The Nanotechnology
Opportunity Report
2nd Edition

Volume 1

June 2003

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Disclaimer

1. Accuracy of Information.
The information contained in this report has been obtained from
sources believed to be reliable. Científica disclaims all
warranties as to the accuracy, completeness, or adequacy of
such information. The reader assumes sole responsibility for any
loss or damage resulting from investment and/or business
decisions based on the contents of this report.

2. Views of the authors.
The information contained in this report represents the views of
Científica. Científica is solely responsible for the content of this
report.

3. Limitation of Liability.
In no event will Científica or any co-author be liable for:
(i) damages of any kind, including without limitation, direct,
incidental or consequential damages (including, but not
limited to, damages for lost profits) arising out of the use of
information contained in this report or any information
provided in this report.
(ii) any claim attributable to errors, omissions, or other
inaccuracies in this report or interpretations thereof.
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Executive summary
In the year or so since the publication of the first Nanotechnology Opportunity ReportTM,
the word 'nanotechnology' has gone from being known only by scientists and a group of
investment-minded individuals hoping it would be the next big thing, to a widely-known
term that means very different things to different people. While some businesses see it as a
wake-up call to understand something that could affect them dramatically, others see it as
the next big hype and yet others see in it the impending destruction of our planet. A few
die-hards still want to see it as the latest get-rich-quick bandwagon to jump on, but most of
those who felt that way a year ago have jumped off the bandwagon or changed their tune.
Apart from the fears of Armageddon, a certain amount of reality has settled in.
Meanwhile, nanotechnology has continued its steady advance towards commercialization
in many areas, having generally small but significant effects on the world around us. The
fact that our world has not been transformed, creating a new generation of millionaires
along the way, has been taken by some as evidence that it is all just hype. In the first
version of this report, however, it was made clear that, though we are looking at a
revolution here, it will be a gradual one. The majority of effects will be incremental and
many will be some time coming.
This is not to say that there won't be some revolutionary changes. There will. Some of
these are looking quite certain and quite close, others are less certain or will take a little
longer to arrive. There are also surely others that have not yet been anticipated.
The data storage market, for example, is an area where the arrival of truly disruptive
technologies, in the form of ultra-dense, maybe very large, non-volatile random access
memory (RAM), looks pretty certain within the next few years (the main memory in most
computers today is still volatile—the data is lost when the computer is switched off;
massive non-volatile memory will lead to 'instant on' computers). Part of the reason for
confidence in this is the number of different technologies being pursued for memory
applications. This also makes computer data storage an excellent illustration of something
seen in many areas of nanotechnology—an extremely diverse set of approaches all
converging on one application. There are approaches using arrays of tiny cantilevers with
very sharp points to write magnetically, optically, or even to make indentations in a
polymer; there is magnetic RAM, relying on quantum mechanical effects based on the spin
of an electron; there are various types of molecular memory being pursued; and one
promising approach using carbon nanotubes. A few of these technologies promise
memories so big that your personal computer may no longer need a hard drive.
Considering that the hard drive industry is worth in excess of $40 billion, such an impact
would seem to qualify as disruptive. That industry, however, still has some tricks up its
sleeve. These too are based on nanotechnology.
An interesting, and potentially disturbing, phenomenon in the last year is the rise of
pressure groups warning of the dangers of nanotechnology and even calling for a global
moratorium on the production of all nanomaterials. The scares have hit the popular
newspapers and have led to a lot of confusion, largely based on a lack of understanding of
the difference between present-day nanotechnology and the futuristic ideas of molecular
manufacturing and self-replicating nanobots. Reaction from scientists and governments has
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been largely dismissive but the publicity has brought to light areas of concern, albeit far
less than the pressure groups would have it, that warrant greater attention, such as the
biological effects of nanoparticles. Initiatives are now under way to address these concerns
but some argue that more could be done. Beyond the concern that the development of
nanotechnology will be hindered by science-fiction fears, which the public and legislators
are unlikely to believe for long, there is certainly a risk that companies working with some
nanomaterials could face a backlash if they are not proactive in dealing with public
concern. While some companies recognize this, others are showing signs of being
dangerously complacent.
What the public and potential legislators also need to realize are the benefits
nanotechnology promises for health and the environment, including for the poor of the
world. While it is inevitable, as with all new technologies, that most benefits will go to
advanced industrialized nations, there are benefits that could be global. Again, these will
be a mix of minor changes, such as the ability to deliver vaccines orally instead of through
injection (a real benefit in the Third World), and ones that might be massively disruptive.
In the latter category are developments in energy production, distribution, and storage. And
again, there are a host of nanotechnologies bearing on this area and a complex dynamic
involving the competing technologies, the way they interact, the economic equation this
produces, and government legislation.
Faced with groups pressing hard to slow the development of nanotechnology, the public
needs to be educated about these potentially enormous benefits.
Meanwhile, the business and investment communities still have some learning to do. The
best way to start this process is to continue to puncture the myths behind the rampant hype
that still persists.

The myth of the nanotechnology
market, or the hunting of the Snark
One of the most striking features to emerge over the
last 12 months is the widespread acceptance and
dissemination of the National Nanotechnology
Initiative's estimate of a $1 trillion nanotechnology
market by 2015. While this has excited everybody
from venture capitalists through governments to
entrepreneurs and academics, such estimates need to
be taken with a rather large pinch of salt. In common
with Lewis Carroll's masterpiece of nonsensical verse,
The Hunting of the Snark, a motley crew is in search
of an elusive prey.
Nanotechnology will affect almost every market either
directly or indirectly. In some cases, and this will be
easy to prove with 20/20 hindsight, markets will be
disrupted. However, in many cases nanotechnology can be seen as a way of making
incremental changes to existing markets or enabling the creation of new markets.
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Given that the technology will affect all markets, how can one size the market? The simple
answer is that we cannot in any sensible way, but fortunately we do not need to even try.
The concept of a 'nanotechnology market' is an essentially meaningless concept, in the
same way that the size of 'the Internet market', if one could decide how to calculate it,
would be of no relevance to most people in the business community. Most businesses
simply want to know the market potential for a specific product, service, or technology, in
the same way that most people involved with 'the Internet' require market sizing for a
specific piece of hardware, software, or product that will rely on the Internet.

A Fourier analysis of nanotechnology key drivers
The trillion dollar market is an example of the natural
urge of many people to try and simplify a complex
world, and their tendency to do so to the point of
absurdity. To give another example, it is common
practice to simplify the adoption of new technologies
into a simple S curve. While these may be of use to
economic historians, the reality, especially during the
early phase of any technology, is very different and
also looks far more complex. Just as for a market to
exist for any advanced technology products, a whole
house of cards has to be built of other technologies and
infrastructure that would allow that one market to exist.
A similar process occurs with adoption. Rather than a
single S curve, what is happening is that a series of S
curves is being produced by the various applications of
nanotechnology, adding up to what may appear to look
like random noise.
In exactly the same way that Fourier analysis allows
any electronic signal to be broken down into its
component parts, and the strongest components
identified, an analysis of the whole nanotechnology
landscape allows the key drivers to be identified.

Fourier transform
The Nanotechnology Opportunity Report provides the most comprehensive overview of all
of the varying signals that make up the currently very strong signal known as
nanotechnology.

The reality of the nanotechnology market
What exists, and what the Nanotechnology Opportunity Report portrays, is a teeming
collection of technologies and applications seeking each other. The technologies are the
building blocks that will change the dynamics and cost structure of product sectors that
exist today, and those that will be created. However, the best technology, or the most
promising company will not necessarily win.
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There are many powerful drivers behind nanotechnology. There is an unprecedented scale
of government funding, backed by equivalent corporate R&D funding, and a rapidly
growing amount of investment capital. Equally, the convergence of traditionally separate
scientific disciplines that nanotechnology represents is proving enormously fertile. This
can be combined with the fact that nanotechnology is advancing on numerous fronts
simultaneously, often competing in the same space, to present a future of remarkable
volatility, in which new industries will be born, old industries may collapse, and the wellinformed investor will have a multitude of opportunities. While there may not be a
'nanotechnology market', there is some value, at least for the time being, in talking about a
nanotechnology sector.

The dynamics of the nanotechnology sector
A remarkable characteristic of the nanotechnology sector is its complex structure. Funders
(public and private), large companies, subsidiaries and joint ventures, universities, research
organizations, small companies and start-ups are starting to interact in non-traditional
ways. Large companies that seek opportunities for existing applications cooperate much
more with university spin-offs and invest in companies outside their normal area of
expertise because they recognize that boundaries are being eroded; start-ups create intricate
networks of licensing agreements with major and minor players. Statistics are not enough
to convey the dynamics, but they give an inkling of the forces at play.

Focus: Nanogeography
For the approximately 1250 players analyzed and listed in NOR2, US dominance is evident
in the number of companies involved.
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Companies active in the nanosector, grouped by country of origin (Source: Científica and
Jaakko Pöyry Consulting)
Exact numbers are slightly misleading, as the decision to include a player is not easy: apart
from new companies appearing rapidly, many old ones die or exist in a limbo of suspended
animation, especially in the US where companies are often created at the drop of a hat and
with little strategic thought, and end up joining the living dead of registered but inactive
organizations. However, the main players (the US, Japan, Germany, UK) are obvious. In
the US, many 'nanotechnology' companies exist as a result of applying high-precision
manufacturing and metrology to the semiconductor industry, while German dominance is
as a result of existing chemical and materials producers exerting more control over preexisting production processes that were already producing nanoscale products.
Universities and research institutes are both network partners, sources for spin-offs and
players in their own right.

© Científica 2003

Page 16 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

120
104
100

88

80
60
37 35

40

17

20

14 12
11

7

6

6

6

5

5

4

4

4

4

0
A an K ny ia ce na ly lia in en d m ds el d ia an
USJap U ma ustr ran Chi Itastra Spa ed rlanlgiu lan Isra olanussaiw
r
F
P R T
Sw itze Be ther
Au
Ge A
w
e
S
N

Universities and research institutes active in the nanosector, grouped by country of origin
(Source: Científica and Jaakko Pöyry Consulting)
The US, again, dominates. Here, the numbers are sometimes influenced by many
departments at the same institute being active in the sector. The figures can also be
influenced by marketing and classification of activities specifically to attract funding made
available for nanotechnology.

Focus: Players
Large companies, obviously, are a minority, but proportionally strong by themselves and
as roots for subsidiaries and joint ventures. Both of these then cooperate with research
organizations and small companies and start-ups. The latter are often spin-offs of research
organizations. The likely outcome: the large companies acquire the cream of the start-up
crop.
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Research institutes and universities
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(32%)

Startups or small companies
497
(40%)

Others
146
(12%)

Player types in the nanotechnology sector (Source: Científica and Jaakko Pöyry
Consulting)
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Nanotechnology has attracted more public funding than any single area of technology. On
a global basis, governments are spending some $3 billion on nanotechnology, with each
year seeing a fresh effort by Europe, the US and Japan to outbid the others. It is estimated
that this public funding is being matched by corporate R&D spending, giving a total of $56 billion per year.
Public funding is not just limited to academic institutions. While this is an important part
of the funding landscape, there are many project-based schemes, bringing companies, both
large and small, into research partnerships with universities. A growing focus on
technology transfer is leading to an increasing number of specialized organizations devoted
to that function, with various degrees of government involvement. In addition, many
government programs provide assistance to small companies seeking to develop
technological expertise. In some cases, such as the European Union, public funding is used
to stimulate the creation of new companies through the provision of financing to specialist
early-stage venture capital funds.
Of the 146 venture capital investors in nanotechnology, participating in 187 deals by the
end of 2002, over half (81) were from the US. It should be emphasized that this does not
indicate any particular technological advantage that the US has over the rest of the world,
but is more a consequence of the US venture capital industry being significantly more
developed. This, however, coupled with the entrepreneurial spirit in the US, is expected to
lead to a higher proportion of VC-funded start-ups.
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The UK has the world's second most developed venture capital industry, coupled with the
influence of the London financial markets, and this is reflected in the high number of UK
investors. Many of the UK-based funds, for example 3i, also make investments on a global
or European basis, and this also enhances the UK's dominant position.
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Focus: Roles and opportunities
All in all, the nanotechnology sector is a sector where, for example:
•

large organizations, with the resources to investigate longer-term technologies, seek
applications of nanotechnologies to improve margins, lower costs or increase
market share;

•

start-ups, seeking to apply technologies in order to capture market share or disrupt
existing markets, attract the attention of acquisition-hungry incumbents;

•

economic blocs compete for supremacy, mindful of the economic benefits that
strength in many of the applications of nanotechnology will bring;

•

public agencies attempt to capture the maximum number of links in the value chain.

Size of the bubble = amount of actors in the field
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Global competition. Players by type in competing economic blocs in the nanotechnology
sector (Source: Cientifica and Jaakko Pöyry Consulting)
The profiles in the US, Europe and Japan/Asia differ. The most common profile in the US
tends to be a start-up in the nanomaterials area with VC funding but, being a spin-off from
a university, with roots in public funding. The large keiretsus in Japan are active in many
fields, introduce their own or captive production of nanomaterials and aim for applications
in, for example, consumer electronics. The large corporations, especially in the US and, to
some degree, Europe, are also involved in many areas, but have a less diverse structure
than the Japanese giants.
The roles and opportunities are constantly being created and changed. To adapt an ancient
Chinese curse: "May you try to invest in an interesting sector".
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Focus: Prophets of doom versus corporate profits
While nanotechnology is still generating considerable excitement among scientists,
businesses, and governments around the world, some in the environmental movement have
been quick to point out the potential dangers of nanotechnology, either real or perceived.
A growing band are excited by nanotechnology's ability to mimic nature, in designing
highly energy-efficient systems that operate precisely and without waste—fix only that
which needs fixing, do only that which needs doing, and no more. Other groups, in the
environmental movement, have focused on the potential negative impact of
nanotechnology.
Jonathan Porritt, who is Chair of the UK Government's Sustainable Development
Commission, excited by the potential for nanotechnology to make major differences to the
environment and quality of life throughout the globe, calls for governments to keep an
open mind about both the positive and negative impact of new technologies
The potential of nanotechnology is such that it is reasonable to expect that the goal of
improving quality of life should be a major aim in government-backed nanotechnology
R&D programs. Comments in the last year from both the head of the US's National
Nanotechnology Initiative, Mike Roco, and the EU Research Commissioner, Philip
Busquin, show at least recognition of this potential. It is important to consider what
nanotechnology is already affecting or will do in the near term:
•

Improved health through better diagnostics and new treatments, or even cures, for a
variety of diseases and ailments, from diabetes to cancer, and from AIDS to
blindness;

•

The reduction of emissions of pollution and greenhouse gases through
improvements in energy efficiency, renewable energy technologies, and lighter and
stronger materials for automobiles and aircraft;

•

Enhanced abilities to detect environmental contamination and predict adverse
environmental consequences of new materials or chemicals, as well as new
environmental remediation technologies;

•

Raising the standard of living of the world's poor, most notably through the
possibility of cheap, clean and local generation of electricity. New materials and
processes are already dramatically improving the efficiency, and lowering the cost,
of solar power generation.

