles and nanotubes have drawn parallels with 
bovine spongiform encephalopathy (‘mad cow’s disease), thalidomide, genetically 
modified food, nuclear energy, reproductive technologies, biotechnology, and asbestosis. 
Dr. Andrew Maynard, chief science advisor to the Woodrow Wilson Center’s Project on 
Emerging Nanotechnologies, concludes (among others) that there is insufficient funding 
for human health and safety research, and as a result there is currently limited 
understanding of the human health and safety risks associated with nanotechnology. As a 
result, some academics have called for stricter application of the precautionary principle, 
with delayed marketing approval, enhanced labelling and additional safety data 
development requirements in relation to certain forms of nanotechnology. 

The Royal Society report identified a risk of nanoparticles or nanotubes being released 
during disposal, destruction and recycling, and recommended that “manufacturers of 
products that fall under extended producer responsibility regimes such as end-of-life 
regulations publish procedures outlining how these materials will be managed to 
minimize possible human and environmental exposure” (p.xiii). Reflecting the challenges 
for ensuring responsible life cycle regulation, the Institute for Food and Agricultural 
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Standards has proposed standards for nanotechnology research and development should 
be integrated across consumer, worker and environmental standards. They also propose 
that NGOs and other citizen groups play a meaningful role in the development of these 
standards. 

In October 2008, the Department of Toxic Substances Control (DTSC), within the 
California Environmental Protection Agency, announced its intent to request information 
regarding analytical test methods, fate and transport in the environment, and other 
relevant information from manufacturers of carbon nanotubes. The purpose of this 
information request will be to identify information gaps and to develop information about 
carbon nanotubes, an important emerging nanomaterial. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



_________________WORLD TECHNOLOGIES_________________

WT

Chapter- 3 

Nanoelectronics 
 
 

 

 

 

Nanoelectronics refer to the use of nanotechnology on electronic components, especially 
transistors. Although the term nanotechnology is generally defined as utilizing technology 
less than 100 nm in size, nanoelectronics often refer to transistor devices that are so small 
that inter-atomic interactions and quantum mechanical properties need to be studied 
extensively. As a result, present transistors do not fall under this category, even though 
these devices are manufactured with 45 nm or 32 nm technology. 

Nanoelectronics are sometimes considered as disruptive technology because present 
candidates are significantly different from traditional transistors. Some of these 
candidates include: hybrid molecular/semiconductor electronics, one dimensional 
nanotubes/nanowires, or advanced molecular electronics. 

Although all of these hold promise for the future, they are still under development and 
will most likely not be used for manufacturing any time soon. 

Fundamental concepts 
The volume of an object decreases as the third power of its linear dimensions, but the 
surface area only decreases as its second power. This somewhat subtle and unavoidable 
principle has huge ramifications. For example the power of a drill (or any other machine) 
is proportional to the volume, while the friction of the drill's bearings and gears is 
proportional to their surface area. For a normal-sized drill, the power of the device is 
enough to handily overcome any friction. However, scaling its length down by a factor of 
1000, for example, decreases its power by 10003 (a factor of a billion) while reducing the 
friction by only 10002 (a factor of "only" a million). Proportionally it has 1000 times less 
power per unit friction than the original drill. If the original friction-to-power ratio was, 
say, 1%, that implies the smaller drill will have 10 times as much friction as power. The 
drill is useless. 

For this reason, while super-miniature electronic integrated circuits are fully functional, 
the same technology cannot be used to make working mechanical devices beyond the 
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scales where frictional forces start to exceed the available power. So even though you 
may see microphotographs of delicately etched silicon gears, such devices are currently 
little more than curiosities with limited real world applications, for example, in moving 
mirrors and shutters . Surface tension increases in much the same way, thus magnifying 
the tendency for very small objects to stick together. This could possibly make any kind 
of "micro factory" impractical: even if robotic arms and hands could be scaled down, 
anything they pick up will tend to be impossible to put down. The above being said, 
molecular evolution has resulted in working cilia, flagella, muscle fibers and rotary 
motors in aqueous environments, all on the nanoscale. These machines exploit the 
increased frictional forces found at the micro or nanoscale. Unlike a paddle or a propeller 
which depends on normal frictional forces (the frictional forces perpendicular to the 
surface) to achieve propulsion, cilia develop motion from the exaggerated drag or laminar 
forces (frictional forces parallel to the surface) present at micro and nano dimensions. To 
build meaningful "machines" at the nanoscale, the relevant forces need to be considered. 
We are faced with the development and design of intrinsically pertinent machines rather 
than the simple reproductions of macroscopic ones. 

All scaling issues therefore need to be assessed thoroughly when evaluating 
nanotechnology for practical applications. 

Approaches to nanoelectronics 

Nanofabrication 

For example, single electron transistors, which involve transistor operation based on a 
single electron. Nanoelectromechanical systems also fall under this category. 

Nanofabrication can be used to construct ultradense parallel arrays of nanowires, as an 
alternative to synthesizing nanowires individually. 

Nanomaterials electronics 

Besides being small and allowing more transistors to be packed into a single chip, the 
uniform and symmetrical structure of nanotubes allows a higher electron mobility (faster 
electron movement in the material), a higher dielectric constant (faster frequency), and a 
symmetrical electron/hole characteristic. 

Also, nanoparticles can be used as quantum dots. 

Molecular electronics 

Single molecule devices are another possibility. These schemes would make heavy use of 
molecular self-assembly, designing the device components to construct a larger structure 
or even a complete system on their own. This can be very useful for reconfigurable 
computing, and may even completely replace present FPGA technology. 
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Molecular electronics  is a new technology which is still in its infancy, but also brings 
hope for truly atomic scale electronic systems in the future. One of the more promising 
applications of molecular electronics was proposed by the IBM researcher Ari Aviram 
and the theoretical chemist Mark Ratner in their 1974 and 1988 papers Molecules for 
Memory, Logic and Amplification, . This is one of many possible ways in which a 
molecular level diode / transistor might be synthesized by organic chemistry. A model 
system was proposed with a spiro carbon structure giving a molecular diode about half a 
nanometre across which could be connected by polythiophene molecular wires. 
Theoretical calculations showed the design to be sound in principle and there is still hope 
that such a system can be made to work. 

Other approaches 

Nanoionics studies the transport of ions rather than electrons in nanoscale systems. 

Nanophotonics studies the behavior of light on the nanoscale, and has the goal of 
developing devices that take advantage of this behavior. 

Nanoelectronic devices 

Radios 

Nanoradios have been developed structured around carbon nanotubes. 

Computers 

 
 
Simulation result for formation of inversion channel (electron density) and attainment of 
threshold voltage (IV) in a nanowire MOSFET. Note that the threshold voltage for this 
device lies around 0.45V. 
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Nanoelectronics holds the promise of making computer processors more powerful than 
are possible with conventional semiconductor fabrication techniques. A number of 
approaches are currently being researched, including new forms of nanolithography, as 
well as the use of nanomaterials such as nanowires or small molecules in place of 
traditional CMOS components. Field effect transistors have been made using both 
semiconducting carbon nanotubes and with heterostructured semiconductor nanowires. 

Energy production 

Research is ongoing to use nanowires and other nanostructured materials with the hope to 
create cheaper and more efficient solar cells than are possible with conventional planar 
silicon solar cells. It is believed that the invention of more efficient solar energy would 
have a great effect on satisfying global energy needs. 

There is also research into energy production for devices that would operate in vivo, 
called bio-nano generators. A bio-nano generator is a nanoscale electrochemical device, 
like a fuel cell or galvanic cell, but drawing power from blood glucose in a living body, 
much the same as how the body generates energy from food. To achieve the effect, an 
enzyme is used that is capable of stripping glucose of its electrons, freeing them for use 
in electrical devices. The average person's body could, theoretically, generate 100 watts 
of electricity (about 2000 food calories per day) using a bio-nano generator. However, 
this estimate is only true if all food was converted to electricity, and the human body 
needs some energy consistently, so possible power generated is likely much lower. The 
electricity generated by such a device could power devices embedded in the body (such 
as pacemakers), or sugar-fed nanorobots. Much of the research done on bio-nano 
generators is still experimental, with Panasonic's Nanotechnology Research Laboratory 
among those at the forefront. 

Medical diagnostics 

There is great interest in constructing nanoelectronic devices that could detect the 
concentrations of biomolecules in real time for use as medical diagnostics, thus falling 
into the category of nanomedicine. A parallel line of research seeks to create 
nanoelectronic devices which could interact with single cells for use in basic biological 
research. These devices are called nanosensors. Such miniaturization on nanoelectronics 
towards in vivo proteomic sensing should enable new approaches for health monitoring, 
surveillance, and defense technology. 
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Chapter- 4 

Nanotechnology Applications 
 
 

 

 

 

With nanotechnology, a large set of materials and improved products rely on a change in 
the physical properties when the feature sizes are shrunk. Nanoparticles, for example, 
take advantage of their dramatically increased surface area to volume ratio. Their optical 
properties, e.g. fluorescence, become a function of the particle diameter. When brought 
into a bulk material, nanoparticles can strongly influence the mechanical properties of the 
material, like stiffness or elasticity. For example, traditional polymers can be reinforced 
by nanoparticles resulting in novel materials which can be used as lightweight 
replacements for metals. Therefore, an increasing societal benefit of such nanoparticles 
can be expected. Such nanotechnologically enhanced materials will enable a weight 
reduction accompanied by an increase in stability and improved functionality. Practical 
nanotechnology is essentially the increasing ability to manipulate (with precision) matter 
on previously impossible scales, presenting possibilities which many could never have 
imagined - it therefore seems unsurprising that few areas of human technology are 
exempt from the benefits which nanotechnology could potentially bring. 

Medicine 
The biological and medical research communities have exploited the unique properties of 
nanomaterials for various applications (e.g., contrast agents for cell imaging and 
therapeutics for treating cancer). Terms such as biomedical nanotechnology, 
nanobiotechnology, and nanomedicine are used to describe this hybrid field. 
Functionalities can be added to nanomaterials by interfacing them with biological 
molecules or structures. The size of nanomaterials is similar to that of most biological 
molecules and structures; therefore, nanomaterials can be useful for both in vivo and in 
vitro biomedical research and applications. Thus far, the integration of nanomaterials 
with biology has led to the development of diagnostic devices, contrast agents, analytical 
tools, physical therapy applications, and drug delivery vehicles. 

Diagnostics 
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Nanotechnology-on-a-chip is one more dimension of lab-on-a-chip technology. Magnetic 
nanoparticles, bound to a suitable antibody, are used to label specific molecules, 
structures or microorganisms. Gold nanoparticles tagged with short segments of DNA 
can be used for detection of genetic sequence in a sample. Multicolor optical coding for 
biological assays has been achieved by embedding different-sized quantum dots into 
polymeric microbeads. Nanopore technology for analysis of nucleic acids converts 
strings of nucleotides directly into electronic signatures. 

Drug delivery 

Nanotechnology has been a boom in medical field by delivering drugs to specific cells 
using nanoparticles. The overall drug consumption and side-effects can be lowered 
significantly by depositing the active agent in the morbid region only and in no higher 
dose than needed. This highly selective approach reduces costs and human suffering. An 
example can be found in dendrimers and nanoporous materials. Another example is to 
use block co-polymers, which form micelles for drug encapsulation. They could hold 
small drug molecules transporting them to the desired location. Another vision is based 
on small electromechanical systems; NEMS are being investigated for the active release 
of drugs. Some potentially important applications include cancer treatment with iron 
nanoparticles or gold shells. A targeted or personalized medicine reduces the drug 
consumption and treatment expenses resulting in an overall societal benefit by reducing 
the costs to the public health system. Nanotechnology is also opening up new 
opportunities in implantable delivery systems, which are often preferable to the use of 
injectable drugs, because the latter frequently display first-order kinetics (the blood 
concentration goes up rapidly, but drops exponentially over time). This rapid rise may 
cause difficulties with toxicity, and drug efficacy can diminish as the drug concentration 
falls below the targeted range. 