Education, education and education – the highest hurdle
While governments and many businesses around the globe are well aware of the potential
effects of nanotechnology there is still a majority, both among the general public and the
business community, who do not understand what nanotechnology is and why it is
important.
The major difficulties lie in communicating a highly technical subject that is being
developed in universities, by academics, to the general public. In order to enhance
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understanding of nanotechnology, governments and companies must do more to relate
what is happening in their laboratories to the real lives of ordinary citizens. Unlike the
information technology revolution, where the products were things that you could put in
your pocket, connect to the Internet, or send e-mails with, nanotechnology as an underlying
technology will be far less visible.
There still remains a general perception that nanotechnology is some futuristic science
dealing with tiny robots. Over the past 12 months there has been no firm evidence of this
perception changing.
While there still exists the gulf between perception of nanotechnology, and the reality of
the application of nanoscience to industrial and business processes, there is a real danger
that many businesses will miss out on some of the potential competitive advantages to be
gained from nanotechnology, simply by being dismissive of all things nano. This trend is
already evident amongst the venture capital community, some of whom report that one
thing that turns them off deals is the mention of the 'n' word.
Part of the blame for this must lie with those in the nanotechnology community who have
been boosting and hyping nanotechnology as not only an abrupt revolution in all fields in
manufacturing, but also as an unparalleled investment opportunity. The hype is at times
extreme, promising that following nanotechnology-related stock tips will make you "rich
beyond your wildest dreams." Such hype is usually heavy on statistics and light on
understanding and insight, with the use of the meaningless term 'nanotechnology industry'
mixed in with references to trillion dollar markets and liberal use of words such as
'exponential' and 'tipping point.' Despite the ease with which such material can be spotted,
and despite the lessons of the dotcom boom being so fresh, there is still a pool of uncritical
believers. This is not good for anyone except the perpetrators of the hype.
In reality nanotechnology will certainly present many investment opportunities, but over a
period of years. Moreover, many of these will be tough, having long times to a return on
investment, others will never give a huge return, and many significant effects of
nanotechnology will evolve within large corporations and present little or no investment
opportunity. However, those who recognize this reality will indeed see plenty of
opportunities.
Large corporations can suffer from another problem—a lack of awareness that
nanotechnology means that their business is likely to be impacted by developments in
scientific disciplines that they do not normally consider relevant to them. The same is true
of the venture capital industry, which is struggling to redefine its concept of technology
after 10 years of narrow focus on the IT industry.
The multidisciplinary nature of nanotechnology has presented the scientific community
with challenges, but educational structures are already being modified to meet these. The
real challenge is to educate the business community and the general public in the realities
of nanotechnology.
The business community needs to understand that, by and large, it most certainly will
affect their business, and often in unexpected ways. Understanding how will often require
technical knowledge beyond that which they have traditionally found adequate. This can
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be provided from within the company or by engaging third parties to help, but the
challenge must be met if they are to remain competitive.
The public needs to understand that, basically, nanotechnology is just more technology. It
is not a single, revolutionary new capability that presents special dangers but simply a
convenient term for a collection of technologies, each of which needs evaluating in its own
right with respect to risks and benefits, just like any other new technology. These
technologies will mature at different times, and it needs to be made clear which are
happening now and which are so far in the future, and so speculative, that the time to be
concerned about them, if such a time ever comes, is a long way off.
The responsibility for this education lies mainly with governments and businesses, which
need to educate themselves and others. Once we are all adequately informed about the
realities of nanotechnology we will be prepared to make the most of the many, and
sometimes revolutionary, benefits that it will continue to provide for years to come.
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How to use this report
The report consists of two volumes. Volume One is designed to be a reference volume for
those wanting to understand a technology, identify the opportunities for a technology, or
understand how a particular market is going to be influenced by one or more
nanotechnological developments. The structure of this volume is outlined further below.
Volume Two of the report consists of global listings of:
•
•
•

Companies involved in nanotechnology
Leading academic institutions
Corporate and VC investors in nanotechnology

Volume One is broken down into two major sections—Technology Opportunities and
Market Opportunities.
The Technology Opportunity section covers the various technologies that come under the
nanotechnology umbrella. For all of the significant technologies there are one or more
introductory sections that are designed to provide a basic understanding of the technology
and its capabilities, and an "Opportunities" section that focuses on the applications and
consequent markets that the technology will likely impact, along with commentary on
timescales, barriers to entry, competition, extent of the value chain that is likely to be
exploitable, etc. For most sections a list of companies involved with the technology is
given. Descriptions of the companies and their activities can be found in volume two of the
report.
The Market Opportunities section focuses on major markets that will be impacted by
nanotechnology. Since in most markets there are many developments that are likely to
have an impact, and because many of these will be competing in the same application
space, it is in these sections that the broader dynamic is presented, which allows the
assessment of a technology against competing technologies and puts this in the perspective
of the future of these sectors, some of which are likely to show significant volatility and
disruption as a result of nanotechnology.

Timelines
For the purposes of this report, times to commercialization are classified as follows.
•
•
•

Near term:
now to three years
Medium term: four to seven years
Long term:
eight years and longer

Terminology
Technical abbreviations are either avoided or introduced in each section as they appear and
every attempt has been made to explain terms that might not be familiar to readers.
However, some terms are now so widespread, and appear so often in this report, that it is
not practical to introduce them at every stage. Readers who are not already somewhat
familiar with nanotechnology and terms such as nanotube or nanoparticle are advised to
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visit the glossary at the end of the report first. Most major elements of nanotechnology,
however, are introduced in the appropriate technology section.
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The nanotechnology opportunity
The myth of the nanotechnology market
As pointed out in the executive summary, widely-quoted figures for the value of a
'nanotechnology market' or 'nanotechnology industry' make about as much sense as trying
to come up with a figure for the 'Internet market'. Apart from such a figure having no real
utility, trying to define it is problematic. This is illustrated by the huge variation in
estimates of the size of the existing nanotechnology market that came out in 2002. These
have varied from $1 million up to $300 billion. A factor of 300,000 difference between
estimates strongly suggests that there is little agreement on how such figures should be
calculated.
Although a figure for the dubious concept of a nanotechnology market as a whole is never
going to be of value, the attempts to create one do teach us certain lessons about how to
treat, or calculate, market figures in areas where they are useful, such as in particular
applications of a particular nanotechnology.
The often-quoted figure of a trillion dollars by 2015 from the US's National Science
Foundation was not originally qualified. NSF spokesman at later dates, however, have
qualified the figure as referring to goods and services involving nanotechnology. With this
qualification the figure might well be on the low side but still says nothing about the
revenues that can be expected for nanotechnologies themselves. In fact many
nanotechnologies will never be appropriate for such a figure since they will simply be used
to enhance the competitiveness of an existing product. In such cases the useful figure is the
size of the market of which the company leveraging the technology might expect to gain a
greater share. For example, the computer disk drive market is worth in excess of $40
billion. This figure is relevant to a company selling disk drives and applying
nanotechnology, but it does not represent in any way the value of the nanotechnology
itself. If, for example, the particular nanotechnology was an extra component that
improved the product then it would be possible to estimate the market value for that
component, especially if it was purchased from a third party. But if, as will often be the
case, the improvement is simply a part of the manufacturing process that relies on
nanotechnology, it is difficult, and not really useful, to come up with a meaningful figure.
It is hardly surprising, therefore, that research for this report has established that no
statistics on market sizes for many specific nanotechnologies are available. A case where a
clear figure can be given is the production of raw materials, such as nanoparticles or
nanotubes. For example, Carbon Nanotechnologies Inc. predicts that the markets the
company is focusing on for its single-walled nanotubes will be worth $6 billion to them
and their competitors by 2005. These sorts of figures have value and will be the ones used
in the report. Where it is not meaningful to attach a value to a nanotechnology itself the
best that can be done is to quote the value of the market for the product that
nanotechnology will be enhancing or creating.
The huge discrepancies in market figures quoted for nanotechnology as a whole also result
from another issue—disagreements about what is and isn't nanotechnology. We will
outline our criteria for what we include and exclude from the definition of nanotechnology,
and the reasoning behind these criteria.
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There is certainly no doubt that every major global market will be affected by
nanotechnology to some extent and some, such as materials (and consequently aerospace,
automotive, and construction), information technology, and energy generation and
distribution, will see large, often disruptive, effects in the near and medium term (we
define near term as 0-3 years, medium term as 4-7 years and long term as 8 years+). In
some cases nanotechnology may simply be contributing to tipping other technologies over
the edge into major new applications, but the resulting volatility will make for many
investment opportunities. Also, new industries will no doubt emerge and, if history is a
guide, the nature of many of these will be unexpected.
The unprecedented scale of government funding, equivalent corporate R&D funding, a
rapidly growing amount of investment capital, and the fact that nanotechnology is
advancing on numerous fronts simultaneously, often competing in the same space, present
a future of remarkable volatility. New industries will be born, old industries may collapse,
and the well-informed investor will have a multitude of opportunities.

Defining nanotech defines the opportunity
The definitions of nanotechnology that have been produced in the last few years are almost
as numerous as the applications of nanotechnology. The US's National Nanotechnology
Initiative (www.nano.gov) offers the following:
Research and technology development at the atomic, molecular or macromolecular levels,
in the length scale of approximately 1 - 100 nanometer range, to provide a fundamental
understanding of phenomena and materials at the nanoscale and to create and use
structures, devices and systems that have novel properties and functions because of their
small and/or intermediate size.

This is certainly one of the better definitions (though a low limit of 0.1 nanometers would
put the range closer to the size of atoms and is often used elsewhere), and the use of the
word 'novel' is key to our approach in deciding which technologies should be included and
how the size of the industry should be estimated.
What we are seeing here is a revolution based on a host of new technologies and their
applications. Inclusion of established technologies that are seeing a gradual evolution into
the nano realm would impair our ability to track the progress of the new technologies and
to make meaningful estimates of the financial opportunities that these new technologies are
creating. A classic example would be the semiconductor manufacturing industry, where the
'next generation' lithographic technologies are taking feature sizes below 100 nanometers.
If the 100 nanometer limit were taken as the sole criterion for inclusion, market sizes for
products based on nanotechnology would jump almost overnight to include this multibillion dollar industry.
Another example of inclusions that mask the ability to track the growth of the application
of nanotechnology is to include products that have long had a nanotechnological
component but were not specifically engineered to be so. The use of the word 'novel' in the
NNI's definition is the razor to use here. Examples would be decades-old technologies such
as carbon black or zeolites—nanoporous minerals widely used as catalysts (originally
natural minerals were used, but most are now synthetic). New versions of these, however,
are now leveraging the capabilities brought by nanotechnology to deliberately engineer
© Científica 2003

Page 27 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
their properties on the nanoscale. These products would fall within the definition of
nanotechnology. These particular examples illustrate that in some areas it is very difficult,
and probably pointless, to try to estimate the value of the impact of nanotechnology.
Establishing what is to be classified as nanotechnology is just the first step. A mistake that
is almost certainly being made already in some of the higher estimates of market size is to
include a whole industry where nanotechnology makes an impact, which is again
completely misleading and of no value when trying to track the growth of nanotechnology.
A distinction needs to be made between the nanotechnology itself and the products of
nanotechnology. Though this will not always be an easy decision, some examples show
cases where it can clearly be applied and where it can form the basis for gathering market
statistics:
•

The market for nanoparticle composites, expected to grow enormously in the near
term, should not be counted in evaluating the market size of nanoparticles (and thus
nanotechnology). This should be based only on the revenues of the nanoparticle
producers.

•

Nanotechnology, through nanoparticles, nanotubes or nanostructured materials,
looks set to lead to a massive growth in the currently tiny fuel cell market.
Revenues for fuel cells will not be revenues for nanotechnology. Only the revenues
of the makers of the raw materials and specific, nanotech-based components should
be included.

Measuring the market for products based on nanotechnology, such as nanocomposites and
coatings, certainly has some value, and does assist in tracking the impact of
nanotechnology on a certain sector. Aggregating such figures into one for the overall
impact of nanotechnology, however, is a step too far.
It must not be forgotten that the word nanotechnology gains its utility from grouping
together a host of developments that are influenced by our increasing ability to see and do
things on the nanoscale, and that have led to an increasing need for multidisciplinary
approaches to science and technology, drawing knowledge from traditionally quite
separate areas of science. As these capabilities and new approaches become the norm, it
will be more useful to talk about specific types of nanotechnology, which may be given
new names or simply revert to their old ones. Additionally, the requirement will be for
market figures on specific sectors affected by nanotechnology, and people will give up
trying to put a number on the collection of technologies and affected products. The term
nanotechnology may well then have outlived its usefulness.

Moving out of the lab
An analysis of patents relating to nanotechnology shows not only a steady growth over the
last decade, but a surge in the last few years, which is to be expected considering the rapid
increase in dedicated government funding and the fact that corporate R&D is paralleling
this.
The following graph shows patent filings from 1991 through 2001 with a breakdown by
language that the patent was written in.
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The chart below shows the same patents split over the applications areas of materials,
electronics and biotech. Many commentators have overlooked the materials sector, where
nanocomposites are making inroads into major markets already. The chart below shows
that, despite the fact that some of the basic technologies, such as nanoparticle production
techniques, go back more than fifty years, this is a rapidly evolving and highly researched
area. The surge in electronics patents reflects the enormous interest, and commercial
potential, in this field. Though processor applications of nanoelectronics are as yet still
long-term (eight years plus), 2001 saw many fundamental breakthroughs and these have
generated patents (2002 saw less in fundamental breakthroughs but certainly significant
further developments in this area). Hewlett-Packard is even filing patents on software
approaches to supporting nanoelectronics, despite the significant expected time to
commercialization. Electronics patents include applications of nanotechnology to computer
memory, an area where commercialization is expected as early as 2004 (though 2005
would be a safer estimate).
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A more granular breakdown is shown below, which highlights activity in some of the
fundamental technologies. The figures for nanoparticles reinforce the observation made for
the previous graph—nanoparticles may go back decades but current interest in new
production techniques and applications is significant. Note that these applications extend
beyond bulk composite materials, also impacting coatings, drug delivery, antiseptics,
abrasives, lubricants, catalysts, sunscreens and more. The nanotube patents reflect the
enormous expectations for their potential since, as yet, commercial applications are
relatively minor. Some of the most potentially revolutionary, and lucrative, applications,
such as super-strong composite materials at a competitive price are still in fact some years
away and face significant technological hurdles. However, since the first version of the
NOR, some lab results have pointed the way to scalable production techniques for superstrong composites based on single-walled nanotubes, bringing them a lot closer and
making the production of large volumes at a reasonable price more of a limiting factor.
This is predicted by several companies in the area to be overcome by the end of 2005, at
least enough to impact some large markets such as aerospace. Around this time serious
consolidation can be expected in the nanotube production market, with many companies
falling by the wayside.
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Funding
Public funding of nanotechnology
Nanotechnology has attracted more public funding than any single area of technology. On
a global basis, governments are spending some $3 billion on nanotechnology, with each
year seeing a fresh effort by Europe, the US and Japan to outbid the others. It is estimated
that this public funding is being matched by corporate R&D spending, giving a total of $56 billion per year.
The public funding is not just limited to academic institutions. While this is an important
part of the funding landscape, there are many project-based schemes, bringing companies,
both large and small, into research partnerships with universities. In addition, many
government programs provide assistance to small companies seeking to develop
technological expertise. In some cases, such as in some European Union initiatives, public
funding is used to stimulate the creation of new companies through the provision of
financing to specialist early-stage venture capital funds.