Buckyballs can "interrupt" the allergy/immune response by preventing mast cells (which 
cause allergic response) from releasing histamine into the blood and tissues, by binding to 
free radicals "dramatically better than any anti-oxidant currently available, such as 
vitamin E". 

Tissue engineering 

Nanotechnology can help to reproduce or to repair damaged tissue. “Tissue engineering” 
makes use of artificially stimulated cell proliferation by using suitable nanomaterial-
based scaffolds and growth factors. For example, bones can be regrown on carbon 
nanotube scaffolds. Tissue engineering might replace today's conventional treatments like 
organ transplants or artificial implants. Advanced forms of tissue engineering may lead to 
life extension. 

Chemistry and environment 
Chemical catalysis and filtration techniques are two prominent examples where 
nanotechnology already plays a role. The synthesis provides novel materials with tailored 
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features and chemical properties: for example, nanoparticles with a distinct chemical 
surrounding (ligands), or specific optical properties. In this sense, chemistry is indeed a 
basic nanoscience. In a short-term perspective, chemistry will provide novel 
“nanomaterials” and in the long run, superior processes such as “self-assembly” will 
enable energy and time preserving strategies. In a sense, all chemical synthesis can be 
understood in terms of nanotechnology, because of its ability to manufacture certain 
molecules. Thus, chemistry forms a base for nanotechnology providing tailor-made 
molecules, polymers, etcetera, as well as clusters and nanoparticles. 

Catalysis 

Chemical catalysis benefits especially from nanoparticles, due to the extremely large 
surface to volume ratio. The application potential of nanoparticles in catalysis ranges 
from fuel cell to catalytic converters and photocatalytic devices. Catalysis is also 
important for the production of chemicals. 

Platinum nanoparticles are now being considered in the next generation of automotive 
catalytic converters because the very high surface area of nanoparticles could reduce the 
amount of platinum required. However, some concerns have been raised due to 
experiments demonstrating that they will spontaneously combust if methane is mixed 
with the ambient air. Ongoing research at the Centre National de la Recherche 
Scientifique (CNRS) in France may resolve their true usefulness for catalytic 
applications. Nanofiltration may come to be an important application, although future 
research must be careful to investigate possible toxicity. 

Filtration 

A strong influence of photochemistry on waste-water treatment, air purification and 
energy storage devices is to be expected. Mechanical or chemical methods can be used 
for effective filtration techniques. One class of filtration techniques is based on the use of 
membranes with suitable hole sizes, whereby the liquid is pressed through the membrane. 
Nanoporous membranes are suitable for a mechanical filtration with extremely small 
pores smaller than 10 nm (“nanofiltration”) and may be composed of nanotubes. 
Nanofiltration is mainly used for the removal of ions or the separation of different fluids. 
On a larger scale, the membrane filtration technique is named ultrafiltration, which works 
down to between 10 and 100 nm. One important field of application for ultrafiltration is 
medical purposes as can be found in renal dialysis. Magnetic nanoparticles offer an 
effective and reliable method to remove heavy metal contaminants from waste water by 
making use of magnetic separation techniques. Using nanoscale particles increases the 
efficiency to absorb the contaminants and is comparatively inexpensive compared to 
traditional precipitation and filtration methods. 

Some water-treatment devices incorporating nanotechnology are already on the market, 
with more in development. Low-cost nanostructured separation membranes methods have 
been shown to be effective in producing potable water in a recent study. 
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Energy 
The most advanced nanotechnology projects related to energy are: storage, conversion, 
manufacturing improvements by reducing materials and process rates, energy saving (by 
better thermal insulation for example), and enhanced renewable energy sources. 

Reduction of energy consumption 

A reduction of energy consumption can be reached by better insulation systems, by the 
use of more efficient lighting or combustion systems, and by use of lighter and stronger 
materials in the transportation sector. Currently used light bulbs only convert 
approximately 5% of the electrical energy into light. Nanotechnological approaches like 
light-emitting diodes (LEDs) or quantum caged atoms (QCAs) could lead to a strong 
reduction of energy consumption for illumination. 

Increasing the efficiency of energy production 

Today's best solar cells have layers of several different semiconductors stacked together 
to absorb light at different energies but they still only manage to use 40 percent of the 
Sun's energy. Commercially available solar cells have much lower efficiencies (15-20%). 
Nanotechnology could help increase the efficiency of light conversion by using 
nanostructures with a continuum of bandgaps. 

The degree of efficiency of the internal combustion engine is about 30-40% at the 
moment. Nanotechnology could improve combustion by designing specific catalysts with 
maximized surface area. In 2005, scientists at the University of Toronto developed a 
spray-on nanoparticle substance that, when applied to a surface, instantly transforms it 
into a solar collector. 

The use of more environmentally friendly energy systems 

An example for an environmentally friendly form of energy is the use of fuel cells 
powered by hydrogen, which is ideally produced by renewable energies. Probably the 
most prominent nanostructured material in fuel cells is the catalyst consisting of carbon 
supported noble metal particles with diameters of 1-5 nm. Suitable materials for 
hydrogen storage contain a large number of small nanosized pores. Therefore many 
nanostructured materials like nanotubes, zeolites or alanates are under investigation. 
Nanotechnology can contribute to the further reduction of combustion engine pollutants 
by nanoporous filters, which can clean the exhaust mechanically, by catalytic converters 
based on nanoscale noble metal particles or by catalytic coatings on cylinder walls and 
catalytic nanoparticles as additive for fuels. 

Recycling of batteries 
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Because of the relatively low energy density of batteries the operating time is limited and 
a replacement or recharging is needed. The huge number of spent batteries and 
accumulators represent a disposal problem. The use of batteries with higher energy 
content or the use of rechargeable batteries or supercapacitors with higher rate of 
recharging using nanomaterials could be helpful for the battery disposal problem. 

Information and communication 
Current high-technology production processes are based on traditional top down 
strategies, where nanotechnology has already been introduced silently. The critical length 
scale of integrated circuits is already at the nanoscale (50 nm and below) regarding the 
gate length of transistors in CPUs or DRAM devices. 

Memory Storage 

Electronic memory designs in the past have largely relied on the formation of transistors. 
However, research into crossbar switch based electronics have offered an alternative 
using reconfigurable interconnections between vertical and horizontal wiring arrays to 
create ultra high density memories. Two leaders in this area are Nantero which has 
developed a carbon nanotube based crossbar memory called Nano-RAM and Hewlett-
Packard which has proposed the use of memristor material as a future replacement of 
Flash memory. 

Novel semiconductor devices 

An example of such novel devices is based on spintronics.The dependence of the 
resistance of a material (due to the spin of the electrons) on an external field is called 
magnetoresistance. This effect can be significantly amplified (GMR - Giant Magneto-
Resistance) for nanosized objects, for example when two ferromagnetic layers are 
separated by a nonmagnetic layer, which is several nanometers thick (e.g. Co-Cu-Co). 
The GMR effect has led to a strong increase in the data storage density of hard disks and 
made the gigabyte range possible. The so called tunneling magnetoresistance (TMR) is 
very similar to GMR and based on the spin dependent tunneling of electrons through 
adjacent ferromagnetic layers. Both GMR and TMR effects can be used to create a non-
volatile main memory for computers, such as the so called magnetic random access 
memory or MRAM. 

In 1999, the ultimate CMOS transistor developed at the Laboratory for Electronics and 
Information Technology in Grenoble, France, tested the limits of the principles of the 
MOSFET transistor with a diameter of 18 nm (approximately 70 atoms placed side by 
side). This was almost one tenth the size of the smallest industrial transistor in 2003 (130 
nm in 2003, 90 nm in 2004, 65 nm in 2005 and 45 nm in 2007). It enabled the theoretical 
integration of seven billion junctions on a €1 coin. However, the CMOS transistor, which 
was created in 1999, was not a simple research experiment to study how CMOS 
technology functions, but rather a demonstration of how this technology functions now 
that we ourselves are getting ever closer to working on a molecular scale. Today it would 
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be impossible to master the coordinated assembly of a large number of these transistors 
on a circuit and it would also be impossible to create this on an industrial level. 

Novel optoelectronic devices 

In the modern communication technology traditional analog electrical devices are 
increasingly replaced by optical or optoelectronic devices due to their enormous 
bandwidth and capacity, respectively. Two promising examples are photonic crystals and 
quantum dots. Photonic crystals are materials with a periodic variation in the refractive 
index with a lattice constant that is half the wavelength of the light used. They offer a 
selectable band gap for the propagation of a certain wavelength, thus they resemble a 
semiconductor, but for light or photons instead of electrons. Quantum dots are nanoscaled 
objects, which can be used, among many other things, for the construction of lasers. The 
advantage of a quantum dot laser over the traditional semiconductor laser is that their 
emitted wavelength depends on the diameter of the dot. Quantum dot lasers are cheaper 
and offer a higher beam quality than conventional laser diodes. 

Displays 

The production of displays with low energy consumption could be accomplished using 
carbon nanotubes (CNT). Carbon nanotubes are electrically conductive and due to their 
small diameter of several nanometers, they can be used as field emitters with extremely 
high efficiency for field emission displays (FED). The principle of operation resembles 
that of the cathode ray tube, but on a much smaller length scale. 

Quantum computers 

Entirely new approaches for computing exploit the laws of quantum mechanics for novel 
quantum computers, which enable the use of fast quantum algorithms. The Quantum 
computer has quantum bit memory space termed "Qubit" for several computations at the 
same time. This facility may improve the performance of the older systems. 

Heavy Industry 
An inevitable use of nanotechnology will be in heavy industry. 

Aerospace 

Lighter and stronger materials will be of immense use to aircraft manufacturers, leading 
to increased performance. Spacecraft will also benefit, where weight is a major factor. 
Nanotechnology would help to reduce the size of equipment and thereby decrease fuel-
consumption required to get it airborne. 

Hang gliders may be able to halve their weight while increasing their strength and 
toughness through the use of nanotech materials. Nanotech is lowering the mass of 
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supercapacitors that will increasingly be used to give power to assistive electrical motors 
for launching hang gliders off flatland to thermal-chasing altitudes. 

Construction 

Nanotechnology has the potential to make construction faster, cheaper, safer, and more 
varied. Automation of nanotechnology construction can allow for the creation of 
structures from advanced homes to massive skyscrapers much more quickly and at much 
lower cost. 

Nanotechnology and constructions 

Nanotechnology is one of the most active research areas that encompass a number of 
disciplines Such as electronics, bio-mechanics and coatings including civil engineering 
and construction materials. 

The use of nanotechnology in construction involves the development of new concept and 
understanding of the hydration of cement particles and the use of nano-size ingredients 
such as alumina and silica and other nanoparticles. The manufactures also investigating 
the methods of manufacturing of nano-cement. If cement with nano-size particles can be 
manufactured and processed, it will open up a large number of opportunities in the fields 
of ceramics, high strength composites and electronic applications. Since at the nanoscale 
the properties of the material are different from that of their bulk counter parts. When 
materials becomes nano-sized, the proportion of atoms on the surface increases relative to 
those inside and this leads to novel properties. Some applications of nanotechnology in 
construction are describe below. 

Nanoparticles and concrete 

Concrete is most commonly used material in the construction. It is the current active area 
of research and development. Researchers are trying to develop nano-sized concrete (or 
nano-concrete) and to understand its structure using Atomic Force Microscopy (AFM), 
Scanning Electron Microscopy (SEM) and Focused Ion Beam (FIB) as these 
understanding leads to appropriate use of nanotechnology in construction. 

The term nano-concrete is defined as a concrete made with portland cement particles that 
are less than 500 nano-meters. When Concrete is reduced to nano-level, strongly 
influenced by its nano-properties which causes an improvement in its strength and 
durability .The Silica (SiO2) is present in conventional concrete as part of the normal 
mix.When nano silica is added to concrete the particle packing can be improved which 
results in the densifying micro and nanostructures,which results in the improved 
mechanical properties. 