Funding in North America
The funding landscape in North America is dominated by the huge US governmentsponsored National Nanotechnology Initiative. However, Canada does have its own
nanotechnology program, as do several US states.
Canada
In 2001, the government of Canada and the government of Alberta created the National
Institute for Nanotechnology, to be located at the University of Alberta. The $120 million
state-of-the-art Institute will be jointly funded by the government of Canada, through the
National Research Council, and Alberta, with each contributing $60 million over five
years. The federal government is committed to this project as a key part of its National
Research Council system on an ongoing basis. The target is to be among the top five
nanotechnology initiatives in the world.
Nanotechnology-related research is also funded via a variety of government research
funding bodies, such as the three Canadian federal granting agencies—the Canadian
Institutes of Health Research (CIHR), the National Research Council (NRC), and the
Natural Sciences and Engineering Research Council (NSERC).
US federal funding
The total nanotechnology budget request under the National Nanotechnology Initiative
(NNI) for 2003 is $679 million, up from $568 million in 2002 and $422 million for 2001.
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Breakdown of NNI spending from 2001 to 2004 (all figures in millions of dollars)
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The NNI R&D strategy is balanced across five kinds of activity: fundamental research;
'grand challenges'; centers and networks of excellence; research infrastructure; and ethical,
legal and social implications and workforce programs.
The centers of excellence have been established at Cornell, Northwestern University,
Harvard, Columbia, Rice, and Rensselaer Polytechnic Institute.
Funding for the scheme comes from a variety of government organizations.

Department of Defense (DOD)
The DOD supports the nanoscale science and technology R&D base of $70 million in the
Air Force, the Army and the Navy, and the Office of Strategic Defense (OSD). In addition,
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it supports basic research funds for the university / DOD laboratory collaborative research
programs).
Prime interests are: nanoelectronics, optoelectronics, and magnetics; nanostructured
materials "by design"; and nanobiosensor devices. The distribution of DOD-augmented
funds between these three challenges is determined in collaboration with other NSET
agencies: DOE and NASA in nanoelectronics; NSF and DOE in nanomaterials; and NSF,
NIH, DOE and NASA in nanobiotechnology, as well as being a function of the quality of
proposals received. The DOD has recently created the ARL Nanoscience and Technology
Center (NSTC). The Air Force Research Laboratory has programs in nanostructured
materials, nanofabrication technologies, sensor components, and simulation of
nanomaterials. The Navy plans to expand its collaborative University–Naval Research
Laboratory program addressing interconnection and interaction between disparate
nanostructures in complex systems.

Department of Energy (DOE)
The DOE is concerned with the establishment of user centers for nanoscale science,
engineering, and technology research, and with Office of Defense programs. The work is
supported at Sandia, Los Alamos, and Livermore National Laboratories.

Department of Justice (DOJ)
Major interests are in forensic research, sensors, DNA sequencing, high performance
computing, and data base management. The DOJ also participates in the Chemical and
Biological Defense Program, which will be used to address the limitations of the enzymatic
approach currently used in detection of chemical and biological hazards.

Environmental Protection Agency (EPA)
The EPA is concerned with evaluating the potential impacts of nanoparticles on human
health and the environment. Major nanotechnology-related interests are in aerosols,
colloids, clean air and water, measurement and remediation of nanoparticles in air, water,
and soil. In addition, NCER has supported a limited number of nanotechnology-based
projects through its Small Business Innovation Research (SBIR) Program.

National Aeronautics and Space Administration (NASA)
NASA's interests are in materials (led by the Langley Laboratory); electronics and
computing (Ames Laboratory); sensors and components (including the Jet Propulsion
Laboratory); and Basic Nanoscience. NASA's investment in nanoscience and
nanotechnology is composed from contributions of several laboratories (mainly Ames,
Langley and JPL) and externally supported research. Major themes and new programs in
FY 2002 included: (a) manufacturing techniques of single-walled carbon nanotubes for
structural reinforcement; electronic, magnetic, lubricating, and optical devices; chemical
sensors and biosensors; (b) tools to develop autonomous devices that articulate, sense,
communicate, and function as a network, extending human presence beyond the normal
senses; and (c) robotics using nanoelectronics, biological sensors and artificial neural
systems.
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NASA has announced three university-based institutes, called University Research,
Engineering and Technology Institutes, dedicated to nanoelectronics, nano–bio–IT fusion,
and nanostructured materials. Each will receive $3 million a year for five years, plus an
optional renewal for three years.

National Institutes of Health (NIH)
The NIH declared R&D programs as part of the 2002 Research Initiatives, of which the
more relevant are: (a) The Genetic Medicine Initiative, which includes large-scale
sequencing to assist in interpreting the human genome sequence and identifying and
characterizing genes that are responsible for variations in diseases. An increased
investment in nanotechnology research is planned to develop novel, revolutionary
instruments that can be used to collect DNA sequence variation and gene expression data
from individual patients, initially to identify genes involved in causing diseases, and later
to diagnose exactly which form of the disease the patient has, to guide therapy that will
actually treat that patient's disease; (b) The Initiative in Clinical Research, to bridge basic
discoveries to tomorrow's new treatments, including nanotechnology advances for
development of sensors for disease signatures and diagnosis of diseases. Major themes and
new programs from FY 2001 included: biomaterials, clinical diagnostic sensors, genomics
sensors, nanoparticles and nanospheres for drug and gene delivery, multidisciplinary
training, and the study of social, ethical and legal aspects. The NIH Bioengineering
Consortium (BECON) will coordinate research programs through the National Institute of
Biomedical Imaging and Bioengineering (NIBIB), including nanotechnology research.

National Institute of Standards and Technology (NIST)
NIST is aiming to develop infrastructural measurement, standards, and data for
nanomagnetics, nanocharacterization, and new information technologies that will replace
semiconductor electronics in the future. Nanomagnetics research will provide measurement
and standards for current and near-term applications of nanotechnology in the
semiconductor, communications, and health care industries. Nanocharacterization research
will produce standards and tools for visualization and characterization at the nanoscale,
which are in high demand by a broad base of US industries. Research will be conducted to
provide fundamental measurements required for future generations of information
technology hardware that will be needed to replace semiconductor electronics technology
in a decade or so.

National Science Foundation (NSF)
The FY 2003 request for nanoscale science and engineering was approximately $221
million, a $22 million increase over FY 2002. All research directorates participate as is
shown in the table below.
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NSF FY 2003 request (in millions of dollars)
Directorate
Biological Sciences
Computer and Information Science and
Engineering
Engineering
Geosciences
Mathematics and Physical Science
Social and Behavioral Sciences
Education and Human Resources
Total, Nanoscale Science and
Engineering

FY 2001
Enacted
2.33

FY 2002
Current Plan
2.33

FY 2003
Request
2.98

2.20
55.27
6.80
83.08
0.00
0.00

10.20
86.30
6.80
93.08
0.00
0.00

11.14
94.35
7.53
103.92
1.11
0.22

149.68

198.71

221.25

The NSF nanoscale science and engineering budgets and programs are identified at
http://nano.gov or http://www.nsf.gov/nano.
A keystone of the National Nanotechnology Initiative is inter-agency collaboration, which
is summarized below.
Examples of proposed NNI inter-agency collaborative activities
Agency
Fundamental research
Nanostructured materials
Molecular electronics
Spin electronics
Lab-on-a-chip
(nanocomponents)

D
O
D
x
x
x
x
x

D
O
E
x
x

D
O
J

x

x

x
x
x
x
x

x

x

x
x
x

x
x
x

x

x

Biosensors, bioinformatics
Bioengineering
Quantum computing
Measurements and
standards for tools
Nanoscale theory, modeling,
simulation
Environmental monitoring
Nanorobotics
Unmanned missions
International collaboration
Nanofabrication user
facilities

x

x
x

NA
SA

N
I
H
x
x

NI
S
T

x

x

N
S
F
x
x
x
x
x

x
x

x
x
x
x

x

x

x
x

x
x

x
x

x
x

x
x
x
x

E
P
A

x
x

x

x
x
x
x
x

x
x
x
x

x
x

x
x

US funding by individual states
While the spotlight is on major federal funding, many US states have local nanotechnology
programs, two of the most significant being in New York and California. These often
involve private companies, as well as a mixture of state and federal funds.
In 2001, IBM made a $100 million donation to help create a Center of Excellence in
Nanoelectronics at the University at Albany - SUNY. The Center houses the first
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university-based 300 mm (12 in) computer wafer prototype facility. Albany NanoTech is a
fully-integrated R & D, prototyping, pilot manufacturing and education center managing
state-of-the-art laboratories, supercomputer and shared-user facilities and an array of
research centers. The center's services are designed to carry a product through its entire
development cycle beginning with the formulation of new frontier scientific concepts and
technical innovations, followed by the implementation of medium-range R&D programs,
then short-term pilot prototyping, technology insertion, test-bed integration with market
introduction assistance and workforce development.
One of the California Institutes for Science and Innovation announced in 2001 is the
UCLA/UCSB-based California Nanosystems Institute, with an aggregate investment of
$300 million. Hewlett-Packard is putting in $5 million over four years. About 20 other
companies, including Sun Microsystems Inc., Amgen Inc., Intel Corp., Ericsson and
Sequenom Inc., will contribute close to $50 million to the Institute, mingling their money
with $100 million from the state of California, $110 million from the federal government
and about $90 million from private foundations.
Below is a list of US national, state, and local initiatives and centers (see all links at
http://www.nanoscience.com/resources/initiatives.html)
Arizona
Arizona State University Nanostructures Research Group
Arizona State University and Motorola Applied NanoBioscience Center
California
California Nanosystems Institute
Ames Research Center Center for Nanotechnology
University of California Santa Barbara Nanofabrication Facility (NNUN)
University of Southern California Laboratory for Molecular Robotics
Stanford Nanofabrication Facility (NNUN)
Colorado
Colorado Nanotechnology Council
Florida
University of Florida Nanoscience and Technology Institute
Illinois
Argonne Center for Nanoscale Materials
Northwestern Institute for Nanotechnology
Chicago Micro/Nanotechnology Community
Indiana
Purdue Birck Nanotechnology Center
Notre Dame Center for Nanoscience and Nanotechnology
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Massachusetts
Harvard Nanoscale Science and Engineering Center
Northeastern University Nanomanufacturing Research Institute
MIT NanoMechanical Technology Laboratory "Nanolab"
Massachusetts Technology Collaborative Nanotechnology Initiative
Michigan
University of Michigan Center for Biologic Nanotechnology
Minnesota
OMNI Organization for Minnesota Nanotechnology Initiatives
Nevada
University of Nevada, Reno Nevada Ventures Nanoscience Program
New Jersey
New Jersey Nanotechnology R&D Consortium
Princeton University Nanostructures Laboratory
New Mexico
Los Alamos and Sandia Center for Integrated Nanotechnologies
NMNA New Mexico Nanoscience Alliance (press release)
New York
University at Albany Albany Nanotech
Columbia University Center for Electron Transport in Molecular Nanostructures
Cornell University Nanobiotechnology Center
Cornell University Nanofabrication Facility (NNUN)
Brookhaven National Laboratory Nanocenter
Rensselaer Nanotechnology Center
North Carolina
University of North Carolina Nanoscale Science Research Group
Ohio
Wright Technology Network The Ohio Nanotechnology Commercialization Initiative
Pennsylvania
Ben Franklin Technology Partners The Nanotechnology Institute
Penn State University Nanofabrication Facility (NNUN)
University of Pennsylvania Center for Science and Engineering of Nanoscale Systems
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South Carolina
Univ. of South Carolina USC NanoCenter
Texas
TNI Texas Nanotechnology Initiative
University of Texas at Austin Nano & Molecular Science and Technology
University of Texas at Dallas Nanotech Institute
Rice University Center for Nanoscale Science and Technology
Rice University Center for Biological and Environmental Nanotechnology
Virginia
INanoVA Initiative for Nanotechnology in Virginia
Univ. of Virginia Center for Nanoscopic Materials Design
Virginia Tech Center for Self-Assembled Nanostructures and Devices
Washington State
Pacific Northwest Lab Nanoscience, Engineering, and Technology
University of Washington Center for Nanotechnology
Wisconsin
University of Wisconsin Center for Nanotechnology

European nanotechnology funding
Europe has a strong nanotechnology base both in research and industry. Unlike the US, and
more in common with the Asia Pacific region, the research and commercialization picture
is complicated by a wide range of funding mechanisms for nanotechnology research, and
widely differing attitudes to its commercialization.
Europe has two main funding mechanisms: the EU centralized funding via programs such
as the Framework Programmes, and national funding bodies. Of less importance is the
funding provided to European venture capital companies by the Luxembourg-based
European Investment Fund (EIF), and the pan-European basic research collaborations
funded by the Strasbourg-based European Science Foundation (ESF).
European Union funding
EU funding for nanotechnology is contained within the 6th Framework Programme (FP6),
which runs from 2002 to 2006 and has an overall budget of €17.5 billion. (The discussion
here will focus on the 'thematic priorities', which is the area where nanotechnology can
have a significant impact. Notice that almost a quarter of the budget goes to Euratom,
strengthening the European Research Area (ERA) and other non-research-related
activities.)
The official EU figure for nanotechnology, as quoted by research commissioner Philippe
Busquin is €700 million over four years, if nanotechnology is defined as only processes
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involving the manipulation of atoms and molecules. However, the EU does not have a
standard definition of nanotechnology, preferring to use an upper limit of 50 nm, or
'exploitation of mesoscopic and quantum effects at the macroscale' or ' the manipulation of
atoms and molecules' as required.
A more detailed analysis of EU spending is in the table below. Following detailed
discussions with commission officials, an upper and lower limit for the nanotech
percentage was assigned to each thematic priority. It is immediately obvious that the
headline figure of €1.3 billion for thematic priority 1.1.3 is in fact incorrect as it is only
partly dedicated to nanotechnology
Budget’s percentage corresponding to nanotechnology for each thematic priority of the 6th
Framework Programme for 2002-2006 (in millions of euros). (Source: EU commission
officials and the European NanoBusiness Association.)
Thematic priorities budget