The addition of nano-silica to cement based materials can also control the degradation of 
the fundamental C-S-H (calcium-silicatehydrate) reaction of concrete caused by calcium 
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leaching in water as well as block water penetration and therefore lead to improvements 
in durability. 

The strength of concrete can also be increase by adding haematite (Fe2O3) nanoparticles. 
The haematite (Fe2O3) nanoparticle can also monitors stress levels through the 
measurement of section electrical resistance. 

The need for nano-concrete 

• The micro-meter thick plates and other shapes such as cylinders can be 
manufactured using nano-cement for various applications including electronic 
components and high temperature sensors. 

• Nano-cement using Carbon nano-tubes can be used for both strengthening and 
creating electric circuits. 

• Nano-cement is very much useful in the area of coatings. 
• Current portland cement-based coatings are thick and need polymer additions to 

improve adhesion. Nano-cement will create a new paradigm in this area of 
application. 

• If portland cement can be formulated with nano-size cement particles, it will open 
up a large number of opportunities.For example, the cement can be used as an 
inorganic adhesive with carbon fibers. 

• The nano-cement will not only be more economical than organic polymers but 
also will be fire resistant. 

• It will not emit any volatile organic compounds (voc). 

Challenges 

Coatings are routinely used as protective barriers against abrasion, chemical attack,hydro-
thermal variations and to improve aesthetics. As these coatings are in the micrometer 
range. So new materials and techniques have to be developed to develop nano-meter 
thick coatings that are durable and generate less heat due to reduced friction.Coatings 
should be self-cleaning and self-healing, durable under various exposure conditions. 
Coatings should have abrasion resistance, friction resistance, high temperature resistance 
and electrical characteristics. For the nano coatings, the properties of the coatings 
themselves need investigation.Brittle coatings usually fail by cracking. Coatings with a 
nano-scale of roughness that will repel water and dirt, modeled after the coating of the 
lotus leaf are being created. 

The lotus leaf has extraordinary ability to keep itself clean and dry. Now nanotechnology 
is being used to mimic the lotus leaf surfaceand create new products such as hydrophobic 
or water-repellent surface, particles of dirt are removed by moving water.But on a Lotus 
simulated surface, dirt particles are collected by water drops and rinsedoff. 

Nanoparticles and steel 

Steel has been widely available material and has a major role in the construction industry. 
The use of nanotechnology in steel helps to improve the properties of steel. The fatigue 
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,which lead to the structural failure of steel due to cyclic loading, such as in bridges or 
towers.The current steel designs are based on the reduction in the allowable stress, 
service life or regular inspection regime. This has a significant impact on the life-cycle 
costs of structures and limits the effective use of resources.The Stress risers are 
responsible for initiating cracks from which fatigue failure results .The addition of copper 
nanoparticles reduces the surface un-evenness of steel which then limits the number of 
stress risers and hence fatigue cracking. Advancements in this technology using 
nanoparticles would lead to increased safety, less need for regular inspection regime and 
more efficient materials free from fatigue issues for construction. 

The nano-size steel produce stronger steel cables which can be in bridge construction 
.Also these stronger cable material would reduce the costs and period of construction, 
especially in suspension bridges as the cables are run from end to end of the span.This 
would require high strength joints which leads to the need for high strength bolts. The 
capacity of high strength bolts is obtained through quenching and tempering .The 
microstructures of such products consist of tempered martensite. When the tensile 
strength of tempered martensite steel exceeds 1,200 MPa even a very small amount of 
hydrogen embrittles the grain boundaries and the steel material may fail during use. This 
phenomenon, which is known as delayed fracture, which hindered the strengthening of 
steel bolts and their highest strength is limited to only around 1,000 to 1,200 MPa. 

The use of vanadium and molybdenum nanoparticles improves the delayed fracture 
problems associated with high strength bolts reducing the effects of hydrogen 
embrittlement and improving the steel micro-structure through reducing the effects of the 
inter-granular cementite phase. 

Welds and the Heat Affected Zone (HAZ) adjacent to welds can be brittle and fail 
without warning when subjected to sudden dynamic loading.The addition of 
nanoparticles of magnesium and calcium makes the HAZ grains finer in plate steel and 
this leads to an increase in weld toughness. The increase in toughness at would result in a 
smaller resource requirement because less material is required in order to keep stresses 
within allowable limits.The carbon nanotubes are exciting material with tremendous 
properties of strength and stiffness, they have found little application as compared to 
steel,because it is difficult to bind them with bulk material and they pull out easily, 
Which make them ineffective in construction materials. 

Nanoparticles in glass 

The glass is also an important material in construction.There is a lot of research being 
carried out on the application of nanotechnology to glass.Titanium dioxide (TiO2) 
nanoparticles are used to coat glazing since it has sterilizing and anti-fouling properties. 
The particles catalyze powerful reactions which breakdown organic pollutants, volatile 
organic compounds and bacterial membranes. 

The TiO2 is hydrophilic (attraction to water) which can attract rain drops which then 
wash off the dirt particles.Thus the introduction of nanotechnology in the Glass industry, 
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incorporates the self cleaning property of glass. Fire-protective glass is another 
application of nanotechnology. This is achieved by using a clear intumescent layer 
sandwiched between glass panels (an interlayer) formed of silica nanoparticles (SiO2) 
which turns into a rigid and opaque fire shield when heated.Most of glass in construction 
is on the exterior surface of buildings .So the light and heat entering the building through 
glass has to be prevented. The nanotechnology can provide a better solution to block light 
and heat coming through windows. 

Nanoparticles in coatings 

Coatings is an important area in construction.coatings are extensively use to paint the 
walls ,doors and windows.Coatings should provides a protective layer which is bound to 
the base material to produce a surface of the desired protective or functional properties. 
The coatings should have self healing capabilities through a process of “self-
assembly”.Nanotechnology is being applied to paints to obtained the coatings having self 
healing capabilities and corrosion protection under insulation.Since these coatings are 
hydrophobic and repels water from the metal pipe and can also protect metal from salt 
water attack. Nanoparticle based systems can provide better adhesion and transparency 
.The TiO2 coating captures and breaks down organic and inorganic air pollutants by a 
photocatalytic process ,which leads to putting roads to good environmental use. 

Nanoparticles in fire protection and detection 

Fire resistance of steel structures is often provided by a coating produced by a spray-
oncementitious process.The nano-cement has the potential to create a new paradigm in 
this area of application because the resulting material can be used as a tough, durable, 
high temperature coating. It provides a good method of increasing fire resistance and this 
is a cheaper option than conventional insulation. 

Risks of using nanoparticles in construction 

In building construction nanomaterials are widely used from self-cleaning windows to 
flexible solar panels to wi-fi blocking paint. The self-healing concrete, materials to block 
ultraviolet and infrared radiation, smog-eating coatings and light-emitting walls and 
ceilings are the new nanomaterials in construction. Nanotechnology is a promise for 
“smart home” a reality. Nanotech-enabled sensors can monitor temperature, humidity, 
and airborne toxins which needs nanotech based improved batteries.The building 
components will be intelligent and interactive since the sensor uses wireless 
components,it can collect the wide range of data. 

If the nanosensors and nanomaterials becomes a every day part of the buildings to make 
them intelligent,what are the consequences of these materials on human beings? 

1.Effect of nanoparticles on health and environment: Nanoparticles may also enter the 
body if building water supplies are filtered through commercially available nanofilters. 
Airborne and waterborne nanoparticles enter from building ventilation and wastewater 
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systems. 2. Effect of nanoparticles on societal issues: As sensors become more common 
place,a loss of privacy may result from users interacting with increasingly intelligent 
building components.The technology at one side has the advantages of new building 
material. The otherside it has the fear of risk arises from these materials. However, the 
overall performance of nanomaterials to date, is that valuable opportunities to improve 
building performance, user health and environmental quality . 

Vehicle manufacturers 

Much like aerospace, lighter and stronger materials will be useful for creating vehicles 
that are both faster and safer. Combustion engines will also benefit from parts that are 
more hard-wearing and more heat-resistant. 
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Chapter- 5 

Nanocircuitry and Nanolithography 
 
 
 
 
 
 
 
 

Nanocircuitry 
Nanocircuits are electrical circuits operating on the nanometer scale. This is well into the 
quantum realm, where quantum mechanical effects become very important. One 
nanometer is equal to 10-9 meters or a row of 10 hydrogen atoms. With such 
progressively smaller circuits, more can be fitted on a computer chip. This allows faster 
and more complex functions using less power. Nanocircuits are composed of three 
different fundamental components. These are transistors, interconnections, and 
architecture, all fabricated on the nanometer scale. 

Various Approaches to Nanocircuitry 
A variety of proposals have been made to implement nanocircuitry in different forms. 
These include Single-Electron Transistors, Quantum dot cellular automata, and 
Nanoscale Crossbar Latches. However, likely nearer-term approaches will involve 
incorporation of nanomaterials to improve MOSFETs. These currently form the basis of 
most analog and digital circuit designs, the scaling of which drives Moore's Law. A 
review article covering the MOSFET design and its future was published in 2004 
comparing different geometries of MOSFETs under scale reduction and noted that 
circular cross-section vertical channel FETs are optimal for scale reduction. This 
configuration is capable of being implemented with a high density using vertical 
semiconductor cylindrical channels with nanoscale diameters and Infineon Technologies 
and Samsung have begun research and development in this direction resulting in some 
basic patents using nanowires and carbon nanotubes in MOSFET designs. In an 
alternative approach, Nanosys is a new company using solution based deposition and 
alignment processes to pattern pre-fabricated arrays of nanowires on a substrate to serve 
as a lateral channel of an FET. While not capable of the same scalability as single 
nanowire FETs, the use of pre-fabricated multiple nanowires for the channel increases 
reliability and reduces production costs since large volume printing processes may be 
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used to deposit the nanowires at a lower temperature than conventional fabrication 
procedures. In addition, due to the lower temperature deposition a wider variety of 
materials such as polymers may be used as the carrier substrate for the transistors opening 
the door to flexible electronic applications such as electronic paper, bendable flat panel 
displays, and wide area solar cells. 

Production Methods 
One of the most fundamental concepts to understanding nanocircuits is the formulation of 
Moore’s Law. This concept arose when Intel co-founder Gordon Moore became 
interested in the cost of transistors and trying to fit more onto one chip. It relates that the 
number of transistors that can be fabricated on a silicon integrated circuit—and therefore 
the computing speed of such a circuit—is doubling every 18 to 24 months. The more 
transistors one can fit on a circuit, the faster the computer will be. This is why scientists 
and engineers are working together to produce these nanocircuits so millions and perhaps 
even billions of transistors will be able to fit onto a chip. Despite how good this may 
sound, there are many problems that arise when so many transistors are packed together. 
With circuits being so tiny, they tend to have more problems than larger circuits, more 
particularly many defects. Nanoscale circuits are more sensitive to temperature changes, 
cosmic rays and electromagnetic interference than today's circuits. As more transistors 
are packed onto a chip, phenomena such as stray signals on the chip, the need to dissipate 
the heat from so many closely packed devices, tunneling across insulation barriers due to 
the small scale, and fabrication difficulties will halt or severely slow progress. Many 
believe the market for nanocircuits will reach equilibrium around 2015. At this time they 
believe the cost of a fabrication facility may be as much as $200 billion. There will be a 
time when the cost of making circuits even smaller will be too much, and the speed of 
computers will reach a maximum. For this reason, many scientists believe that Moore’s 
Law will not hold forever and will soon reach a peak. 

In producing these nanocircuits, there are many aspects involved. The first part of their 
organization begins with transistors. As of right now, most electronics are using silicon-
based transistors. Transistors are an integral part of circuits as they control the flow of 
electricity and transform weak electrical signals to strong ones. They also control electric 
current as they can turn it on off, or even amplify signals. Circuits now use silicon as a 
transistor because it can easily be switched between conducting and nonconducting 
states. However, in nanoelectronics, transistors might be organic molecules or nanoscale 
inorganic structures. Semiconductors, which are part of transistors, are also being made 
of organic molecules in the nano state. 