June 2002
Final

Min
(%)

Total

Max
(%)

Total

1.1.1 Life sciences, genomics
and biotechnology for health

2255

1.0

22.6

2.5

56.4

1.1.2 Information society
technologies

3625

7.0

253.8

9.0

326.3

1.1.3 Nanotechnologies and
nanosciences, knowledgebased multifunctional
materials and new production
processes and devices

1300

25.0

325.0

30.0

390.0

1.1.4 Aeronautics and space

1075

0.2

2.2

0.2

2.2

1.1.5 Food quality and safety

685

0.2

1.4

0.2

1.4

1.1.6 Sustainable
development, global change
and ecosystems

2120

0.2

4.2

0.2

4.2

1.1.7 Citizens and
governance in a knowledgebased society

225

0.2

0.5

0.2

0.5

TOTAL

11285

609.7

781.0

While the above table justifies Commissioner Busquin's statement on EU spending, the
figures should be treated with some skepticism. While institutions such as the European
Space Agency have failed to match the NASA lead (and $51 million 2003 budget) in
applications of nanotechnology, it is clear that any materials-dependent applications such
as aerospace will have a nanotechnology component far higher than 0.2%. Food quality
and safety is seeing packaging application based on nanotechnology already on the market
and a variety of sensor technologies look set to hit the market soon, which also argues that
the nanotechnology component in research would be significantly higher than 0.2%.
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Sustainable development is equally an area where recent nanotechnological developments
show significant promise. Life sciences, genomics and health are already seeing major
impacts from microtechnology, with nanotechnology looking to play a larger role very
soon, from bioanalysis to drug delivery.
In fact, some EU officials expect the percentage of nanotech across all items to be as high
as 30%, as taken in the 'nano inside' scenario outlined below.
So there is good reason to believe that the €0.7 billion figure given in the table above is a
serious underestimate, and that the 30% figure is probably a better reflection, although this
may, of course, be optimistic.
The aim of the FP6 is to produce breakthrough technologies, which directly benefit the EU,
whether economically or socially. In order to achieve this, the research program contains
broad thematic areas, such as health, which are then broken down into sub-components for
research funding. Instead of funding nanotechnology and nanoscience directly, an issue
which is addressed in the nanotechnology thematic priority, the focus is breakthroughs. By
focusing on breakthroughs, nanotech funding is targeted at applications rather than pure
science. Similar applications are being pursued in government programs in the US and in
Europe; the fundamental difference between the European approach and that of the US and
some other countries is the way the applications are grouped, the EU structure makes
considerations of benefits the priority by embodying them in the highest level of their
funding structure. The NNI in the US starts with a nanotechnology budget, then apportions
this to various departments representing thematic areas.
In order to decode the European Union's spending plans on nanotechnology three scenarios
have been examined. While none of these approaches is entirely adequate to explain the
Byzantine workings of Brussels, they do at least allow an approximate level of European
commitment to nanotechnology to be determined.
Scenario 1 - 'Nano Inside'
Applying the view of some within the EC who believe that nanoscience and technology
will have a large part to play in producing the breakthrough technologies of FP6, for
example in drug delivery and biodetection, leads to the assumption by certain program
officials that 30% of all spending will be nanotechnology-related. This fits well with NNI
estimates, which reach the fabled $1 trillion market size for products and services affected
by nanotechnology by assuming that nanotechnology will have a part to play in almost
everything.
This 30% estimate for the nanotechnology component of the funded projects for FP6 is an
average across all the thematic priorities.
Of course the true nanotechnology component may be higher or lower than 30% and it will
not be possible to extract the nanotechnology component until a final review of the FP6 is
complete after the end of the program.
Applying this 30% figure to the European funding figure of €11.28 billion, then €3.4
billion, or €850 million a year, may well be on nanotechnology.
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Scenario 2 – Mobilized Capital
Many EU-funded programs are not entirely supported by the EU. In the case of university
research 100% of the marginal cost, i.e. additional researchers or equipment, but not those
already in place, is funded but for many other projects, matching funds are provided by
national governments or participating companies.
The main instruments of FP6 are integrated projects (IP) and networks of excellence (NoE)
proposed under FP6. For each NoE the EU funds up to 50% of the project. For each IP the
EU only funds up to 25% of the project requiring a minimum national contribution of 75%.
Given the 400 million allocated for IPs and 300 million allocated for NoEs, the amount of
capital released by the EU funding may be in the region of €2.4 billion, or €600 million a
year.
Taking another EU definition, that of 'the manipulation of atoms and molecules' which
commission officials estimate to be around €1 billion, would give a mobilized capital
figure of €3.43 billion or €857 million per year.
Scenario 3 – Pro-rata Comparison
There are several fundamental differences between the EU approach and that of the US and
Japan. While a detailed analysis of US and Japanese funding mechanisms is beyond the
scope of this report, an appreciation of these differences changes the relative balance of
funding.
As previously discussed, the EU structure makes considerations of benefits the priority by
embodying them in the highest level of their funding structure. Another fundamental
difference is that rather than assigning a fixed budget for nanotechnology in health care, as
the NNI is doing via the National Institute of Health (NIH), the EU assigns a budget for
health.
A further difference arises as the EU funding only covers marginal cost, i.e. the extra
funding required for researchers, equipment etc. The cost of infrastructure and paying
academics already in place is borne by the national governments (but will generally not be
a part of the budget for their own nanotechnology initiatives). This is in marked contrast to
the US system where the NNI wholly supports the institutes dedicated to nanotechnology.
In fact the National Science Foundation funding includes almost 10% of its budget for
research infrastructure.
However, the most significant difference is that the FP budget represents about 4% of the
total European public research budgets.
This is, however, an average figure. In high technology areas such as aerospace, the figure
is closer to 20%, while in others, such as cancer research, it is substantially less than 4%.
Thus, assuming a similar nanotech proportion in other budgets, and an EU contribution of
10-20%, the conservative estimate of €700 million over 4 years could result in spending
of between €3.5 and €7 billion over 4 years, or €0.88-1.75 billion per year.
This figure would, of course, need to be compared with a US figure that included funding
from individual states. However, current US state spending is at levels which may exceed
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the NNI budget by a factor of two, not, as in the EU, a factor of 10-25. To date, total
nanotechnology funding by individual US states has not approached the levels allocated
nationally by the governments in Europe.
Total EU nanotechnology funding for the period 2002-2006. Comparison of the three
described scenarios (in billions of euros)
Scenario

Nano Inside

Mobilized
Capital

Weighted
Comparison

EU Funding (Total FP6)

3.4

2.4 – 3.43

3.5 - 7.0

EU Funding per year

0.85

0.60 - 0.86

0.88 - 1.75

National funding
In national funding, Germany, the UK and France all spend significantly more than any of
the other European countries.
A study carried out by the "Observatoire des Sciences et des Techniques" for the
technology department of the French Ministry of Research, on the participation of France
and other European countries in the Fifth Framework Program for research, FP5, found
that Germany had the highest level of EU participation in the program.
The study also examined research collaboration under FP5. It found that, again, the 'big
three' of Germany, France and the UK led the field. French, German and UK teams
accounted for 46 percent of cases of collaboration. With the addition of Italy, Spain and the
Netherlands, the six countries together accounted for 72 percent of collaborations under
FP5. The study also uncovered a tendency for countries with geographical and cultural
similarities to cooperate under the program.
In general, European national research funding follows a broadly similar pattern, with
national scientific research organizations funding individual research projects. The
exceptions are: Germany, with a dedicated nanotechnology initiative; France with its
concentration on a single pole; and the UK with its public–private partnerships.
One non-EU country with a history of high technology exploitation is Switzerland, worth
considering as an example of how the smaller nations can stimulate a nanotechnology
industry.

German nanotechnology funding
Germany is unique in Europe in having a dedicated nanotechnology program. According to
the German government, Germany is thought to lag behind the US and Japan in electronics
and data storage systems. However, it is regarded as internationally competitive in
magnetoelectronics. It is considered the leader in nanochemistry and nanomaterials.
Germany and Japan jointly lead in nanotechnology applications for optical science and
engineering. Germany is also thought to be leading in nanotechnology applications for
vehicle construction, mechanical engineering and technical equipment. The US and Japan
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are thought to be ahead of Germany and the UK in terms of nanotechnology for
microscopy and analytical processes. Germany also lags in the area of nanotechnology for
displays. The same is true for nanobiotechnology, where the US, Japan and the UK are
considered to be leading.
Federal funding for nanotechnology priority research has steadily risen since 1998. Project
allocations increased from €27.6 million in 1998 to €88.5 million in 2002. The projected
nanotechnology research budget for 2003 is €112.1 million, €110.6 million of which will
be allocated to collaborative research projects involving universities, non-university
research institutes and companies. The remaining €1.5 million has been earmarked to fund
co-ordination and improved collaboration within the six virtual nanotechnology networks,
which were launched in 1998 (see below). Companies participating in collaborative
research projects are expected to provide matching funding. In 2001, for instance, industry
contributed €42 million to R&D collaborations. In terms of technology areas, a significant
amount of the projected 2003 budget has been earmarked for nanoelectronics (€42.0
million—an increase of €14.5 million over 2002), nanoscale materials (€29.1 million), and
optical science and engineering (€17.6 million). The remainder will be available for
nanotechnology research and applications in the area of biotechnology (€9.6 million),
microsystems engineering (€8.5 million), communications (€4.0 million) and
manufacturing technologies (€1.3 million).
The federal government supports R&D projects in the following areas: ultra-precision
engineering, lateral nanostructures, nanotechnology in optoelectronics, standardization in
nanotechnology, metrology; X-ray layers and other ultra-thin films; nanotubes,
nanoelectronics and composite materials; nanochemistry; magnetoelectronics;
nanobiotechnology; and nanostructured materials. It also supports nanotechnology-related
research and development through project-related funding allocated to the National
Metrology Institute (Physikalisch-Technische Bundesanstalt, PTB) and under the PROINNO program to promote collaborative research involving several SMEs or between
SMEs and public sector research institutes.
Germany’s Virtual Nanotechnology Competence Centers

The Federal Research Ministry has launched an initiative to promote the establishment of
six virtual nanotechnology networks. These involve 127 universities, 99 non-university
research institutes, 20 industry associations or learned societies, 130 SMEs and 47 large
companies. A seventh network, which specializes in nanoscale materials, was founded on
the initiative of the Karlsruhe Research Centre and the Federal Research Ministry. The
networks focus on seven priority areas, including:
•
•
•
•
•
•
•

Lateral nanostructures (http://www.www.nanoclub.de)
Nanotechnology in optoelectronics (http://www.nanop.de)
Ultra-thin functional layers (http://www.nanotechnology.de)
Nanoanalytics (http://www.nanoanalytik.de)
Ultra-precise surface engineering (http://www.upob.de)
Nanochemistry (http://www.cc-nanochem.de)
Nano-materials (http://www.nanomat.de)
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These virtual Nanotechnology Competence Centers emerged from a 1998 competition to
promote the establishment of thematic nanotechnology clusters, which was launched by the
then Federal Government. Germany’s virtual Nanotechnology Competence Centers
include universities, non-university research institutes, companies and private capital
providers. The six centers specialize in nanoanalytics (Münster), development of lateral
nanostructures / nanoelectronics (Aachen), applications of nanostructures in
optoelectronics (Berlin), ultra-thin functional layers (Dresden), ultra-precise surface
processing (Braunschweig), nanomaterials / nanochemistry (Saarbrücken).
In addition to grants for priority projects, the Federal and Länder Governments jointly
provide institutional funding for nanotechnology. This forms part of the allocations for the
Deutsche Forschungsgemeinschaft (DFG), Germany’s main research funding body, and
Germany’s four non-university research organizations. In 2001 the total figure was €93
million. This was complemented by industry contributions totaling €19.7 million. €25.2
million of the €93 million institutional budget was provided by the Deutsche
Forschungsgemeinschaft for nanotechnology-related projects. €26 million was spent by
Helmholtz Research Centres, €17.8 million by Leibniz Institutes, €13.6 million by Max
Planck Institutes, and €4.4 million by Fraunhofer Institutes. Other non-university research
facilities, such as the Centre of Advanced European Studies and Research (CAESAR),
jointly received €5.7 million for nanotechnology projects.
Germany has an effective engine for technology transfer, the Fraunhofer Institutes. While
German universities tend to carry out less applied research than their counterparts
elsewhere in Europe, this is more than outweighed by the scale of applied research at the
Fraunhofer Institutes. Their role is to carry out relatively near-market research, where at
least 33 percent of funding must come from industry. The Fraunhofer Institutes also offer
an unmatched focus on technology transfer. Many of the Institutes encourage spin-off
companies to be formed, providing assistance in the form of use of rooms and equipment
with the opportunity to return if the venture fails.

UK nanotechnology funding
The UK has no single nanotechnology-focused research program, with nanotechnology
funding coming from a wide variety of mechanisms ranging from direct government
funding, to partnerships with private companies, such as the one between Proctor &
Gamble, BAe Systems (part of British Aerospace) and the Universities of Newcastle and
Durham.
Research into nanotechnology in the UK recently received a boost of $25.5 million to set
up new research collaborations. The money is split between two consortia: one in
bionanotechnology led by Oxford University, with the Universities of Glasgow and York,
and the National Institute for Medical Research (this collaboration also involves links with
the Universities of Cambridge, Nottingham and Southampton). The other consortium is in
nanotechnology and is led by Cambridge University, with University College London and
the University of Bristol.
These Interdisciplinary Research Collaborations (IRCs) are funded by three of the
Government's Science Research Councils (EPSRC and BBSRC, based in Swindon, and
MRC, based in London), and the Ministry of Defence and will run from January 2002 to
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December 2007 with a total budget of £10M. The concept of IRCs involves bringing
together people from different disciplines, different departments and institutions, to look
into new areas of science and technology. The IRC teams consist of materials scientists,
chemists, physicists, biochemists, molecular biologists, engineers and applied
mathematicians.
The IRC in nanotechnology is a Cambridge University-led consortium. The center is
funded by the Engineering and Physical Sciences Research Council, the Biotechnology and
Biological Sciences Research Council, the Medical Research Council, and the Ministry of
Defence. The consortium also involves University College London and the University of
Bristol, and will look at the physical properties of nanostructures and devices. IRC's
objectives are:
•
•
•
•
•
•

Fabrication of complex 3-dimensional structures with molecular precision
Growth of soft layers by directed self-assembly on patterned substrates
Determining mechanical and electronic properties of nanoscale interfaces
Evolving architectures for devices in biomedicine and information technology
Spinning out several projects into the commercial sector
Training of personnel in interdisciplinary research.