The second aspect of nanocircuit organization is interconnection. This involves logical 
and mathematical operations and the wires linking the transistors together that make this 
possible. In nanocircuits, nanotubes and other wires as narrow as one nanometer are used 
to link transistors together. Nanowires have been made from carbon nanotubes for a few 
years. Until a few years ago, transistors and nanowires were put together to produce the 
circuit. However, scientists have been able to produce a nanowire with transistors in it. In 
2004, Harvard University nanotech pioneer Charles Lieber and his team have made a 
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nanowire—10,000 times thinner than a sheet of paper—that contains a string of 
transistors. Essentially, transistors and nanowires are already pre-wired so as to eliminate 
the difficult task of trying to connect transistors together with nanowires. 

The last part of nanocircuit organization is architecture. This has been explained as the 
overall way the transistors are interconnected, so that the circuit can plug into a computer 
or other system and operate independently of the lower-level details. With nanocircuits 
being so small, they are destined for error and defects. Scientists have devised a way to 
get around this. Their architecture combines circuits that have redundant logic gates and 
interconnections with the ability to reconfigure structures at several levels on a chip. The 
redundancy lets the circuit identify problems and reconfigure itself so the circuit can 
avoid more problems. It also allows for errors within the logic gate and still have it work 
properly without giving a wrong result. 

Potential Applications and Breakthroughs 
Scientists in India have recently developed the world’s smallest transistor which will be 
used for nanocircuits. The transistor is made entirely from carbon nanotubes. Nanotubes 
are rolled up sheets of carbon atoms and are more than a thousand times thinner than 
human hair. Normally circuits use silicon-based transistors, but these will soon replace 
those. The transistor has two different branches that meet at a single point, hence giving it 
a Y shape. Current can flow throughout both branches and is controlled by a third branch 
that turns the voltage on or off. This new breakthrough can now allow for nanocircuits to 
hold completely to their name as they can be made entirely from nanotubes. Before this 
discovery, logic circuits used nanotubes, but needed metal gates to be able to control the 
flow of electrical current. 

Arguably the biggest potential application of nanocircuits deals with computers and 
electronics. Scientists and engineers are always looking to make computers faster. Some 
think in the nearer term, we could see hybrids of micro- and nano-: silicon with a nano 
core—perhaps a high-density computer memory that retains its contents forever. Unlike 
conventional circuit design, which proceeds from blueprint to photographic pattern to 
chip, nanocircuit design will probably begin with the chip—a haphazard jumble of as 
many as 1024 components and wires, not all of which will even work—and gradually 
sculpt it into a useful device. Instead of taking the traditional top-down approach, the 
bottom-up approach will probably soon have to be adopted because of the sheer size of 
these nanocircuits. Not everything in the circuit will probably work because at the nano 
level, nanocircuits will be more defective and faulty because of their compactness. 
Scientists and engineers have created all of the essential components of nanocircuits such 
as transistors, logic gates and diodes. They have all been constructed from organic 
molecules, carbon nanotubes and nanowire semiconductors. The only thing left to do is 
find a way to eliminate the errors that come with such a small device and nanocircuits 
will become a way of all electronics. However, eventually there will be a limit as to how 
small nanocircuits can become and computers and electronics will reach their equilibrium 
speeds. 
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Economic Impact 
With the vast improvements in reducing the size of circuits, comes a rising cost to 
produce these nano components. Scientists believe that one day a fabrication facility for 
making nanocircuit could cost as much as over $200 billion. The increased cost comes 
from the difficulty of producing such circuits as they take more time and effort than 
circuits today. The fabrication plant will create a raw nanocircuit—billions on billions of 
devices and wires whose functioning is rather limited. From the outside it will look like a 
lump of material with a handful of wires sticking out. Eventually the theory of Moore’s 
Law will have to reach equilibrium with the fabrication methods currently used. Circuits 
will only be able to be so fast and small without creating any severe problems. The cost 
for producing even better nanocircuits will increase further as more money will be 
needed to develop new fabrication methods and ways of designing faster, better 
nanocircuits. Until that time, companies like Intel will continue to thrive in the nano 
business with their promises of their chip being the fastest and better than their 
counterpart. Nanocircuits may still have their problems, but that will not stop companies 
from mass producing them in order to become the most technologically advanced 
company with the fastest product. 

Nanolithography 
Nanolithography is the branch of nanotechnology concerned with the study and 
application of fabricating nanometer-scale structures, meaning patterns with at least one 
lateral dimension between the size of an individual atom and approximately 100 nm. 
Nanolithography is used during the fabrication of leading-edge semiconductor integrated 
circuits (nanocircuitry) or nanoelectromechanical systems (NEMS). 

As of 2007, nanolithography is a very active area of research in academia and in industry. 

Optical lithography 
Optical lithography, which has been the predominant patterning technique since the 
advent of the semiconductor age, is capable of producing sub-100-nm patterns with the 
use of very short wavelengths (currently 193 nm). Optical lithography will require the use 
of liquid immersion and a host of resolution enhancement technologies (phase-shift 
masks (PSM), optical proximity correction (OPC)) at the 32 nm node. Most experts feel 
that traditional optical lithography techniques will not be cost effective below 22 nm. At 
that point, it may be replaced by a next-generation lithography (NGL) technique. 

Other nanolithography techniques 
• X-ray lithography can be extended to an optical resolution of 15 nm by using the 

short wavelengths of 1 nm for the illumination. This is implemented by the 
proximity printing approach. The technique is developed to the extent of batch 
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processing. The extension of the method relies on Near Field X-rays in Fresnel 
diffraction: a clear mask feature is "demagnified" by proximity to a wafer that is 
set near to a "Critical Condition". This Condition determines the mask-to-wafer 
Gap and depends on both the size of the clear mask feature and on the 
wavelength. The method is simple because it requires no lenses. 

• A method of pitch resolution enhancement which is gaining acceptance is double 
patterning. This technique increases feature density by printing new features in 
between pre-printed features on the same layer. It is flexible because it can be 
adapted for any exposure or patterning technique. The feature size is reduced by 
non-lithographic techniques such as etching or sidewall spacers. 

• Work is in progress on an optical maskless lithography tool. This uses a digital 
micro-mirror array to directly manipulate reflected light without the need for an 
intervening mask. Throughput is inherently low, but the elimination of mask-
related production costs - which are rising exponentially with every technology 
generation - means that such a system might be more cost effective in the case of 
small production runs of state of the art circuits, such as in a research lab, where 
tool throughput is not a concern. 

• The most common nanolithographic technique is Electron-Beam Direct-Write 
Lithography (EBDW), the use of a beam of electrons to produce a pattern — 
typically in a polymeric resist such as PMMA. 

• Extreme ultraviolet lithography (EUV) is a form of optical lithography using 
ultrashort wavelengths (13.5 nm). It is the most popularly considered NGL 
technique. 

• Charged-particle lithography, such as ion- or electron-projection lithographies 
(PREVAIL, SCALPEL, LEEPL), are also capable of very-high-resolution 
patterning. Ion beam lithography uses a focused or broad beam of energetic 
lightweight ions (like He+) for transferring pattern to a surface. Using Ion Beam 
Proximity Lithography (IBL) nano-scale features can be transferred on non-planar 
surfaces. 

• Neutral Particle Lithography(NPL) uses a broad beam of energetic neutral 
particle for pattern transfer on a surface. 

• Nanoimprint lithography (NIL), and its variants, such as Step-and-Flash Imprint 
Lithography, LISA and LADI are promising nanopattern replication technologies. 
This technique can be combined with contact printing. 

• Scanning probe lithography (SPL) is a promising tool for patterning at the deep 
nanometer-scale. For example, individual atoms may be manipulated using the tip 
of a scanning tunneling microscope (STM). Dip-Pen Nanolithography (DPN) is 
the first commercially available SPL technology based on atomic force 
microscopy. 

• Atomic Force Microscopic Nanolithography (AFM) is a chemomechanical 
surface patterning technique that uses an atomic force microscope. 

• Magnetolithography (ML) based on applying a magnetic field on the substrate 
using paramagnetic metal masks call "magnetic mask". Magnetic mask which is 
analog to photomask define the spatial distribution and shape of the applied 
magnetic field. The second component is ferromagnetic nanoparticles (analog to 
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the photoresist) that are assembled onto the substrate according to the field 
induced by the magnetic mask. 

Bottom-up methods 
• Nanosphere lithography uses self-assembled monolayers of spheres (typically 

made of polystyrene) as evaporation masks. This method has been used to 
fabricate arrays of gold nanodots with precisely controlled spacings. 

It is possible that molecular self-assembly methods will take over as the primary 
nanolithography approach, due to ever-increasing complexity of the top-down approaches 
listed above. Self-assembly of dense lines less than 20 nm wide in large pre-pattearned 
trenches has been demonstrated. The degree of dimension and orientation control as well 
as prevention of lamella merging still need to be addressed for this to be an effective 
patterning technique. The important issue of line edge roughness is also highlighted by 
this technique. 

Self-assembled ripple patterns and dot arrays formed by low-energy ion-beam sputtering 
are another emerging form of bottom-up lithography. Aligned arrays of plasmonic  and 
magnetic wires and nanoparticles are deposited on these templates via oblique 
evaporation. The templates are easily produced over large areas with periods down to 
25 nm. 
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Chapter- 6 

Molecular Electronics 
 

 

 

 

 

Molecular electronics (sometimes called moletronics) involves the study and application 
of molecular building blocks for the fabrication of electronic components. This includes 
both passive and active electronic components. Molecular electronics is a branch of 
nanotechology. 

An interdisciplinary pursuit, molecular electronics spans physics, chemistry, and 
materials science. The unifying feature is the use of molecular building blocks for the 
fabrication of electronic components. This includes both passive (e.g. resistive wires) and 
active components such as transistors and molecular-scale switches. Due to the prospect 
of size reduction in electronics offered by molecular-level control of properties, 
molecular electronics has aroused much excitement both in science fiction and among 
scientists. Molecular electronics provides means to extend Moore's Law beyond the 
foreseen limits of small-scale conventional silicon integrated circuits. 

Molecular electronics is split into two related but separate subdisciplines: molecular 
materials for electronics utilizes the properties of the molecules to affect the bulk 
properties of a material, while molecular scale electronics focuses on single-molecule 
applications. 

Concept genesis and theory 
In their 1940's discussion of so-called "donor-acceptor" complexes, Robert Mulliken and 
Albert Szent-Gyorgi advanced the concept of charge transfer in molecules. They 
subsequently further refined the study of both charge transfer and energy transfer in 
molecules. Likewise, a 1974 paper from Mark Ratner and Ari Aviram 1 illustrated a 
theoretical molecular rectifier. In 1988, Aviram described in detail a theoretical single-
molecule field-effect transistor. Further concepts were proposed by Forrest Carter of the 
Naval Research Laboratory, including single-molecule logic gates. 
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These were all theoretical constructs and not concrete devices. The direct measurement 
of the electronic characteristics of individual molecules awaited the development of 
methods for making molecular-scale electrical contacts. This was no easy task. Thus, the 
first experiment directly-measuring the conductance of a single molecule was only 
reported in 1997 by Mark Reed and co-workers. Since then, this branch of the field has 
progressed rapidly. Likewise, as it has become possible to measure such properties 
directly, the theoretical predictions of the early workers have been substantially 
confirmed. 

 
Voltage-controlled switch, a molecular electronic device from 1974. From Smithsonian 
Chip collection 

However, while mostly operating in the quantum realm of less than 100 nanometers, 
"molecular" electronic processes can collectively manifest on a macro scale. Examples 
include quantum tunneling, negative resistance, phonon-assisted hopping, polarons, and 
the like. Thus, macro-scale active organic electronic devices were described decades 
before molecular-scale ones. E.g., in 1974, John McGinness and his coworkers described 
the putative "first experimental demonstration of an operating molecular electronic 
device". This was a voltage-controlled switch. As its active element, this device used 
DOPA melanin, an oxidized mixed polymer of polyacetylene, polypyrrole, and 
polyaniline. The "ON" state of this switch exhibited almost metallic conductivity. 