The IRC in bionanotechnology is an Oxford University-led consortium. The
bionanotechnology IRC will work on three broad themes: molecular motors, functional
membrane proteins and nanoelectronics and photonics. The consortium also involves the
Universities of Glasgow, York, Cambridge, Nottingham and Southampton, and the
National Institute for Medical Research.
In the UK, which has historically not been very good at converting world-class academic
achievements into businesses, a technology transfer and licensing unit is an essential
addition for every academic institution. One of the most successful examples is at Oxford
University, where Isis Innovation (www.isis-innovation.com), a wholly-owned subsidiary
of the University, has spun out five to six high-tech companies a year over the past five
years, including one specialist nanomaterials company, Oxonica. At Cambridge
University, a network of business angels, local VCs and the University itself are on hand to
ease the pain of the transition from lab to boardroom. Combined with government
measures such as SMART awards, which allow start-ups to apply for up to $70,000 to fund
technical and commercial feasibility studies into innovative technology, it is easy to see
how the UK is committed to becoming a nano world power.

French nanotechnology funding
Among other European countries only France has taken the step of nucleating its budding
nanotechnology industry, centered on Minatec in Grenoble, with STM, BioMerieux,
Thales, and current Léti (Laboratoire d'Electronique, de Technologie de l'Information)
customers among the participants. Current planned investment is some $150 million,
coming from the French Government, the Atomic Energy Authority (CEA) and
regional/local authorities.
In general, French funding tends to be provided through three main state institutions:
CNRS, National Center for Scientific Research, which is the principal national
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organization for the support of fundamental research in the basic sciences; CNES, the
French Space Agency; and CEA, the Atomic Energy Agency.
Recently, the CEA committed to supporting technological research outside its main scope,
i.e. nuclear applications. Based on the successful scheme of the CEA-Léti Laboratory in
Grenoble, Minatec, the 'technowledge factory' in micro and nanotechnologies, aims to
integrate multidisciplinary competences and to transfer technologies to industry. The
CNRS will be strongly associated with the Minatec innovation center as well as INPG, the
technological Grenoble University, which will lead the education part.

Swiss nanotechnology funding
A well-integrated innovation system including federal and cantonal government support,
industries, academia and private R&D has been focusing on micro and nanotechnology
since the mid-1990s. Switzerland has a national nanotechnology funding initiative worth
$36 million, known as Top 21 Nano. This is remarkable in that, with a population of 7
million, it has some of the highest per capita spending on nanotechnology in the world.
The objective of the program is to strengthen the Swiss economy through its use of new
technologies based on nanotechnology, and focuses on expanding the scientific horizon at
the country's universities and technical colleges with respect to the application of
nanotechnology in the Swiss economy. The program also attempts to integrate
nanotechnology into teaching in an effort to encourage a new generation of scientists,
researchers, engineers and specialists to support newly-founded companies.
During 1999, a number of competence centers were set up, involving the main
technological research institutes and universities active in the field. The EPFL in Lausanne
and the ETHZ in Zurich are the federal technological institutes, involved in many projects
involving a broad range of nanotechnologies. The universities of Fribourg, Basel and
Neuchatel also collaborate, as well as the Paul Scherrer Institute, the Centre Suisse
d'Electronique et de Microtechnique (CSEM, a privately-held company with private and
government funding that also acts as an incubator), and EMPA, which specializes in
organics, ceramics and composites.
Current activities include the creation of technology clusters at the various Swiss
universities and in the research industry, and the matching of these with requirements from
Swiss industry.
In addition, $8 million has been earmarked for the creation of a national competency center
for nanosciences.
European networks
One area of academic research where Europe does things differently from the rest of the
world is in the use of scientific networks. The EU defines a "Research Network in
Nanotechnology" as "a forum or framework for cooperation in or for coordination of
research and/or of dissemination activities between research activities taking place in
independent organizations in the field of nanotechnology". The objectives of a network are
typically cast in terms of information exchange, technology transfer, research coordination,
and dissemination activities, rather than in terms of specific technical objectives. In this, a
'network' differs from a 'project'.
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In general these networks sit across the traditional boundaries such as physics, materials,
biology, etc. and bring together academics, sometimes with industry, in a forum that allows
the free exchange of ideas and information.
The networks have several key advantages:
The multidisciplinary nature allows researchers from different disciplines to come
together, each adding a piece of the solution to a problem; by enhanced communication
between researchers, duplication of effort is avoided.
An EU survey completed in November 2001 identified 82 nanotechnology networks, 32
being 'national': that is, they have only (or very predominantly) members from a single
country. The other 50 were classified as international. The networks are spread over a
variety of research areas as shown below.
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Distribution of networks over research areas in nanotechnology (Source: EU Commission)
Funding from the networks comes from a variety of sources including national
governments and research institutions, as well as Europe-wide funding bodies such as the
European Science Foundation and the European Union.
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Sources of funding
Funding source
EU funding
National public funding
Mixed EU and national public funding
Mixed EU and private funding
Mixed national, public, and private funding

Number of
networks
32
36
4
1
8

Funding in the Asia Pacific region
The information on the Asia Pacific Region was partly supplied by nABACUS.
The R&D nanotechnology landscape is dominated by Japan, where it was recognized early
in the 1970s that useful and practical nanoscale technology was possible. In the 1980s
serious efforts were made to put in place appropriate funding to establish the necessary
infrastructure. This was no doubt driven as much by the general prosperity in Japan at that
time as by foresight and ambition. Indeed it can be observed that countries not able to
access sufficient capital of both the intellectual and monetary kind cannot engage in the
development of emerging technologies. Bearing in mind the relatively low cost of this
research (in comparison to high energy physics, for example, where a single facility can
cost upwards of $5 billion), it is obvious that the real shortage is in intellectual capital.
Public funding of nanotechnology in Japan during the 1980s and 1990s surpassed that in
the USA, where a serious effort to catch up is being made through the NNI. The rest of
Asia is also now pouring large sums of research money into nanotechnology, indicating the
high expectations for it to be part of a major economic recovery in Asia. There is
recognition within many Asian nations that the stability and continuity of economic growth
relies on having significant high-technology capability that has its ownership base in Asia,
rather than in foreign entities merely using Asia as a source of cheap skilled labor.
Besides Japan, other Asian countries have also allocated large budgets to nanotechnology
although many of these figures are not associated with clear timescales. Given the
increased purchasing power in many Asian countries, e.g. a researcher in China costs much
less than one in Amsterdam, the funding can be much more significant than the pure
numbers suggest.
Given the difficulty of even agreeing on what constitutes nanotechnology, many of these
numbers must be treated with caution.
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Asian nanotechnology budgets (in million of dollars, source: Científica; Asia Pulse)
Country

2002

Japan

750

China

200

Taiwan

111

Korea

150

Singapore

40

Total

1251

As other nations also responded to the scientific opportunities during the late 1980s and
1990s, the lead that Japan established in 2001 is diminishing, although it could be 15 years
before China and Korea have developed sufficient momentum to overtake Japan in the
nanotechnology race. The breadth of technology paradigms encompassed by the field will
no doubt see some rationalization occur as institutions and countries capture certain
niches—for instance, it would not be a wild guess to suggest that the first dominance in
nanoelectronic devices will go to the Japanese, even if it is too early to identify exactly
who will own the intellectual property.
Investment in nanotechnology in Asia (Australia is included in this context) has rapidly
increased over the past two years and is expected to increase the current figure by a factor
of 10 within the next 5-10 years.

Japan
Japan is the only country with a fully-coordinated and funded nanotechnology research
policy. The most prominent program of this national policy is the Atom Manipulation
Program under the Ministry of Economy, Trade and Industry (METI). The program is
funded with about 25 billion yen. In this program both academic and industrial groups
participate, whereas private companies are expected to contribute 100 billion yen.
Participating companies include Fuji, Hewlett-Packard Japan, Motorola, Hitachi,
Mitsubishi, NEC and Sony, and a small number of foreign companies.
Estimated Japanese government nanotechnology R&D expenditure (in millions of dollars).
(Source: National Science Foundation, Nanoscale Science, Engineering and Technology)
Japan

1997

1998

1999

2000

2001

120

135

157

245

465

2002

2003

~750

~1000

In the Japanese case, the annual 50% increases cast doubt upon the accuracy of these
figures. While there is no question that funding will increase, increasing the number of
researchers available to absorb this extra funding does not seem possible on an annual
basis.
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Korea
The Korean Ministry of Science and Technology (MOST) investment plans included 23
billion won for nanotechnology in 2001. The Tera Project was awarded 15.4 billion won
and 5.2 billion won were allocated to four "Distinguished Research Centers".

Taiwan
The Industrial Technology Research Institutes (ITRI) opened a Center for Applied
Nanotechnology Institutes (CANTI) in January 2002, with $10 billion NT planned over 5
years and with an initial allocation of over 100 staff and expansion plans for a 700-staff
facility.
Areas of research include nanomaterials,
nanochemicals and nanobiotech.

nanoelectronics,

nano-optoelectronics,

China (including Hong Kong)
It is clear that China has embraced nanotechnology to a significant extent, although this is
a relatively recent (over the last 10 years on average) phenomenon, coincident with the
general Chinese push to elevate its S&T base to a level comparable to that of Europe and
the US.
Chinese nanotechnology R&D has received growing support in recent years, although in
terms of infrastructure, the Chinese are still 10 years behind the Japanese and 8 years
behind the Koreans. The Chinese R&D focus has been mainly on carbon nanotechnologies,
and there mainly in development of industrial scale output. There is also significant
activity in low-dimensional structures (quantum dots and wires) and the device
possibilities arising from these.
The central locations of nanotechnology R&D are Beijing and Shanghai, although an
emerging interest in nanotechnology can also be observed in Shen Zhen. Over 100 patents
in nanotechnology were awarded until the end of 2000. Research into nanotechnology and
its commercialization is very much confined to academic institutions, less that 10 percent
of R&D being produced in industry.
According to incomplete statistics, more than 50 universities and 20 institutes of the
Chinese Academy of Science (CAS), with the addition of more than 100 companies, have
been engaged in the research and development of nanoscience and technology, involving
about 3000 researchers from different institutes and universities across China. The research
subjects of nanoscience and technology in China are, in general, comprehensive and
somewhat dispersed. A number of centers for R&D in nanoscience and technology have
been established in CAS, Tsinghua University, Beijing University, Fudan University,
Nanjing University, East China University of Science and Technology, and others. As
viewed from the integration of disciplines, CAS, Beijing University, Tsinghua University
and Fudan University have been recognized as the leading organizations in the field.
The Chinese Academy of Sciences in Beijing has three groups conducting research into a
wide range of phenomena. Research efforts have included the development of techniques
for producing controlled single-walled and multi-walled carbon nanotubes (going some
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way towards control of the parameters of thickness and length mentioned in the previous
section), quantum phenomena in carbon nanotubes (CNTs) and boron nitride nanotubes
(BNTs) and diamond-like thin films, atomistic processes in formation and decay of
nanostructures, self assembled semiconductor quantum dots and wires (InAs, InGaAs,
InAlAs and InAs/InGaAs, complex quantum dots / quantum wires on GaAs substrates, and
InAs QD/QWRs on InP substrates).

Australia and New Zealand
Nanotechnology research and development in Australia is still in its infancy, apart from
some notable exceptions such as the University of Queensland (UQ) and the University of
New South Wales (UNSW), and also the University of Sydney (USyd). In the past there
has been little effort to understand the potential of nanotechnology, and most decision
makers are uncertain about the value of investing funds in nanotechnology R&D. As will
be shown later, this has led to a climate of very little governmental support for
nanotechnology and a distinct disinterest on the part of the commercial sector. One reason
for this is the country’s dependence on primary production in the form of minerals and
agricultural products, where the applications of nanotechnology have not been obvious.
Alongside this there has also been little understanding of nanotechnology in the Australian
scientific community, apart from isolated individuals and small groups. Indeed, the most
spectacular successes have been achieved by groups operating under banners of
biotechnology, membrane science, and quantum computing.
There was no coordinated effort to disseminate the nanotechnology message in Australia
before 2001. The Commonwealth Scientific Industrial Research Organisation (CSIRO),
the chief publicly-funded research body, has recently placed nanotechnology as one of five
areas of research which will be targeted for increased funding and support in the near
future. In 2002 the government started a drive to lure Australian researchers in
nanotechnology back from abroad.
During the 1990s most of the nanotechnology R&D effort was carried out by three separate
projects that took very different paths. UQ, which in 2000 established an Institute of
Nanotechnology and at the same time started on the path to commercialization with a spinoff called Nanomac, has developed a good deal of expertise in nanoporous materials.
UNSW has made significant progress in the field of quantum computing and established a
new Semiconductor Nanofabrication Facility (SNF) in Sydney, with support from the
Federal Government and also with significant funding from Hewlett-Packard. USyd was
involved in a project to build a functional nanoscale device based on membrane technology
and which was funded mainly through the Cooperative Research Centre (CRC) scheme—a
scheme that promoted the collaboration of universities, CSIRO, and industrial partners.
This CRC was given the name "Molecular Engineering and Technology" and eventually
resulted in the formation of the Australian Membrane and Biotechnology Research
Institute (AMBRI), which has since gone fully into its commercialization phase.
Plans have been announced by four universities in Australia to offer undergraduate degrees
in nanotechnology (UQ, UNSW, USyd, and Flinders), and there are moves to create a
more nationally-focused approach to nanotechnology.
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Corporate funding of nanotechnology
Corporate nanotechnology spending takes three main forms, corporate venture capital
investments (discussed under venture capital funding), corporate R&D funding, and
corporate investment in nanotechnology research initiatives.

Corporate R&D
Although hard facts are difficult to come by, some anecdotal evidence of nanotechnologyrelated R&D spending puts levels at almost one third of the R&D budget. IBM alone
spends over $5 billion a year on R&D, with $600 million committed to its central research
budget in 2000 according to the New York Times, while other large corporations have
research budgets ranging from $1.7 billion (Texas Instruments) to $4.2 billion (Intel). In
general, corporate R&D spending averages around 11% of revenue. General Electric
recently announced a $100 million renovation of its corporate R&D labs, a large portion of
the budget going to biotechnology and nanotechnology.
Even taking a conservative view of the R&D spending by large corporations, the overall
global figure is expected to match the figure currently being spent by governments.

Corporate investment in nanotechnology research initiatives
Announcements in 2001 of IBM's investment of $100 million in a new nanoelectronics
research center at the State University of New York at Albany illustrate another avenue of
corporate investment in nanotechnology R&D. Large corporations have forged links with
many leading research institutes as a method of enhancing their R&D effort.
While news of IBM in New York, and Hewlett-Packard in California, illustrates the
importance attached by corporations to collaborative research, the idea is not a new one.
Perhaps the most striking illustration of this is in the German Fraunhofer Institutes, where
large corporations sponsor research with commercial applications.
Advantages to corporations are threefold. Firstly, the company widens its pool of available
researchers and equipment by working with academic institutions. Secondly, collaboration
gives the company access to basic as well as applied research, an important factor in
nanotechnology. Finally, the project gives the company a pool of researchers of proven
talent from which to recruit for its commercialization program.

Venture capital funding of nanotechnology
Venture capital funding of nanotechnology companies has been taking place since 1996.
However, whereas a mention of nanotechnology would not have elicited a response in
early 2000, the venture capital industry has become increasingly interested in
nanotechnology, with a huge surge of interest around Q3 2001. The relationship between
venture capital and nanotechnology has embodied hope, hype, disappointment and
reaffirmation since then. While in 2001 most VCs were busily trying to jump on board
what was perceived as the new Internet, by March 2002 the talk had turned to how overhyped nanotechnology was. By mid-2002 there were as many as four separate attempts to
cash in on the 'nanotechnology boom' by forming dedicated nanotechnology funds to
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enable this new industry. Unsurprisingly, none of these initiatives managed to raise
sufficient funds.
By mid-2003, the growing realization that a) there will never be a nanotechnology industry
and b) that technologies are defined by their applications rather than the underlying
science, so pure-play nanotechnology deal flow will be difficult to come by, coupled with
the continued shake out of the VCs who were most exposed to the late 90's boom, had led
to a more rational mood among investors.
The reason for the initial enthusiasm can be traced to the combination of the collapse of the
technology sector, leaving many funds severely battered, with $75 billion in sidelined
investment capital in early 2002, and a general feeling that nanotechnology may be the
"next big thing", based on the high-profile announcements of the US National
Nanotechnology Initiative.
But nanotechnology is not an easy area to understand. One major problem facing the
venture capital industry is that nanotechnology is still at the stage of being more
technology than business. In the days of the Internet bubble, the advantages of using the
Internet for generating cost savings in the B2B (business to business) market were not hard
to grasp. Now, however, understanding the advantages of using nanotubes for structural
materials, for example, requires not only an understanding of the varieties and production
methods of nanotubes, but also an appreciation of the technologies. Red Herring magazine
predicted in November 2001 that the losers in the nanotechnology world will be "VC
firms and investment banks that do not rely on strictly science-based analysis for their
investment decisions."
The situation is further complicated by the myriad uses to which each 'nanotechnology '
can be put. For investors used to a clear path from technology to product to market,
mapping technology to potential markets and trying to pick the low-hanging fruit to
maximize return on investment is a skill that many late 20th century investors have still to
master.
In spite of efforts by some of the larger VC firms to bring in scientifically literate advisors,
a major problem for many investors is obtaining the scientific analysis, and translating it
into a form that they can use to make investment decisions. Investors and scientists often
speak very different languages, and recruiting analysts and consultants able to translate
between these two very different worlds is expected to be one of the major bottlenecks for
those wishing to become nanotechnology investors. This has led to many of the early
materials-related nanotechnology deals being liked, or significantly backed, by corporate
VCs who are in a far better position to understand the fit between the technology and their
core (technology-related) business.

Analysis
Venture capital investments in nanotechnology-related companies totaled $261.7 million in
2002, still a long way short of the billion dollars that some were predicting. Of this, $207
million went to US companies, while UK companies raised $30.1 million. The only other
areas of interest were Germany ($12.6 million) and Israel ($6 million.).
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While the majority of venture capital investors in nanotechnology to date are from the US,
it should be emphasized that this does not indicate any particular technological advantage
that the US has over the rest of the world, but is more a consequence of the US venture
capital industry being significantly more developed., and the markets, even in the current
economic climate, being both larger and more liquid their European counterparts.
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Number of venture capital funders per region by type to end 2001 (Source: Cientifica)

The UK has the second most developed venture capital industry, coupled with the
influence of the London financial markets, and this is reflected in the high number of UK
investors. Many of the UK-based funds, for example 3i, also make investments on a global
or European basis, and this also enhances the UK's dominant position.
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Corporate venture funds account for almost one third of the investors (28 !!update!!).
There are four complementary explanations for this:
1. The long development period of nanotechnology is more acceptable to corporate
investors who are not as time-limited as pure VC funds;
2. Many of the corporate investments are in materials, an area which holds little
interest for VCs;
3. Corporate investors have access to large R&D departments for internal evaluations
and due diligence. As previously discussed, this is an area where VC funds have the
most trouble with technology;
4. Corporate investors are well aware of the danger to their business posed by new
technologies, and are keen to understand and absorb any potential technological
threats.
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Long-term possibilities of nanotechnology
You may have read in the popular press of an imminent future, with tiny submarines
patrolling our bodies, stitching up damaged tissue, zapping an occasional cancer cell or
invading virus or switching off an errant gene; nanorobots weaving extensions to our
brains to enhance our intelligence; desktop machines that can make you a diamond ring; a
table that will transform into a chair at the flick of a remote control; and even immortality.
These examples represent the sensationalism and distortion of the popular press but are
based on some seriously-made predictions of possible futures. Still, it's just so much
science fiction, surely?
Not necessarily. While some of the wilder visions of nanotech-enabled futures are
extremely speculative, they stem largely from quite straightforward ideas founded in solid
science, and generally referred to as molecular nanotechnology. The popularization, and
frequent distortion, of these ideas has led to a backlash from parts of the scientific
community, who often seem to react only to the superficial coverage and rarely offer
detailed and sophisticated criticism of the subject.
The core idea is that of making robotic machines, called assemblers, on a molecular scale,
that are capable of constructing materials an atom or a molecule at a time by precisely
placing reactive groups (this is called positional assembly). This could lead to the creation
of new substances not found in nature and which cannot be synthesized by existing
methods such as solution chemistry. Molecular modeling has been used to support the
potential existence and stability of such
materials.
Then comes the second big idea, getting
these molecular machines to make copies of
themselves, which then make copies of
themselves, which then make copies, and so
on. This would lead to exponential growth of
tiny machines that could then be used to
Image of a nanopump designed by K.
construct macroscale objects from appropriate
Eric Drexler (Source: Institute for
molecular feedstocks, and with no wastage. In
Molecular Manufacturing)
theory, large, complex structures could be
built with atomic precision out of something
as robust as diamond, or similar 'diamondoid' substances. This is molecular manufacturing.
These ideas were first made widely known by Dr. K. Eric Drexler in his 1986 book
Engines of Creation, and have since then found their home at the Foresight Institute
(www.foresight.org) and the Institute for Molecular Manufacturing (www.imm.org).
Drexler followed up in 1992 with a more technical look at the subject in his book
Nanosystems, and is currently working on an updated edition of Engines of Creation.
The potential of such technology to change our world is indeed truly staggering, if it can be
realized. Whether it can or not is a subject of debate, sometimes fierce. There is, though, an
unassailable argument for the feasibility, in principle, of self-replicating machines that
construct things on a molecular level, this being that they already exist—all living things,
including ourselves, are built this way. However, Drexler also went on to outline scenarios
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for making and organizing armies of programmable assemblers. These scenarios are quite
different from what we see in nature and here there is certainly more room for debate,
especially about matters of complexity, control, and the practicability of making
assemblers general purpose (molecular machinery in nature is generally very specific in
function, but operates in concert with a host of other machines in a hugely-complex
orchestrated effort that is still poorly understood). It has been argued that approaches more
akin to those used by nature might be more fruitful than some outlined by Drexler. On the
other hand, nature's technology has evolved by chance. Conscious design could in principle
allow the creation of machines and materials that nature never produced.
If you accept that general-purpose, programmable assemblers can be constructed, you still
have to be careful about predicting what they could make. Building up a three-dimensional
structure purely out of diamond, even one with a complex shape, is a relatively simple
programming task. Making a steak, which is in turn made of cells, which are themselves
vastly complex machines, is another matter altogether. Drexler never made such a
suggestion, but it and similar have appeared in the media, which has done nothing to
promote public understanding or reasoned debate.
Drexler speculated extensively on the possibilities of molecular machines and saw the
potential for not only a dramatic impact on society the world over, but also dangers. The
most famous, and contentious, of these is the prospect of self-replicating assemblers
getting out of control and consuming everything in their path to make more copies of
themselves, turning everything into a 'gray goo' in the process. This prospect has recently
been brought to the attention of the public by environmental pressure groups (and Michael
Crichton's book, Prey, covers a different, and even more fantastic, scenario involving outof-control nanobots).
There are good arguments against such an apocalyptic scenario, some of which are
presented
on
the
Foresight
Institute's
own
web
site
(http://www.foresight.org/NanoRev/Ecophagy.html), but a replicating machine could
certainly present dangers comparable to a genetically engineered virus, and probably
worse. But there is a big difference. Genetically engineered viruses represent a plausible
threat in the relatively near future while the prospects for creating a single assembler, let
alone a self-replicating one, are distant.
However, Drexler's recognition of the potential impact and dangers of self-replicating
assemblers, as far off and speculative as they may be, led him to decide that it wasn't too
early to start preparing for them. A part of the mission of the Foresight Institute, and the
research-oriented Institute for Molecular Manufacturing, is to do just that. Their guidelines
for
developing
molecular
nanotechnology
responsibly
are
outlined
at
http://www.foresight.org/guidelines/current.html.
Assuming that a molecular assembler, as envisaged by Drexler, can be made (and be made
to be economically productive), it won't be for some time yet—even the optimists talk
about a period of ten to twenty years or more. However, current work on molecular
nanotechnology is not completely limited to theoretical papers and computer models. The
company Zyvex, which bills itself as the world's first molecular nanotechnology company,
has recently teamed up with some respected academic groups and attracted government
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funding to work on building assemblers, starting at the microscale but, hopefully, moving
down to the nanoscale.

© Científica 2003

Page 60 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Technology opportunities
Nanostructured materials

Molybdenum disulfide (MoS2)
nanocrystals. Institute of Physics
and Astronomy and CAMP Center
for Atomic-scale Materials Physics,
University of Aarhus

A nanostructured material can be considered to be
any material that has a feature of interest in at least
one dimension that is nanoscale (under 100 nm),
but definitions, as with so much in nanotechnology,
vary. This clearly could include a vast variety of
structures, both man-made and natural but will be
considered here to refer to new and emerging
materials. Thus, included in the term here are
structures that are nanoscale in all directions, such
as some nanoparticles and quantum dots, nanoscale
containers such as capsules, crystalline materials
such as metals where the crystals are nanoscale,
wires with nanoscale thickness, materials with
nanoscale holes, and so on.

In materials, things start to behave differently at the
nanoscale. The bulk materials that we have
traditionally dealt with are uncontrolled and
disordered at small scales. The strongest alloys are
still made of crystals the size and shape of which we control only crudely. By comparison,
a tiny, hollow tube of carbon atoms, called a carbon nanotube, can be perfectly formed, is
remarkably strong, and has interesting and useful electrical and thermal properties. As
particles get smaller, the material's properties change—metals get harder, ceramics get
softer, and some mixtures, such as alloys, may get harder up to a point then softer again.
The way light and other electromagnetic radiation is affected by them (e.g. whether light is
absorbed or not) also changes. This can lead to a material becoming transparent once the
particle size is small enough, a property that has already found application in sun screens
and polymers for packaging (note that in the sun screen products the transparency only
relates to visible light—they continue to absorb shorter-wavelength ultraviolet).
A material that is atomically precise in structure, such as an ideal carbon nanotube,
displays quite different properties from the equivalent bulk material where the atomic
structure and constitution varies randomly. Nature has mastered the art of using
nanostructures to create strength, as is witnessed by a seashell, which is chemically
essentially chalk, but very hard and lightweight. Nacre, or mother of pearl, is a natural
nanostructured material.
Some nanostructured materials have been around for decades, even ignoring
nanoparticulate carbon black in tires or nanoparticles in glazes on Ming-dynasty pottery. In
the 1930s vapor phase processing methods were first used by companies like Degussa and
Wacker Chemie to make nanocrystalline nanoparticles.
Evaluation of opportunities and market size predictions at such a high level are not
particularly useful here because of the diversity of technologies, applications and products.
This also means that such predictions can easily be off mark. Merrill Lynch, in a small
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report in late 2001, estimated the market for nanostructured materials 'in volume' to be $520 billion, though they gave no indication of their criteria for this figure, nor did they
indicate that this is probably a figure for the size of the market in which nanostructured
materials may have an impact, i.e. the potential market—certainly sales of new
nanostructured materials at the time were nowhere near this, and are still probably well
short of the lower liit. The potential market for nanostructured materials and their products
is, however, unquestionably very large (Merrill Lynch's figure is probably quite modest),
because of the range of new or improved properties that are likely to appear in materials,
and because of the size and range of markets in which they might find application.
Whether the potential will be realized in all markets where an impact could be envisioned
remains to be seen, but the probability of significant incursions into many existing large
materials markets, such as the automotive and aerospace markets, looks very high, and is
already starting.