Since the 1970s, scientists have developed an entire panoply of new materials and 
devices. These findings have opened the door to plastic electronics and optoelectronics, 
which are beginning to find commercial application. 

Charge transfer complexes 

The first highly-conductive organic compounds were the charge transfer complexes. In 
1954, researchers at Bell Labs and elsewhere reported organic charge transfer complexes 
with resistivities as low as 8 ohms-cm. In the early 1970s, salts of tetrathiafulvalene were 
shown to exhibit almost metallic conductivity, while superconductivity was demonstrated 
in 1980. Broad research on charge transfer salts continues today. 

Conducting polymers 

The linear-backbone "polymer blacks" (polyacetylene, polypyrrole, and polyaniline) and 
their copolymers are the main class of conductive polymers. Historically, these are 
known as melanins. In 1963 Australians DE Weiss and coworkers reported iodine-doped 
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oxidized polypyrrole blacks with resistivities as low as 1 ohm/cm. Subsequent papers 
reported resistances as low as 0.03 Ohm/cm. With the notable exception of Charge 
transfer complexes (some of which are even superconductors), organic molecules were 
previously considered insulators or at best weakly conducting semiconductors. 

Over a decade later in 1977, Shirakawa, Heeger, and MacDiarmid reported equivalent 
high conductivity in rather similarly oxidized and iodine-doped polyacetylene. They later 
received the 2000 Nobel prize in chemistry "for the discovery and development of 
conductive polymers".   

C60 and carbon nanotubes 

From graphite to C60 

 
  
Rotating view of a graphite crystal (2 graphene layers) 
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In polymers, classical organic molecules are composed of both carbon and hydrogen (and 
sometimes additional compounds such as nitrogen, chlorine or sulphur). They are 
obtained from petrol and can often be synthesized in large amounts. Most of these 
molecules are insulating when their length exceeds a few nanometers. However, naturally 
occurring carbon is conducting. In particular, graphite (recovered from coal or 
encountered naturally) is conducting. From a theoretical point of view, graphite is a semi-
metal, a category in between metals and semi-conductors. It has a layered structure, each 
sheet being one atom thick. Between each sheet, the interactions are weak enough to 
allow an easy manual cleavage. 

Tailoring the graphite sheet to obtain well defined nanometer-sized objects remains a 
challenge. However, by the close of the twentieth century, chemists were exploring 
methods to fabricate extremely small graphitic objects that could be considered single 
molecules. After studying the interstellar conditions under which carbon is known to 
form clusters, Richard Smalley's group (Rice University, Texas) set up an experiment in 
which graphite was vaporized using laser irradiation. Mass spectrometry revealed that 
clusters containing specific "magic numbers" of atoms were stable, in particular those 
clusters of 60 atoms. Harry Kroto, an English chemist who assisted in the experiment, 
suggested a possible geometry for these clusters - atoms covalently bound with the exact 
symmetry of a soccer ball. Coined buckminsterfullerenes, buckyballs or C60, the clusters 
retained some properties of graphite, such as conductivity. These objects were rapidly 
envisioned as possible building blocks for molecular electronics. 

Carbon nanotubes 

Carbon nanotubes (CNTs; also known as buckytubes) are allotropes of carbon with a 
cylindrical nanostructure. Nanotubes have been constructed with length-to-diameter ratio 
of up to 132,000,000:1, significantly larger than any other material. These cylindrical 
carbon molecules have novel properties, making them potentially useful in many 
applications in nanotechnology, electronics, optics, and other fields of materials science, 
as well as potential uses in architectural fields. They may also have applications in the 
construction of body armor. They exhibit extraordinary strength and unique electrical 
properties, and are efficient thermal conductors. 

Nanotubes are members of the fullerene structural family, which also includes the 
spherical buckyballs. The ends of a nanotube may be capped with a hemisphere of the 
buckyball structure. Their name is derived from their size, since the diameter of a 
nanotube is on the order of a few nanometers (approximately 1/50,000th of the width of a 
human hair), while they can be up to 18 centimeters in length (as of 2010). Nanotubes are 
categorized as single-walled nanotubes (SWNTs) and multi-walled nanotubes (MWNTs). 

Applied quantum chemistry, specifically, orbital hybridization best describes chemical 
bonding in nanotubes. The chemical bonding of nanotubes is composed entirely of sp2 
bonds, similar to those of graphite. These bonds, which are stronger than the sp3 bonds 
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found in alkanes, provide nanotubules with their unique strength. Moreover, nanotubes 
naturally align themselves into "ropes" held together by van der Waals forces. 

 

Most single-walled nanotubes (SWNT) have a diameter of close to 1 nanometer, with a 
tube length that can be many millions of times longer. The structure of a SWNT can be 
conceptualized by wrapping a one-atom-thick layer of graphite called graphene into a 
seamless cylinder. The way the graphene sheet is wrapped is represented by a pair of 
indices (n,m) called the chiral vector. The integers n and m denote the number of unit 
vectors along two directions in the honeycomb crystal lattice of graphene. If m = 0, the 
nanotubes are called "zigzag". If n = m, the nanotubes are called "armchair". Otherwise, 
they are called "chiral". The diameter of a nanotube can be calculated from its (n,m) 
indices as follows 

 

where a = 0.246 nm. 
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The (n,m) nanotube naming scheme can be thought of as a vector (Ch) in an infinite 
graphene sheet that describes how to "roll up" the graphene sheet to make the nanotube. 
T denotes the tube axis, and a1 and a2 are the unit vectors of graphene in real space. 
 

Single-walled nanotubes are an important variety of carbon nanotube because they 
exhibit electric properties that are not shared by the multi-walled carbon nanotube 
(MWNT) variants. In particular, their band gap can vary from zero to about 2 eV and 
their electrical conductivity can show metallic or semiconducting behavior, whereas 
MWNTs are zero-gap metals. Single-walled nanotubes are the most likely candidate for 
miniaturizing electronics beyond the micro electromechanical scale currently used in 
electronics. The most basic building block of these systems is the electric wire, and 
SWNTs can be excellent conductors. One useful application of SWNTs is in the 
development of the first intramolecular field effect transistors (FET). Production of the 
first intramolecular logic gate using SWNT FETs has recently become possible as well. 
To create a logic gate you must have both a p-FET and an n-FET. Because SWNTs are p-
FETs when exposed to oxygen and n-FETs otherwise, it is possible to protect half of an 
SWNT from oxygen exposure, while exposing the other half to oxygen. This results in a 
single SWNT that acts as a NOT logic gate with both p and n-type FETs within the same 
molecule. 

Single-walled nanotubes are dropping precipitously in price, from around $1500 per gram 
as of 2000 to retail prices of around $50 per gram of as-produced 40–60% by weight 
SWNTs as of March 2010. 
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An STM image of single-walled carbon nanotube 
 

 
Transmission electron microscopy image showing a single-walled carbon nanotube 
 

Multi-walled 
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SEM image of carbon nanotubes bundles. 

Multi-walled nanotubes (MWNT) consist of multiple rolled layers (concentric tubes) of 
graphite. There are two models which can be used to describe the structures of multi-
walled nanotubes. In the Russian Doll model, sheets of graphite are arranged in 
concentric cylinders, e.g. a (0,8) single-walled nanotube (SWNT) within a larger (0,17) 
single-walled nanotube. In the Parchment model, a single sheet of graphite is rolled in 
around itself, resembling a scroll of parchment or a rolled newspaper. The interlayer 
distance in multi-walled nanotubes is close to the distance between graphene layers in 
graphite, approximately 3.4 Å. 

The special place of double-walled carbon nanotubes (DWNT) must be emphasized here 
because their morphology and properties are similar to SWNT but their resistance to 
chemicals is significantly improved. This is especially important when functionalization 
is required (this means grafting of chemical functions at the surface of the nanotubes) to 
add new properties to the CNT. In the case of SWNT, covalent functionalization will 
break some C=C double bonds, leaving "holes" in the structure on the nanotube and thus 
modifying both its mechanical and electrical properties. In the case of DWNT, only the 
outer wall is modified. DWNT synthesis on the gram-scale was first proposed in 2003 by 
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the CCVD technique, from the selective reduction of oxide solutions in methane and 
hydrogen. 

Torus 

 
  
A stable nanobud structure 

In theory, a nanotorus is a carbon nanotube bent into a torus (doughnut shape). Nanotori 
are predicted to have many unique properties, such as magnetic moments 1000 times 
larger than previously expected for certain specific radii. Properties such as magnetic 
moment, thermal stability, etc. vary widely depending on radius of the torus and radius of 
the tube. 

Nanobud 

Carbon nanobuds are a newly created material combining two previously discovered 
allotropes of carbon: carbon nanotubes and fullerenes. In this new material, fullerene-like 
"buds" are covalently bonded to the outer sidewalls of the underlying carbon nanotube. 
This hybrid material has useful properties of both fullerenes and carbon nanotubes. In 
particular, they have been found to be exceptionally good field emitters. In composite 
materials, the attached fullerene molecules may function as molecular anchors preventing 
slipping of the nanotubes, thus improving the composite’s mechanical properties. 

Cup stacked carbon nanotubes 

Cup-stacked carbon nanotubes (CSCNTs) differ from other quasi-1D carbon structures, 
which normally behave as quasi-metallic conductors of electrons. CSCNTs exhibit 
semiconducting behaviors due to the stacking microstructure of graphene layers. 

Extreme carbon nanotubes 

 
 Cycloparaphenylene 
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The observation of the longest carbon nanotubes (18.5 cm long) was reported in 2009. 
These nanotubles were grown on Si substrates using an improved chemical vapor 
deposition (CVD) method and represent electrically uniform arrays of single-walled 
carbon nanotubes. 

The shortest carbon nanotube is the organic compound cycloparaphenylene which was 
synthesized in early 2009. 

The thinnest carbon nanotube is armchair (2,2) CNT with a diameter of 3 Å. This 
nanotube was grown inside a multi-walled carbon nanotube. Assigning of carbon 
nanotube type was done by combination of high-resolution transmission electron 
microscopy (HRTEM), Raman spectroscopy and density functional theory (DFT) 
calculations. 

The thinnest freestanding single-walled carbon nanotube is about 4.3 Å in diameter. 
Researchers suggested that it can be either (5,1) or (4,2) SWCNT, but exact type of 
carbon nanotube remains questionable. (3,3), (4,3) and (5,1) carbon nanotubes (all about 
4 Å in diameter) were unambiguously identified using more precise aberration-corrected 
high-resolution transmission electron microscopy. However, they were found inside of 
double-walled carbon nanotubes. 

Properties 

Strength 

Carbon nanotubes are the strongest and stiffest materials yet discovered in terms of 
tensile strength and elastic modulus respectively. This strength results from the covalent 
sp² bonds formed between the individual carbon atoms. In 2000, a multi-walled carbon 
nanotube was tested to have a tensile strength of 63 gigapascals (GPa). (This, for 
illustration, translates into the ability to endure tension of a weight equivalent to 6422 kg 
on a cable with cross-section of 1 mm2.) Since carbon nanotubes have a low density for a 
solid of 1.3 to 1.4 g·cm−3, its specific strength of up to 48,000 kN·m·kg−1 is the best of 
known materials, compared to high-carbon steel's 154 kN·m·kg−1. 

Under excessive tensile strain, the tubes will undergo plastic deformation, which means 
the deformation is permanent. This deformation begins at strains of approximately 5% 
and can increase the maximum strain the tubes undergo before fracture by releasing strain 
energy. 

CNTs are not nearly as strong under compression. Because of their hollow structure and 
high aspect ratio, they tend to undergo buckling when placed under compressive, 
torsional or bending stress. 