Nanocrystalline materials
Introduction to nanocrystalline materials
This section covers bulk nanocrystalline materials and coatings. Metals and ceramics
(these being metal oxides in the context of this report), both bulk and in coatings, make up
most of the content of this section. Both these materials are generally made up of crystals
the size of which are measured in micrometers. Reducing the size of the crystals can have
quite dramatic effects on the properties of the bulk material, particularly increasing
strength.
The creation of nanocrystalline materials is in its infancy. A few companies are starting to
commercialize products and significant growth can be expected, penetrating the huge
markets for structural materials and coatings. The new products will not be without
competition from other materials, especially nanocomposites, but there are markets where
these new materials will be the favored choice in the future.
Nanostructure and properties

Bulk metals and ceramics and coatings
Metals and ceramics are generally polycrystalline, meaning that they consist of many
randomly oriented crystalline regions, or grains. Reducing the size of the grains (also
referred to as crystals or domains) in existing materials can have a big impact on bulk
material properties. As the grain size in a metal, for example, moves into the nanoscale, an
increasing proportion of the atoms in the solid are found on grain boundaries, where they
behave differently from those not on boundaries. Their behavior starts to dominate the
behavior of the material (at roughly 5 nm, 50% of the volume will be grain boundaries).
Note that a nanocrystalline material need not just be a bulk solid or surface but can be a
powder, or nanopowder, thus there is overlap of the use of the terms nanocrystal and
nanoparticle for some materials. In general, though, the important properties of
nanocrystalline nanoparticles stem from their nanoparticulate nature and will not be
considered here (this applies, for example, to nanocrystalline semiconductor quantum dots,
where size is the critical property). This section will focus largely on bulk nanocrystalline
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materials. Nanopowders can, however, be the source material for making nanocrystalline
solids and coatings.
It is often stated that as grain sizes move into the nanoscale, metals get stronger and harder
(and more brittle) while ceramics become more ductile (malleable). This is an
approximation, though, and in fact the reality is more complex and dependent on what part
of the nanoscale the grain sizes are in. The approximation stated works, for example, in
metals with grain sizes down to about 10 nm, below which a decrease in hardness and
strength is seen. In ductile nanocrystalline ceramics, grain sizes are often below this size.
The traditional theory behind the change in hardness with grain size is the Hall-Petch
relation, which states that hardness increase is inversely proportional to the square root of
the grain size (the basis of the effect, put simply, is the limiting of the spread of
dislocations, or breaks in the crystal structure, by an increasing number of grain
boundaries). This makes for dramatic increases in hardness when going from normal grain
sizes to around 10-20 nm.
(Note that grain size is not the only way in which the spread of dislocations can be
controlled—creating layered materials can achieve the same effect.)
Other properties of nanocrystalline metals, apart from increased strength and hardness,
include higher electrical resistance, increased specific heat capacity, improved thermal
expansion properties, lower thermal conductivity and improved magnetic properties.
In ceramics, the increase in ductility when they become nanocrystalline is accompanied by
improved toughness (the ability to withstand an impact or applied strain), or reduced
brittleness, and improved ability to bond to a metal component. The toughness leads to
increased wear resistance (2-4 times that of a traditional ceramic coating) but, somewhat
counter-intuitively, grinding and polishing, which is often performed after laying down a
ceramic coating, is actually easier with nanocrystalline ceramics.
Increased ductility is especially valuable in ceramics, where brittleness is often a major
problem, and superplasticity has been observed in both nanocrystalline metals and
ceramics at around 200°C, making for easier forming of materials. The most important
impact of increased ductility in ceramics is on ceramic coatings for machinery that resist
wear and corrosion. These materials generally fail not because of wear but because of
insufficient toughness.
Research into new nanocrystalline ceramic coatings holds promise, with materials such as
tungsten-carbide cobalt, chrome oxide and yttria stabilized zirconia being investigated.
The ductility of nanocrystalline ceramics also creates the possibility of drawing them into
wires, offering applications based on the superconducting properties of some ceramics.
In metals it is the improved strength that is most sought after, and the increased stiffness
can actually be a problem, since ductility is useful not just in manufacturing but also in
terms of behavior on impact, an important consideration in cars, for example.
To give an idea of the changes that can be achieved in metals, Rensellaer Polytechnic
researchers measured the strength of nanocrystalline copper and found it to be 5 times
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harder than conventional copper. In fact today's strongest steels have about 10% of the
theoretically possible maximum strength.
Loss of ductility in nanocrystalline metals can actually be avoided. This can be achieved
by creating a mixture of nanoscale and microscale grain structures. Late in 2002,
researchers at Johns Hopkins University managed to create copper that was 75%
nanocrystalline with 25% of microcrystalline grains dispersed in the material. It proved to
be 5-6 times the strength of normal copper but without any loss in ductility. A ceramic
structure with microscale grains embedded in a predominantly nanocrystalline matrix has
also been found, by the US's Office of Naval research, to produce the best properties for
their aluminum and titanium oxide ceramic coatings.
Note that there are competing approaches to making stronger steels while retaining
ductility. Traditional steel has carbon particle inclusions; in 2001, a group at NKK in Japan
demonstrated a way of including nanoparticles in the rolling process for steel to make these
inclusions smaller, resulting in a new steel that is significantly stronger than existing
varieties but with the formability required for uses in creating car engine parts or body
components. Toyota, which was involved in the project, is already using the new steel.
Alternatively, crystalline structure can be avoided altogether, by creating amorphous
metals, in which there is no particular pattern in the atomic order (glass is a classic
example of an amorphous material). In 2001, the US Department of Energy's Idaho
National Engineering and Environmental Laboratory developed a spray-on super-hard (and
corrosion-resistant) steel amorphous coating that proved remarkably resilient, approaching
the best tungsten-carbide coatings in hardness (the application of heat can convert this
amorphous coating into a nanocrystalline form), with both strength and hardness reaching
45% of the theoretical maximum. While only coatings have been achieved so far, the hope
is to be able to build thick industrial steel sheets out of this material.

Chemical reactions and catalysis
Increased reactivity is also seen in bulk nanocrystalline materials because of increased
surface area. This can be useful with respect to direct chemical reactions or in terms of
catalytic activity. An example is the lithium tin nanocrystalline alloy made at Brookhaven
National Labs early in 2002, in which the 20-30 nm grain size gave improved reactivity,
and potentially a more powerful battery. Also, back in 1999, researchers at MIT started
creating nanocrystalline high temperature catalysts (used, for example, in the catalytic
combustion of natural gas—an area of great interest at the moment) that could be created at
lower temperatures than were normally required but would still withstand the high
operational temperatures.
Nanostructured cerium ceramics have been shown to offer catalytic activation for sulfur
dioxide reduction and carbon monoxide oxidation at significantly lower temperatures than
traditional versions of these catalysts, and they have also shown greater resistance to
poisoning (the loss of catalytic reactivity caused by contaminants). Some materials only
develop catalytic activity once they become nanostructured, an example being cadmium
selenide, which is not normally photocatalytic but becomes so when nanocrystalline, and
offers the ability to 'fix' (a term taken from photosynthesis) waste carbon dioxide.
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Other nanocrystalline materials of note
Nanocrystalline and nanoporous silicon showed promise in a few research results in 2001
because of their ability to emit light. Nanocrystalline silicon has properties, in addition to
electroluminescence (of interest for semiconductor laser applications), such as
photoluminescence, thermally-induced acoustic emission, and refractive index changes that
can be controlled. The attraction here is the compatibility with silicon-based electronics.
Not much research of note has been seen in this area in 2002, however.
Towards the end of 2002, though, nanocrystalline nanoporous silicon was shown to have a
property applicable to a very large and dynamic market, that of flat panel displays.
Researchers at Tokyo University created nanocrystalline silicon film with a pore structure
that varied with depth and in which the electrons could be accelerated to the surface,
creating what the researchers called a 'vacuum-less cathode-ray tube'.
Nanocrystalline diamond is another interesting
material. Argonne National Laboratory created a film
of diamonds that are only 3-5 nm across (each
containing around 1000 atoms) by using buckyballs
(molecular cages of 60 carbon atoms) as a feedstock.
The tiny size changed the electrical properties of the
diamond film, when compared with normal diamond
films, because of electron transport at grain boundaries
(aided by nitrogen), meaning that the diamond can be
made to behave as a semiconductor (researchers at
CSEM in Switzerland have achieved similar results).
The advantage of diamond over silicon is its ability to
tolerate extreme environments. It also exhibits much
less friction than silicon, and is much stronger, which
may be useful in microelectromechanical systems.
The relationship between nanocrystals and magnetism
holds the possibility of making stronger permanent
magnets. Grain size is already a factor in magnetic
materials that is controlled to achieve desired
properties, especially the smallest possible magnetic
domains in recording media. Below a certain size a
TEM image of (hcp) Co
grain is liable to spontaneously switch its magnetic
nanocrystals (NCs). Colloidal
orientation (this relates to the superparamagnetic
synthetic methods allow Co NCs
limit). The latest materials for recording media have
to be produced in several distinct
elongated grains that allow the total volume of a grain
crystal polymorphs with varying
to remain above the limit while presenting a smaller
degrees of crystal perfection.
surface profile. Theoretical limits are being
Courtesy of IBM.
approached in this area but in permanent magnets there
is still a lot of scope, with some suggesting that 4-5
times the strength of current permanent magnets could be achieved if the ideal grain
structure could be attained.
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Finally, it should not be forgotten that nature is a master of nanomaterials and
nanocrystalline materials are no exception. Many groups are working on borrowing from
nature to make nanostructured materials, either by emulating natural processes or by
modifying biomaterials directly (for example, by taking the shells of tiny marine
organisms, called diatoms, and chemically modifying them). However, natural materials
like this are not generally nanocrystalline in the sense of having multiple nanoscale crystal
domains, but tend to be instead a more globally structured crystalline form. An example of
some work done in this area, which does indeed produce a nanocrystalline material as an
approximation of the material that nature produces, is research done on hydroxyapatite by
MIT.
Hydroxyapatite is the main mineral component of bone and synthetic versions tend not to
be anywhere near as strong as natural ones. MIT's version was built by coalescing
nanoscale particles into a solid that was much closer to the strength of bone than traditional
synthetic versions.
Production techniques
Materials can be made nanocrystalline using quite a wide variety of techniques.
For coatings, new techniques, such as pulsed laser deposition or electrodeposition, or
variants of chemical vapor deposition techniques, have been developed that can coat a
surface with nanocrystalline metals, semiconductors and other materials.
Thermal spraying is an increasingly popular way of converting the new generation of
nanopowders into nanocrystalline coatings—heat is used to partially melt the powders so
that they fuse when they form the coating. Varying the amount of melting can lead to
different structures. A variation of this technique, using a plasma (a hot, ionized gas) into
which nanoparticle agglomerates are fed, is used to produce the ceramic coating used by
the US Navy (previously mentioned) and other ceramic coatings. The nanostructure is
created by retaining some of the original nanoparticle structures (thus only limited melting
can be allowed), or by mixing nanoparticles with different melting temperatures, or by
allowing the nanostructure to form in the applied coat through the combining of nonmiscible materials. This approach was used to achieve the useful mixture of nanoscale and
microscale grains.
Electrodeposition is an old coating process but has been successfully customized to
produce coatings with grain sizes down to 5 nm. It is a commercially attractive process
because it can be carried out at room temperature and can be used for large-scale
production.
To create bulk materials that are nanostructured in three dimensions, powder compaction,
crystallization of initially amorphous material, and severe plastic deformation processing
are the leading methods but approaches such as electrodeposition have also been used.
Powder compaction methods involve first producing nanoscale particles which are
subsequently fused together using combinations of pressure and heat. Nanoparticles can be
made to partially melt and fuse at temperatures below the normal melting point of a
material. These methods have been limited by the challenge of controlling contamination
or oxidation of the high surface area particles that are the raw material, and the resulting
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materials also tend to be porous, but the methods offer the advantage of being able to
combine different particles to create nanocomposites.
Severe plastic deformation (SPD) processing techniques are applicable mainly to metals.
These methods all take advantage of the ability of the crystals within metals to subdivide
into domains as small as 20 nanometers when they are subjected to large shearing strains
while under high pressure, though crystal sizes a little below 100 nm are more common.
The strain can be applied in a number of ways, such as extrusion, bending or twisting, or
rolling.
SPD approaches have the advantage over powder methods for bulk solids that they can
create nanocrystalline materials with minimal porosity and contamination.
SPD is scalable and is thus being pursued for commercialization. However, there is an
inevitable additional cost and sometimes the resulting material contains unwanted stresses.
The super-strong but ductile copper made at Johns Hopkins University used a variant of
deformation processes. Rolling created the nanostructure and subsequent annealing (a
process involving heating to below the melting temperature, usually used to relieve
stresses) led to the formation of some micrometer-sized grains.
Purdue University researchers made a serendipitous discovery in mid 2002 that seems
obvious in retrospect. Shavings from working metals are, of course, subjected to great
stress. The Purdue researchers discovered that the materials are often nanocrystalline as a
result, offering the possibility of making nanocrystalline bulk materials out of waste that
would normally be melted down and recycled.
Crystallization of amorphous materials can produce the finest scale nanostructures, but is
limited to materials that can be first put into an amorphous state. However, approaches
such as sol gel allow the creation of a wide variety of materials with a very well-controlled
nanostructure (if not necessarily nanocrystalline) and have been used to make ultra-nonstick ceramic coatings.
The lithium tin nanocrystalline alloy made at Brookhaven National Labs, which was used
as a high-performance electrode, was created using a rather original technique, reacting
lithium hydride with tin oxide, but with more of the former than was needed to react fully.
This produced a lithium tin alloy with lithium oxide left over. Repeatedly adding and
removing hydrogen produced a nanocomposite with grain sizes of 20-30 nm. The
researchers say that other elements that form stable metal hydrides could be used to make
nanocomposite materials with this method, with potential applications not just in batteries
but also in catalysis.
Opportunities for nanocrystalline materials