Comparison of mechanical properties 
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Material Young's 
modulus (TPa) 

Tensile 
strength (GPa) 

Elongation at 
break (%) 

SWNT ~1 (from 1 to 5) 13–53E 16 
Armchair 

SWNT 0.94T 126.2T 23.1 

Zigzag 
SWNT 0.94T 94.5T 15.6–17.5 

Chiral 
SWNT 0.92   

MWNT 0.27E–0.8E–0.95E 11E–63E–150E  

Stainless 
steel 0.186E–0.214E 0.38E–1.55E 15–50 

Kevlar–
29&149 0.06E–0.18E 3.6E–3.8E ~2 

EExperimental observation; TTheoretical prediction 

The above discussion referred to axial properties of the nanotube, whereas simple 
geometrical considerations suggest that carbon nanotubes should be much softer in the 
radial direction than along the tube axis. Indeed, TEM observation of radial elasticity 
suggested that even the van der Waals forces can deform two adjacent nanotubes. 
Nanoindentation experiments, performed by several groups on multiwalled carbon 
nanotubes, indicated Young's modulus of the order of several GPa confirming that CNTs 
are indeed rather soft in the radial direction. 

Hardness 

Diamond is considered to be the hardest material. Under conditions of high temperature 
and high pressure, graphite transforms into diamond. One study succeeded in the 
synthesis of a super-hard material by compressing SWNTs to above 24 GPa at room 
temperature. The hardness of this material was measured with a nanoindenter as 62–152 
GPa. The hardness of reference diamond and boron nitride samples was 150 and 62 GPa, 
respectively. The bulk modulus of compressed SWNTs was 462–546 GPa, surpassing the 
value of 420 GPa for diamond. 

Kinetic 

Multi-walled nanotubes are multiple concentric nanotubes precisely nested within one 
another. These exhibit a striking telescoping property whereby an inner nanotube core 
may slide, almost without friction, within its outer nanotube shell, thus creating an 
atomically perfect linear or rotational bearing. This is one of the first true examples of 
molecular nanotechnology, the precise positioning of atoms to create useful machines. 
Already, this property has been utilized to create the world's smallest rotational motor. 
Future applications such as a gigahertz mechanical oscillator are also envisaged. 
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Electrical 

 
  
Band structures computed using tight binding approximation for (6,0) CNT (zigzag, 
metallic) (10,2) CNT (semiconducting) and (10,10) CNT (armchair, metallic). 

Because of the symmetry and unique electronic structure of graphene, the structure of a 
nanotube strongly affects its electrical properties. For a given (n,m) nanotube, if n = m, 
the nanotube is metallic; if n − m is a multiple of 3, then the nanotube is semiconducting 
with a very small band gap, otherwise the nanotube is a moderate semiconductor. Thus 
all armchair (n = m) nanotubes are metallic, and nanotubes (6,4), (9,1), etc. are 
semiconducting. 

However, this rule has exceptions, because curvature effects in small diameter carbon 
nanotubes can influence strongly electrical properties. Thus, a (5,0) SWCNT that should 
be semiconducting in fact is metallic according to the calculations. Likewise, vice versa-- 
zigzag and chiral SWCNTs with small diameters that should be metallic have finite gap 
(armchair nanotubes remain metallic). In theory, metallic nanotubes can carry an electric 
current density of 4 × 109 A/cm2 which is more than 1,000 times greater than metals such 
as copper. 

Multiwalled carbon nanotubes with interconnected inner shells show superconductivity 
with a relatively high transition temperature Tc = 12 K. In contrast, the Tc value is an 
order of magnitude lower for ropes of single-walled carbon nanotubes or for MWNTs 
with usual, non-interconnected shells. 
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Optical 

Thermal 

All nanotubes are expected to be very good thermal conductors along the tube, exhibiting 
a property known as "ballistic conduction", but good insulators laterally to the tube axis. 
Measurements show that a SWNT has a room-temperature thermal conductivity along its 
axis of about 3500 W·m−1·K−1; compare this to copper, a metal well-known for its good 
thermal conductivity, which transmits 385 W·m−1·K−1. A SWNT has a room-temperature 
thermal conductivity across its axis (in the radial direction) of about 1.52 W·m−1·K−1, 
which is about as thermally conductive as soil. The temperature stability of carbon 
nanotubes is estimated to be up to 2800 °C in vacuum and about 750 °C in air. 

Defects 

As with any material, the existence of a crystallographic defect affects the material 
properties. Defects can occur in the form of atomic vacancies. High levels of such defects 
can lower the tensile strength by up to 85%. Another form of carbon nanotube defect is 
the Stone Wales defect, which creates a pentagon and heptagon pair by rearrangement of 
the bonds. Because of the very small structure of CNTs, the tensile strength of the tube is 
dependent on its weakest segment in a similar manner to a chain, where the strength of 
the weakest link becomes the maximum strength of the chain. 

Crystallographic defects also affect the tube's electrical properties. A common result is 
lowered conductivity through the defective region of the tube. A defect in armchair-type 
tubes (which can conduct electricity) can cause the surrounding region to become 
semiconducting, and single monoatomic vacancies induce magnetic properties. 

Crystallographic defects strongly affect the tube's thermal properties. Such defects lead to 
phonon scattering, which in turn increases the relaxation rate of the phonons. This 
reduces the mean free path and reduces the thermal conductivity of nanotube structures. 
Phonon transport simulations indicate that substitutional defects such as nitrogen or 
boron will primarily lead to scattering of high-frequency optical phonons. However, 
larger-scale defects such as Stone Wales defects cause phonon scattering over a wide 
range of frequencies, leading to a greater reduction in thermal conductivity. 

One-dimensional transport 

Because of the nanoscale dimensions, electrons propagate only along the tube's axis and 
electron transport involves many quantum effects. Because of this, carbon nanotubes are 
frequently referred to as “one-dimensional”. 

Toxicity 

Determining the toxicity of carbon nanotubes has been one of the most pressing questions 
in nanotechnology. Unfortunately, such research has only just begun. Thus, the data are 
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still fragmentary and subject to criticism. Preliminary results highlight the difficulties in 
evaluating the toxicity of this heterogeneous material. Parameters such as structure, size 
distribution, surface area, surface chemistry, surface charge, and agglomeration state as 
well as purity of the samples, have considerable impact on the reactivity of carbon 
nanotubes. However, available data clearly show that, under some conditions, nanotubes 
can cross membrane barriers, which suggests that if raw materials reach the organs they 
can induce harmful effects such as inflammatory and fibrotic reactions. 

A study led by Alexandra Porter from the University of Cambridge shows that CNTs can 
enter human cells and accumulate in the cytoplasm, causing cell death. 

Results of rodent studies collectively show that regardless of the process by which CNTs 
were synthesized and the types and amounts of metals they contained, CNTs were 
capable of producing inflammation, epithelioid granulomas (microscopic nodules), 
fibrosis, and biochemical/toxicological changes in the lungs. Comparative toxicity studies 
in which mice were given equal weights of test materials showed that SWCNTs were 
more toxic than quartz, which is considered a serious occupational health hazard when 
chronically inhaled. As a control, ultrafine carbon black was shown to produce minimal 
lung responses. 

The needle-like fiber shape of CNTs, similar to asbestos fibers, raises fears that 
widespread use of carbon nanotubes may lead to mesothelioma, cancer of the lining of 
the lungs often caused by exposure to asbestos. A recently-published pilot study supports 
this prediction. Scientists exposed the mesothelial lining of the body cavity of mice, as a 
surrogate for the mesothelial lining of the chest cavity, to long multiwalled carbon 
nanotubes and observed asbestos-like, length-dependent, pathogenic behavior which 
included inflammation and formation of lesions known as granulomas. Authors of the 
study conclude: 

"This is of considerable importance, because research and business communities 
continue to invest heavily in carbon nanotubes for a wide range of products under 
the assumption that they are no more hazardous than graphite. Our results suggest 
the need for further research and great caution before introducing such products 
into the market if long-term harm is to be avoided." 

According to co-author Dr. Andrew Maynard: 

"This study is exactly the kind of strategic, highly focused research needed to 
ensure the safe and responsible development of nanotechnology. It looks at a 
specific nanoscale material expected to have widespread commercial applications 
and asks specific questions about a specific health hazard. Even though scientists 
have been raising concerns about the safety of long, thin carbon nanotubes for 
over a decade, none of the research needs in the current U.S. federal 
nanotechnology environment, health and safety risk research strategy address this 
question." 
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Although further research is required, results presented today clearly demonstrate that, 
under certain conditions, especially those involving chronic exposure, carbon nanotubes 
can pose a serious risk to human health. 

Synthesis 

 
  
Powder of carbon nanotubes 

Techniques have been developed to produce nanotubes in sizeable quantities, including 
arc discharge, laser ablation, high pressure carbon monoxide (HiPco), and chemical vapor 
deposition (CVD). Most of these processes take place in vacuum or with process gases. 
CVD growth of CNTs can occur in vacuum or at atmospheric pressure. Large quantities 
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of nanotubes can be synthesized by these methods; advances in catalysis and continuous 
growth processes are making CNTs more commercially viable. 

Arc discharge 

Nanotubes were observed in 1991 in the carbon soot of graphite electrodes during an arc 
discharge, by using a current of 100 amps, that was intended to produce fullerenes. 
However the first macroscopic production of carbon nanotubes was made in 1992 by two 
researchers at NEC's Fundamental Research Laboratory. The method used was the same 
as in 1991. During this process, the carbon contained in the negative electrode sublimates 
because of the high discharge temperatures. Because nanotubes were initially discovered 
using this technique, it has been the most widely-used method of nanotube synthesis. 

The yield for this method is up to 30 percent by weight and it produces both single- and 
multi-walled nanotubes with lengths of up to 50 micrometers with few structural defects. 

Laser ablation 

In the laser ablation process, a pulsed laser vaporizes a graphite target in a high-
temperature reactor while an inert gas is bled into the chamber. Nanotubes develop on the 
cooler surfaces of the reactor as the vaporized carbon condenses. A water-cooled surface 
may be included in the system to collect the nanotubes. 

This process was developed by Dr. Richard Smalley and co-workers at Rice University, 
who at the time of the discovery of carbon nanotubes, were blasting metals with a laser to 
produce various metal molecules. When they heard of the existence of nanotubes they 
replaced the metals with graphite to create multi-walled carbon nanotubes. Later that year 
the team used a composite of graphite and metal catalyst particles (the best yield was 
from a cobalt and nickel mixture) to synthesize single-walled carbon nanotubes. 

The laser ablation method yields around 70% and produces primarily single-walled 
carbon nanotubes with a controllable diameter determined by the reaction temperature. 
However, it is more expensive than either arc discharge or chemical vapor deposition. 

Chemical vapor deposition (CVD) 
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Nanotubes being grown by plasma enhanced chemical vapor deposition 

The catalytic vapor phase deposition of carbon was first reported in 1959, but it was not 
until 1993 that carbon nanotubes were formed by this process. In 2007, researchers at the 
University of Cincinnati (UC) developed a process to grow aligned carbon nanotube 
arrays of 18 mm length on a FirstNano ET3000 carbon nanotube growth system. 

During CVD, a substrate is prepared with a layer of metal catalyst particles, most 
commonly nickel, cobalt, iron, or a combination. The metal nanoparticles can also be 
produced by other ways, including reduction of oxides or oxides solid solutions. The 
diameters of the nanotubes that are to be grown are related to the size of the metal 
particles. This can be controlled by patterned (or masked) deposition of the metal, 
annealing, or by plasma etching of a metal layer. The substrate is heated to approximately 
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700°C. To initiate the growth of nanotubes, two gases are bled into the reactor: a process 
gas (such as ammonia, nitrogen or hydrogen) and a carbon-containing gas (such as 
acetylene, ethylene, ethanol or methane). Nanotubes grow at the sites of the metal 
catalyst; the carbon-containing gas is broken apart at the surface of the catalyst particle, 
and the carbon is transported to the edges of the particle, where it forms the nanotubes. 
This mechanism is still being studied. The catalyst particles can stay at the tips of the 
growing nanotube during the growth process, or remain at the nanotube base, depending 
on the adhesion between the catalyst particle and the substrate. Thermal catalytic 
decomposition of hydrocarbon has become an active area of research and can be a 
promising route for the bulk production of CNTs. Fluidised bed reactor is the most 
widely used reactor for CNT preparation. Scale-up of the reactor is the major challenge.  

CVD is a common method for the commercial production of carbon nanotubes. For this 
purpose, the metal nanoparticles are mixed with a catalyst support such as MgO or Al2O3 
to increase the surface area for higher yield of the catalytic reaction of the carbon 
feedstock with the metal particles. One issue in this synthesis route is the removal of the 
catalyst support via an acid treatment, which sometimes could destroy the original 
structure of the carbon nanotubes. However, alternative catalyst supports that are soluble 
in water have proven effective for nanotube growth. 

If a plasma is generated by the application of a strong electric field during the growth 
process (plasma enhanced chemical vapor deposition*), then the nanotube growth will 
follow the direction of the electric field. By adjusting the geometry of the reactor it is 
possible to synthesize vertically aligned carbon nanotubes (i.e., perpendicular to the 
substrate), a morphology that has been of interest to researchers interested in the electron 
emission from nanotubes. Without the plasma, the resulting nanotubes are often 
randomly oriented. Under certain reaction conditions, even in the absence of a plasma, 
closely spaced nanotubes will maintain a vertical growth direction resulting in a dense 
array of tubes resembling a carpet or forest. 

Of the various means for nanotube synthesis, CVD shows the most promise for 
industrial-scale deposition, because of its price/unit ratio, and because CVD is capable of 
growing nanotubes directly on a desired substrate, whereas the nanotubes must be 
collected in the other growth techniques. The growth sites are controllable by careful 
deposition of the catalyst. In 2007, a team from Meijo University demonstrated a high-
efficiency CVD technique for growing carbon nanotubes from camphor. Researchers at 
Rice University, until recently led by the late Richard Smalley, have concentrated upon 
finding methods to produce large, pure amounts of particular types of nanotubes. Their 
approach grows long fibers from many small seeds cut from a single nanotube; all of the 
resulting fibers were found to be of the same diameter as the original nanotube and are 
expected to be of the same type as the original nanotube. 

Super-growth CVD 
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SEM photo of SWNT forests produced by super-growth 

 
  
A small SWNT sample produced by super-growth 

Super-growth CVD (water-assisted chemical vapour deposition) process was developed 
by Kenji Hata, Sumio Iijima and co-workers at AIST, Japan. In this process, the activity 
and lifetime of the catalyst are enhanced by addition of water into the CVD reactor. 
Dense millimeter-tall nanotube "forests", aligned normal to the substrate, were produced. 
The forests growth rate could be expressed, as 

 

In this equation, β is the initial growth rate and τo is the characteristic catalyst lifetime. 

Their specific surface exceeds 1,000 m2/g (capped) or 2,200 m2/g (uncapped), surpassing 
the value of 400–1,000 m2/g for HiPco samples. The synthesis efficiency is about 100 
times higher than for the laser ablation method. The time required to make SWNT forests 
of the height of 2.5 mm by this method was 10 minutes in 2004. Those SWNT forests can 
be easily separated from the catalyst, yielding clean SWNT material (purity >99.98%) 
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without further purification. For comparison, the as-grown HiPco CNTs contain about 5-
35% of metal impurities; it is therefore purified through dispersion and centrifugation that 
damages the nanotubes. The super-growth process avoids this problem. Patterned highly 
organized single-walled nanotube structures were successfully fabricated using the super-
growth technique. 

The mass density of super-growth CNTs is about 0.037 g/cm3. It is much lower than that 
of conventional CNT powders (~1.34 g/cm3), probably because the latter contain metals 
and amorphous carbon. 

The super-growth method is basically a variation of CVD. Therefore, it is possible to 
grow material containing SWNT, DWNTs and MWNTs, and to alter their ratios by 
tuning the growth conditions. Their ratios change by the thinness of the catalyst. Many 
MWNTs are included so that the diameter of the tube is wide. 

The vertically aligned nanotube forests originate from a "zipping effect" when they are 
immersed in a solvent and dried. The zipping effect is caused by the surface tension of 
the solvent and the van der Waals forces between the carbon nanotubes. It aligns the 
nanotubes into a dense material, which can be formed in various shapes, such as sheets 
and bars, by applying weak compression during the process. Densification increases the 
Vickers hardness by about 70 times and density is 0.55 g/cm3. The packed carbon 
nanotubes are more than 1 mm long and have a carbon purity of 99.9% or higher; they 
also retain the desirable alignment properties of the nanotubes forest. 

Natural, incidental, and controlled flame environments 

Fullerenes and carbon nanotubes are not necessarily products of high-tech laboratories; 
they are commonly formed in such mundane places as ordinary flames, produced by 
burning methane, ethylene, and benzene, and they have been found in soot from both 
indoor and outdoor air. However, these naturally occurring varieties can be highly 
irregular in size and quality because the environment in which they are produced is often 
highly uncontrolled. Thus, although they can be used in some applications, they can lack 
in the high degree of uniformity necessary to satisfy the many needs of both research and 
industry. Recent efforts have focused on producing more uniform carbon nanotubes in 
controlled flame environments. Such methods have promise for large-scale, low-cost 
nanotube synthesis, though they must compete with rapidly developing large scale CVD 
production. 

Application related issues 
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Centrifuge tube with a solution of carbon nanotubes, which were sorted by diameter 
using density-gradient ultracentrifugation. 

Many electronic applications of carbon nanotubes crucially rely on techniques of 
selectively producing either semiconducting or metallic CNTs, preferably of a certain 
chirality. Several methods of separating semiconducting and metallic CNTs are known, 
but most of them are not yet suitable for large-scale technological processes. The most 
efficient method relies on density-gradient ultracentrifugation which separates surfactant-
wrapped nanotubes by the minute difference in their density. This density difference 
often translates into difference in the nanotube diameter and (semi)conducting properties. 
Another method of separation uses a sequence of freezing, thawing, and compression of 
SWNTs embedded in agarose gel. This process results in a solution containing 70% 
metallic SWNTs and leaves a gel containing 95% semiconducting SWNTs. The diluted 
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solutions separated by this method show various colors. Moreover, SWNTs can be 
separated by the column chromatography method. Yield is 95% in semiconductor type 
SWNT and 90% in metallic type SWNT. 

In addition to separation of semiconducting and metallic SWNTs, it is possible to sort 
SWNTs by length, diameter, and chirality. The highest resolution length sorting, with 
length variation of <10%, has thus far been achieved by size exclusion chromatography 
(SEC) of DNA-dispersed carbon nanotubes (DNA-SWNT). SWNT diameter separation 
has been achieved by density-gradient ultracentrifugation (DGU) using surfactant-
dispersed SWNTs and by ion-exchange chromatography (IEC) for DNA-SWNT. 
Purification of individual chiralities has also been demonstrated with IEC of DNA-
SWNT: specific short DNA oligomers can be used to isolate individual SWNT 
chiralities. Thus far, 12 chiralities have been isolated at purities ranging from 70% for 
(8,3) and (9,5) SWNTs to 90% for (6,5), (7,5) and (10,5)SWNTs. There have been 
successful efforts to integrate these purified nanotubes into devices, e. g. FETs. 

An alternative to separation is development of a selective growth of semiconducting or 
metallic CNTs. Recently, a new CVD recipe was announced which involves a 
combination of ethanol and methanol gases and quartz substrates resulting in horizontally 
aligned arrays of 95–98% semiconducting nanotubes. 

Nanotubes are usually grown on nanoparticles of magnetic metal (Fe, Co), which 
facilitates production of electronic (spintronic) devices. In particular control of current 
through a field-effect transistor by magnetic field has been demonstrated in such a single-
tube nanostructure. 

Current applications 
Current use and application of nanotubes has mostly been limited to the use of bulk 
nanotubes, which is a mass of rather unorganized fragments of nanotubes. Bulk nanotube 
materials may never achieve a tensile strength similar to that of individual tubes, but such 
composites may nevertheless yield strengths sufficient for many applications. Bulk 
carbon nanotubes have already been used as composite fibers in polymers to improve the 
mechanical, thermal and electrical properties of the bulk product. 

Easton-Bell Sports, Inc. have been in partnership with Zyvex Performance Materials, 
using CNT technology in a number of their bicycle components—including flat and riser 
handlebars, cranks, forks, seatposts, stems and aero bars. 

Zyvex Performance Materials has also built a 54' maritime vessel, the Piranha Unmanned 
Surface Vessel, as a technology demonstrator for what is possible using CNT technology. 
CNTs help improve the structural performance of the vessel, resulting in a lightweight 
8,000lb boat.  

Amroy Europe Oy manufactures Hybtonite carbon nanoepoxy resins where carbon 
nanotubes have been chemically bond to epoxy, resulting composite material that is 20% 
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to 30% stronger than other composite materials. It has been used for wind turbines, 
marine paints and variety of sports gear such as skis, ice hockey sticks, baseball bats, 
hunting arrows and surfboards. 

Potential applications 

 
 
The joining of two carbon nanotubes with different electrical properties to form a diode 
has been proposed . L Chico et al. Phys Rev Lett 76, 971 (1996) 

The strength and flexibility of carbon nanotubes makes them of potential use in 
controlling other nanoscale structures, which suggests they will have an important role in 
nanotechnology engineering. The highest tensile strength of an individual multi-walled 
carbon nanotube has been tested to be is 63 GPa. Carbon nanotubes were found in 
Damascus steel from the 17th century, possibly helping to account for the legendary 
strength of the swords made of it. 

Structural 

Because of the carbon nanotube's superior mechanical properties, many structures have 
been proposed ranging from everyday items like clothes and sports gear to combat 
jackets and space elevators. However, the space elevator will require further efforts in 
refining carbon nanotube technology, as the practical tensile strength of carbon nanotubes 
can still be greatly improved. 

For perspective, outstanding breakthroughs have already been made. Pioneering work led 
by Ray H. Baughman at the NanoTech Institute has shown that single and multi-walled 
nanotubes can produce materials with toughness unmatched in the man-made and natural 
worlds. 

Because of the high mechanical strength of carbon nanotubes, research is being made into 
weaving them into clothes to create stab-proof and bulletproof clothing. The nanotubes 
would effectively stop the bullet from penetrating the body, although the bullet's kinetic 
energy would likely cause broken bones and internal bleeding. 
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In electrical circuits 

Nanotube-based transistors, also known as carbon nanotube field-effect transistors 
(CNFETs), have been made that operate at room temperature and that are capable of 
digital switching using a single electron. However, one major obstacle to realization of 
nanotubes has been the lack of technology for mass production. In 2001 IBM researchers 
demonstrated how metallic nanotubes can be destroyed, leaving semiconducting ones 
behind for use as transistors. Their process is called "constructive destruction" which 
includes the automatic destruction of defective nanotubes on the wafer. This process, 
however, only gives control over the electrical properties on a statistical scale. 

The potential of carbon nanotubes was demonstrated in 2003 when room-temperature 
ballistic transistors with ohmic metal contacts and high-k gate dielectric were reported, 
showing 20–30x higher ON current than state-of-the-art Si MOSFETs. This presented an 
important advance in the field as CNT was shown to potentially outperform Si. At the 
time, a major challenge was ohmic metal contact formation. In this regard, palladium, 
which is a high work function metal was shown to exhibit Schottky barrier-free contacts 
to semiconducting nanotubes with diameters >1.7 nm. 

The first nanotube integrated memory circuit was made in 2004. One of the main 
challenges has been regulating the conductivity of nanotubes. Depending on subtle 
surface features a nanotube may act as a plain conductor or as a semiconductor. A fully 
automated method has however been developed to remove non-semiconductor tubes. 

Another way to make carbon nanotube transistors has been to use random networks of 
them. By doing so one averages all of their electrical differences and one can produce 
devices in large scale at the wafer level. This approach was first patented by Nanomix 
Inc.(date of original application June 2002 ). It was first published in the academic 
literature by the United States Naval Research Laboratory in 2003 through independent 
research work. This approach also enabled Nanomix to make the first transistor on a 
flexible and transparent substrate. 

Large structures of carbon nanotubes can be used for thermal management of electronic 
circuits. An approximately 1 mm–thick carbon nanotube layer was used as a special 
material to fabricate coolers, this materials has very low density, ~20 times lower weight 
than a similar copper structure, while the cooling properties are similar for the two 
materials. 

Overall, incorporating carbon nanotubes as transistors into logic-gate circuits with 
densities comparable to modern CMOS technology has not yet been demonstrated. 

As paper batteries 

A paper battery is a battery engineered to use a paper-thin sheet of cellulose (which is the 
major constituent of regular paper, among other things) infused with aligned carbon 
nanotubes. The nanotubes act as electrodes; allowing the storage devices to conduct 
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electricity. The battery, which functions as both a lithium-ion battery and a 
supercapacitor, can provide a long, steady power output comparable to a conventional 
battery, as well as a supercapacitor’s quick burst of high energy—and while a 
conventional battery contains a number of separate components, the paper battery 
integrates all of the battery components in a single structure, making it more energy 
efficient. 

Solar cells 

Solar cells developed at the New Jersey Institute of Technology use a carbon nanotube 
complex, formed by a mixture of carbon nanotubes and carbon buckyballs (known as 
fullerenes) to form snake-like structures. Buckyballs trap electrons, although they can't 
make electrons flow. Add sunlight to excite the polymers, and the buckyballs will grab 
the electrons. Nanotubes, behaving like copper wires, will then be able to make the 
electrons or current flow. 

Ultracapacitors 

MIT Laboratory for Electromagnetic and Electronic Systems uses nanotubes to improve 
ultracapacitors. The activated charcoal used in conventional ultracapacitors has many 
small hollow spaces of various size, which create together a large surface to store electric 
charge. But as charge is quantized into elementary charges, i.e. electrons, and each such 
elementary charge needs a minimum space, a significant fraction of the electrode surface 
is not available for storage because the hollow spaces are not compatible with the 
charge's requirements. With a nanotube electrode the spaces may be tailored to size—few 
too large or too small—and consequently the capacity should be increased considerably. 

Other applications 
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Aligned nanotubes are preferred for many applications. 

Carbon nanotubes have been implemented in nanoelectromechanical systems, including 
mechanical memory elements (NRAM being developed by Nantero Inc.) and nanoscale 
electric motors. 

In May 2005, Nanomix Inc placed on the market a hydrogen sensor which integrated 
carbon nanotubes on a silicon platform. Since then Nanomix has been patenting many 
such sensor applications such as in the field of carbon dioxide, nitrous oxide, glucose, 
DNA detection, etc. 

Research at University of California, Riverside has shown that carbon nanotubes are 
suitable scaffold materials for osteoblast proliferation and bone formation. 

Eikos Inc of Franklin, Massachusetts and Unidym Inc. of Silicon Valley, California are 
developing transparent, electrically conductive films of carbon nanotubes to replace 
indium tin oxide (ITO). Carbon nanotube films are substantially more mechanically 
robust than ITO films, making them ideal for high-reliability touchscreens and flexible 
displays. Printable water-based inks of carbon nanotubes are desired to enable the 
production of these films to replace ITO. Nanotube films show promise for use in 
displays for computers, cell phones, PDAs, and ATMs. 

A nanoradio, a radio receiver consisting of a single nanotube, was demonstrated in 2007. 
In 2008 it was shown that a sheet of nanotubes can operate as a loudspeaker if an 
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alternating current is applied. The sound is not produced through vibration but 
thermoacoustically. 

A flywheel made of carbon nanotubes could be spun at extremely high velocity on a 
floating magnetic axis in a vacuum, and potentially store energy at a density approaching 
that of conventional fossil fuels. Since energy can be added to and removed from 
flywheels very efficiently in the form of electricity, this might offer a way of storing 
electricity, making the electrical grid more efficient and variable power suppliers (like 
wind turbines) more useful in meeting energy needs. The practicality of this depends 
heavily upon the cost of making massive, unbroken nanotube structures, and their failure 
rate under stress. 

Ultra-short SWNTs (US-tubes) have been used as nanoscaled capsules for delivering 
MRI contrast agents in vivo. 

Nitrogen-doped carbon nanotubes may replace platinum catalysts used to reduce oxygen 
in fuel cells. A forest of vertically-aligned nanotubes can reduce oxygen in alkaline 
solution more effectively than platinum, which has been used in such applications since 
the 1960s. The nanotubes have the added benefit of not being subject to carbon monoxide 
poisoning. 

Discovery 
A 2006 editorial written by Marc Monthioux and Vladimir Kuznetsov in the journal 
Carbon described the interesting and often misstated origin of the carbon nanotube. A 
large percentage of academic and popular literature attributes the discovery of hollow, 
nanometer-size tubes composed of graphitic carbon to Sumio Iijima of NEC in 1991. 

In 1952 L. V. Radushkevich and V. M. Lukyanovich published clear images of 50 
nanometer diameter tubes made of carbon in the Soviet Journal of Physical Chemistry. 
This discovery was largely unnoticed, as the article was published in the Russian 
language, and Western scientists' access to Soviet press was limited during the Cold War. 
It is likely that carbon nanotubes were produced before this date, but the invention of the 
transmission electron microscope (TEM) allowed direct visualization of these structures. 

Carbon nanotubes have been produced and observed under a variety of conditions prior 
to 1991. A paper by Oberlin, Endo, and Koyama published in 1976 clearly showed 
hollow carbon fibers with nanometer-scale diameters using a vapor-growth technique. 
Additionally, the authors show a TEM image of a nanotube consisting of a single wall of 
graphene. Later, Endo has referred to this image as a single-walled nanotube. 

In 1979 John Abrahamson presented evidence of carbon nanotubes at the 14th Biennial 
Conference of Carbon at Pennsylvania State University. The conference paper described 
carbon nanotubes as carbon fibers which were produced on carbon anodes during arc 
discharge. A characterization of these fibers was given as well as hypotheses for their 
growth in a nitrogen atmosphere at low pressures. 
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In 1981 a group of Soviet scientists published the results of chemical and structural 
characterization of carbon nanoparticles produced by a thermocatalytical 
disproportionation of carbon monoxide. Using TEM images and XRD patterns, the 
authors suggested that their “carbon multi-layer tubular crystals” were formed by rolling 
graphene layers into cylinders. They speculated that by rolling graphene layers into a 
cylinder, many different arrangements of graphene hexagonal nets are possible. They 
suggested two possibilities of such arrangements: circular arrangement (armchair 
nanotube) and a spiral, helical arrangement (chiral tube). 

In 1987, Howard G. Tennett of Hyperion Catalysis was issued a U.S. patent for the 
production of "cylindrical discrete carbon fibrils" with a "constant diameter between 
about 3.5 and about 70 nanometers..., length 102 times the diameter, and an outer region 
of multiple essentially continuous layers of ordered carbon atoms and a distinct inner 
core...." 

Iijima's discovery of multi-walled carbon nanotubes in the insoluble material of arc-
burned graphite rods in 1991 and Mintmire, Dunlap, and White's independent prediction 
that if single-walled carbon nanotubes could be made, then they would exhibit 
remarkable conducting properties  helped create the initial buzz that is now associated 
with carbon nanotubes. Nanotube research accelerated greatly following the independent 
discoveries by Bethune at IBM and Iijima at NEC of single-walled carbon nanotubes and 
methods to specifically produce them by adding transition-metal catalysts to the carbon in 
an arc discharge. The arc discharge technique was well-known to produce the famed 
Buckminster fullerene on a preparative scale, and these results appeared to extend the run 
of accidental discoveries relating to fullerenes. The original observation of fullerenes in 
mass spectrometry was not anticipated, and the first mass-production technique by 
Krätschmer and Huffman was used for several years before realizing that it produced 
fullerenes. 

The discovery of nanotubes remains a contentious issue. Many believe that Iijima's report 
in 1991 is of particular importance because it brought carbon nanotubes into the 
awareness of the scientific community as a whole. 

Theory of molecular electronics 
Molecular electronics operates in the quantum realm of distances less than 100 
nanometers. The theory of single molecule devices is particularly interesting since the 
system under consideration is an open quantum system in nonequilibrium (driven by 
voltage). 

In the low bias voltage regime, the nonequilibrium nature of the molecular junction can 
be ignored, and the current-voltage characteristics of the device can be calculated using 
the equilibrium electronic structure of the system. However, in stronger bias regimes a 
more sophisticated treatment is required, as there is no longer a variational principle. In 
the elastic tunneling case (where the passing electron does not exchange energy with the 
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system), the formalism of Rolf Landauer can be used to calculate the transmission 
through the system as a function of bias voltage, and hence the current. 

In inelastic tunneling, an elegant formalism based on the non-equilibrium Green's 
functions of Leo Kadanoff and Gordon Baym, and independently by Leonid Keldysh was 
put forth by Ned Wingreen and Yigal Meir. This Meir-Wingreen formulation has been 
used to great success in the molecular electronics community to examine the more 
difficult and interesting cases where the transient electron exchanges energy with the 
molecular system (for example through electron-phonon coupling or electronic 
excitations). 

Recent progress 
Recent progress in nanotechnology and nanoscience has facilitated both experimental and 
theoretical study of molecular electronics. In particular, the development of the scanning 
tunneling microscope (STM) and later the atomic force microscope (AFM) have 
facilitated manipulation of single-molecule electronics. In addition, theoretical advances 
in molecular electronics have facilitated further understanding of non-adibatic charge 
transfer events at electrode-electrolyte interfaces. 

The first measurement of the conductance of a single molecule was realised in 1994 by C. 
Joachim and J. K. Gimzewski and published in 1995. This was the conclusion of 10 years 
of research started at IBM TJ Watson, using the scanning tunnelling microscope tip apex 
to switch a single molecule as already explored by A. Aviram, C. Joachim and M. 
Pomerantz at the end of the 80's. The trick was to use an UHV Scanning Tunneling 
microscope to allow the tip apex to gently touch the top of a single C60 molecule 
adsorbed on a Au(110) surface. A resistance of 55 MOhms was recorded together with a 
low voltage linear I-V. The contact was certified by recording the I-z current distance 
characteristic, which allows the measurement of the deformation of the C60 cage under 
contact. This first experiment was followed by the reported result using a mechanical 
break junction approach to connect two gold electrodes to a sulfur-terminated molecular 
wire by Mark Reed and James Tour. 

A single-molecule amplifier was implemented by C. Joachim and J.K. Gimzewski in 
IBM Zurich. This experiment involving a single C60 molecule demonstrated that a single 
C60 molecule can provide gain in a circuit just by playing with through C60 intramolecular 
quantum interference effects. 

A collaboration of researchers at HP and UCLA, led by James Heath, Fraser Stoddart, R. 
Stanley Williams, and Philip Kuekes, has developed molecular electronics based on 
rotaxanes and catenanes. 

Work is also being done on the use of single-wall carbon nanotubes as field-effect 
transistors. Most of this work is being done by IBM. 
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Until recently entirely theoretical, the Aviram-Ratner model for a unimolecular rectifier 
has been unambiguously-confirmed in experiments by a group led by Geoffrey J. 
Ashwell at Bangor University, UK. Many rectifying molecules have so far been 
identified, and the number and efficiency of these systems is expanding rapidly. 

Supramolecular electronics is a new field that tackles electronics at a supramolecular 
level. 

An important issue in molecular electronics is the determination of the resistance of a 
single molecule (both theoretical and experimental). For example, Bumm, et al. used 
STM to analyze a single molecular switch in a self-assembled monolayer to determine 
how conductive such a molecule can be. Another problem faced by this field is the 
difficulty of performing direct characterization since imaging at the molecular scale is 
often difficult in many experimental devices. 
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