Structural materials and coatings
The largest opportunities for nanocrystalline materials are for nanocrystalline metals as
bulk structural components in the automotive, aerospace and construction industries, but
nanocrystalline metals could serve to replace existing structural metals or alloys virtually
anywhere they are used. The market for steel alone is significant, estimated at $58 billion
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in 2000. However, in structural components, such as the bodies of cars or aircraft, there is
likely to be competition from new nanocomposites. In the near term, composites based on
silicate fillers are already being produced and used in cars, but currently it does not look as
if these nanocomposites will displace most existing metal/alloy applications, even without
the existence of improved nanocrystalline versions.
Serious competition may come, however, from nanotube and nanofiber composites. The
dynamic in the huge automotive market is a complex trade-off of performance against cost
that will continue to change over many years to come. Carbon fiber composites are already
superior to steel in most ways but cannot compete in applications other than aerospace and
some niche areas because they remain much more expensive. However, prices are
dropping rapidly and greater penetration of the markets dominated by steel (or aluminum),
such as the automotive market, is expected to be achieved within the next couple of years,
when carbon fiber is likely to be close to half the current price. Carbon fibers, however,
may be overtaken in this area by vapor-grown carbon nanofibers, which are created using a
simpler method and are predicted by at least one manufacturer to come down to $1 a pound
within two years (compared to around $8 a pound for carbon fibers). They are superior to
carbon fibers in tensile strength so could compete very effectively if their properties can be
leveraged in composites. Nanocrystalline bulk metals will have to compete with such
materials, but if the extra production costs over traditional metals are not great, a severalfold increase in strength offers a significant cost reduction through a requirement for less
material.
Further down the road, there is the prospect of composites based on single-walled
nanotubes that will put to shame even the best theoretical properties of metals. Prices of
such composites may be competitive in aerospace applications as soon as 2006, but it will
be a while longer before they can compete in the automotive market.
Potential competition in markets such as automotive and construction also comes from the
amorphous steel coating developed at Idaho National Engineering and Environmental
Laboratory. Researchers there have proposed using it to coat lightweight aluminum (which
is seeing increasing use in high-performance cars) to make it stronger. The steel developed
by NKK (mentioned earlier) could also compete and has some other interesting
applications too, such as rail lines, where the material gets stronger with use.
In the construction market the promise for new metals looks greater because, unlike in the
automotive market, weight is not such an important factor. However, the long-term
behavior of the new steels is not well established and construction is a cautious industry.
Uptake may thus be slow and manufacturers have not yet started producing the large steel
components required for construction in nanocrystalline form.
Another area that looks quite promising for nanocrystalline metals is that of machine parts,
such as in engines. In these cases their superior response to temperature (less expansion
under temperature increase) counts in their favor. Ceramics can compete on this front but
traditionally have been too brittle. However, nanocrystalline ceramics are more ductile and
may prove viable in components requiring strength, high wear-resistance and tolerance to
high temperatures. Currently, though, the main focus for nanocrystalline ceramics is on the
existing market for ceramic coatings (covered later).
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Manufacturers in the aforementioned areas are well established and generally large, and
thus entry into the market for small players will be difficult if they are trying to capture the
value chain right up to component manufacture. However, owning IP on new processes for
creating nanocrystalline materials does offer small players the possibility of selling or
licensing the IP. Coatings and treatments also offer an opportunity for small, specialist
companies to create a substantial service business. This is an area on the cusp of
commercialization and one company that fits this model, Integran, claims to be the world's
only producer of 'fully-dense bulk nanocrystalline and grain boundary engineered
materials'. Integran offers both coating and treatment services, using electrodeposition for
the coating and a thermomechanical process for their 'grain boundary engineering'. The
treatments offer both physical resilience and improved resistance to corrosion (note that the
corrosion resistance is not a result of the nanocrystalline nature of the coating but the fact
that a corrosion-resistant material can be given the strength required to be used where
previously only stronger, but corrosion-sensitive, materials could be used).
Nanocrystalline ceramic coatings offer lower friction, increased toughness and greater
resistance to heat and chemicals. As previously noted, they are already in use in machine
parts in US Navy submarines and ships. Since some of the processes used to create
nanocrystalline ceramics involve little change from traditional processes, costs should be
low and these materials could reasonably be expected to displace traditional ceramic
coatings in much of the market. Incumbents are likely to continue to dominate the market,
licensing IP on new processes as necessary. The market for ceramic coatings is significant.
Thermal spray coatings represented a $1.35 billion market in 1999, with 40% of this in the
aerospace industry (turbine blades, rocket thrust chamber linings etc.) and a similar
percentage in biomaterials.
The only technology that looks as if it might compete at some point in the area of
traditional ceramic coatings, and bulk ceramics, is that of ceramic nanotube composites.
Researchers at the University of California, Davis, demonstrated such a composite that had
three times the fracture toughness of normal ceramics. However, such materials are a long
way off and processing costs may keep them uncompetitive even when nanotube costs
drop to reasonable prices.
In less high-performance and high-temperature coating applications, nanocrystalline
ceramics do not seem to hold much promise at the moment, especially with competing
technologies being developed based on nanoparticle composites (usually ceramic
nanoparticles) or sol-gel approaches covering everything from non-scratch floor tiles or car
bodywork to non-stick frying pans. The broader ceramic market, covering everything from
tiles to crockery, worth about $5 billion, may see some high-end penetration.
There is an interesting case where ceramic coatings may displace part of a coating market
currently dominated by another material, this being the hard chrome coating market, where
they could be cheaper and environmentally benign. The reason that this market may be
penetrated is that nanocrystalline ceramic coatings overcome the weak bonding to metals
that has been the main barrier to their application in such places in the past. Such coatings
are already being used on titanium components of submarines and ships exposed to
seawater, where they limit induced corrosion on nearby steel structures and resist the buildup of deposits. The market for hard coatings for metals was put by one commentator at
$7.5 billion.
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Thermal barrier coatings also benefit from being nanocrystalline, owing to lower thermal
conductivity, and these could be either metal or ceramic.

Medical
New nanocrystalline forms of titanium are being developed for biological applications.
Titanium is generally the metal of choice for structural implants (knee and hip joints, for
example) and nanocrystalline versions offer greater strength without loss in ductility.
Metallicum LLC is an example of a company particularly devoted to this area.
The same application space may also see the use of nanocrystalline ceramics made from
the natural material found in bones, hydroxyapatite.
The increased reactivity of nanocrystalline metals has been leveraged in antibacterial
dressings containing nanocrystalline silver by the company Nucryst.

Other applications
Nanocrystalline silicon was shown in 2001 to be capable of stimulated light emission,
potentially opening the way to a silicon laser. In theory this might allow lasers to be built
straight into integrated circuits, offering substantial cost savings for existing laser-based
devices and new opportunities in optics and optoelectronics, but such applications
currently remain speculative.
Equally speculative, but maybe more promising in terms of achievability, is the use of
nanoporous nanocrystalline silicon to generate electrons for flat panel displays that will not
need a vacuum. However, apart from the fact that this work is at the basic research stage,
there is keen competition from a variety of other technologies and these are being
commercialized now or will be in 2003 and 2004.
Ceramics have over recent years been made that are superconducting at ever higher
temperatures, some now at the temperature of liquid nitrogen, which is quite manageable
on large scales and thus opens the opportunity of building superconducting power
transmission lines. Working prototypes of such lines are already being commissioned, for
example in Sweden. Opportunities here are likely to revolve around strong IP on new
processes. However, if the use of superconducting ceramic wires for power transmission
becomes widespread, this constitutes a new, potentially very large, market and thus the
opportunity for the creation of new, large companies.
Nanocrystalline diamond, which can be semiconducting, holds promise in
microelectromechanical systems and electronics where extreme conditions need to be
tolerated. Large-scale adoption in microelectromechanical systems is unlikely in the near
future since traditional silicon-based approaches are well-established and cheap, but
applications do already exist in microelectromechanical systems, biosensors, electron
sources and coatings to lower friction and reduce wear. Space applications may drive the
adoption of nanocrystalline diamond in electronics. There is at least one company already
commercializing nanocrystalline diamond coatings, Advanced Diamond Technologies.
As previously mentioned, magnetic recording media already deploy nanoscale grains,
although it is debatable whether the resulting materials qualify as nanocrystalline materials.
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The same could be said of nanocomposite permanent magnets, which are already
manufactured and are among the strongest magnets available. However, they are still well
below what could theoretically be achieved and nanocrystal magnets may offer significant
improvements, although there is still a lot to be understood in this area. Stronger permanent
magnets could have applications anywhere permanent magnets are currently used, from
cell phones to computers, but could also find new applications, such as in levitating trains,
where electromagnets are currently used.
The increased reactivity of nanocrystalline materials may find application in catalysis, with
environmental remediation, from the breaking down of emissions such as carbon monoxide
and sulfur dioxide, to sequestration of the greenhouse gas carbon dioxide, currently being
looked at, if not showing any immediate promise of commercialization.
More activity is being seen in batteries and fuel cells, where nanocrystalline metals make
better electrodes. One example of research relating to batteries was covered earlier, but
other groups, such as the company Altair Nanotechnologies, are looking at applying
nanocrystalline materials to both batteries and fuel cells. Corning Inc. has also been
researching this area and Mitsui Metals has created a hydrogen storage material by
alloying metal nanoparticles. In batteries, Integran advertises its grain boundary
engineering process as a way of increasing the cycle life of lead acid batteries.
Sumitomo is using nanocrystalline nickel to reduce cross-talk (a form of interference)
between electrodes used to analyze and test integrated circuits.
Companies working with nanocrystalline materials
As mentioned earlier on in this section, the focus here is on materials where the
nanocrystalline nature is the important property. Thus companies dealing with
nanoparticles where the nanocrystalline nature is incidental, including quantum dots and a
variety of nanoparticles, are not included here but are covered in separate sections.
Company_name

Country

URL/Contact

Advanced Diamond Technologies

USA

http://thindiamond.com/atd

Advanced Metal Technologies (AMT)

Israel

ast@amt.co.il

Altair Nanotechnologies

USA

www.altairnanotechnologies.com

AMT (Advanced Metal Technologies)

Israel

amt@amt.co.il

C. I. Kasei Co. Ltd (Itochu Corp.)

Japan

www.cik.co.jp

Corning

USA

www.corning.com

Integran

Canada

www.integran.com

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Material Methods

USA

Materials Modification

USA

www.matmod.com

MBN

Italy

www.mbn.it

Metallicum

USA

www.metallicum.com

Mitsui

Japan

www.mitsui.co.jp

Nanocrystals Technology (NCT)

USA

www.nanocrystals.com

NanoMat

USA

www.nanomat.com

Nanopac Technologies

USA

colaizzi@erols.com
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Nanophase Technologies

USA

www.nanophase.com

Nucryst Pharmaceuticals

USA

www.nucryst.com

Reactive NanoTechnologies

USA

www.reactivenanotechnologies.com

Sumitomo Electric Industries

Japan

www.sei.co.jp

The Welding Institute

UK

www.twi.co.uk

UHV Technologies

USA

www.uhvtech.com

Vacuumschmelze

Germany

www.vacuumschmelze.de

Nanoparticles
Summary
Nanoparticles are a well-developed, longstanding technology and represent one of the most
established and widely commercialized areas of nanotechnology. Wholesale use of
nanoparticles, such as carbon black in tires, has been established in industry for decades. In
such early uses, though, the material's nanoparticulate nature was not deliberately and
knowingly controlled because an understanding of nanoscale properties was lacking. Only
recently has the emergence of this understanding led to a new generation of nanoparticles
and a wealth of new possibilities for their application. In the last few years many new
production techniques for nanoparticles have been developed, offering improved size
distribution and precise control of shape and consistency. Because of these advances, new
applications for this technology are being identified and are reaching the market all the
time.
The estimated market for nanoparticles in 2002 was $500 million. According to Business
Communications Co. Inc., the total world market for nanoparticles is expected to rise at a
12.8% annual growth rate, exceeding $900 million in 2005. The market using
nanoparticles in the polishing of silicon chips is one of the largest and best-established
segments, with a growing business of $100 million.
The use of nanoparticles in biomedical, pharmaceutical and cosmetic applications is newer
and the result of our increased understanding of and control over nanoparticle properties.
In 2002 this segment was, according to BCC, responsible for $115 million in sales and this
is expected to rise to $145 million by 2005 at an annual growth rate of 8.3%. This figure,
however, under-represents the economic impact of such applications as it is based on raw
material. The quantities of nanoparticle starting material used in these applications are
often not that great. However, the value of the applications themselves will be much
higher. Medical applications are especially likely to provide a host of new treatments and
devices. Nanoparticles are finding unique applications in drug delivery, bioanalysis,
imaging of human tissue, orthopedic biomaterials and gene delivery. Medical researchers
at university, government, and corporate laboratories are working with nanoparticles in
anti-cancer treatments and promising candidates are already in advanced stages of clinical
trials.
The already significant market for nanocomposites in the automotive, packaging and
coating industry continues to expand. Because of their enhanced material properties,
nanocomposites are expected to continue to replace numerous existing materials in these
areas in the near future. Their use in various car parts results in weight savings, smoother
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surfaces, increased heat resistance, enhanced scratch resistance, and increased strength. In
the packaging industry, the focus is on the use of nanoparticles in high-barrier plastics,
which reduce the diffusion of gases across the packaging, resulting in an increased shelf
life of food and beverages. There is a wide variety of protective coatings with a plethora of
applications. Coatings offer properties including non-scratch, non-stick (including antigraffiti coatings), anti-static, anti-glare, water-repellant, or dirt-repellant, and increased
resistance to wear, heat, or chemicals.
Opportunities for nanoparticles in the area of computers and electronics encompass their
use in computer chip components. A very interesting development in this field involves the
incorporation of nanoparticles in inks that can be used to print electronic circuits using
conventional printers or nanoprinting techniques. With the market for semiconductor
devices at $300 billion, this novel and highly economical printing technology clearly has
great potential.
There has been much recent activity involving the use of nanoparticles to detect and
sometimes destroy chemical and/or biological warfare agents such as anthrax.
Antibacterial, algae-protecting, and fungicidal products have also been developed and
other defense-related applications are being pursued such as remote detection of chemical
or biological agents and concealment technologies. This area of development may also
yield dual-use materials that will have broad commercial applications.
The ever-growing demand for nanoparticles with specific properties for applications in the
markets described above also has a large impact on their production techniques. In order to
comply with future requirements for nanoparticles it is increasingly important to have
complete control over their size, shape, consistency, and composition. Consequently,
existing manufacturing techniques are being continuously refined while at the same time
novel production methods are being developed.
As the number of applications for nanoparticles in high-tech areas (electronics, medical)
continues to increase, so does the number of joint ventures between companies and the
number of collaborations between companies and research institutions. It is probably fair
to say that there is now more activity relating to what can be done with nanoparticles and
how to do it than relating to making the nanoparticles themselves.
Prospects for bulk producers of nanoparticles currently look good, especially in the area of
nanoclay composites, but here there is significant competition on the horizon from
nanotube composites, at least when it comes to one of the most desirable properties,
strength. Nanotubes are also likely to eventually dominate in the production of conducting
composites. Many of the most promising applications of nanoparticles represent much
smaller volumes of raw material than are seen in the bulk composites market, although the
volumes are not insignificant, examples of such areas being coatings and catalysis. The
greatest opportunities here come from moving up the value chain to being the supplier of
coatings, for example, rather than just the raw nanoparticles used to create them. This
applies even more so in the booming area of medical applications, where raw material
volumes are small but the value of the resulting applications may be 50 to 200 times the
cost of materials. The gulf between the skill sets required to produce nanoparticles and
those required to create a new drug delivery, imaging, or detection technology argues that
nanoparticle manufacturers will see little of the created value of such products and making
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the right choice of partners will be all-important. Even then, the value in raw materials will
not be particularly attractive. This leaves the greatest value in these new technologies quite
open to newcomers, including small players, although the major pharmaceutical companies
are likely to dominate the drug delivery space.
Awareness of this dynamic can be seen in the activities of many nanoparticle
manufacturers, with little attention being given to medical applications but a lot being
given to improving competencies in areas such as the creation of coatings using chemical,
thermal spray and other techniques. The cost and requirements of Good Manufacturing
Practice (GMP) regulations for medical applications has reinforced this trend. Such moves
represent a relatively small step technologically, and one that will often be achievable
through acquisitions, but a significant step up the value chain. Long-established powder
manufacturers are well placed to take this step but some show signs of being slow to react.
Scope of this section
The term 'nanoparticle' is a very general one and is often used to cover materials that are
better described using other terms. Occasionally it has been used to describe dendrimers,
which are globular polymers and examples of state-of-the-art molecular engineering. This
section does not include dendrimers, which are given their own section, under the term
nanoparticles. Calling quantum dots nanoparticles (or nanocrystals, as is often done) is less
incorrect but detracts from the fact that it is their quantum mechanical properties that are of
interest rather than their nanoscale size, although the former are indeed a function of the
latter. Quantum dots also deserve separate treatment and have their own section.
Nanoparticles are often crystalline and end up being referred to as nanocrystals. Such
materials are included in this section but nanocrystalline bulk materials, i.e. those that
contain nanoscale crystalline elements but not separate nanocrystals, are dealt with in a
separate section.
Introduction to nanoparticles
The transition from microparticles to nanoparticles can lead to a number of changes in
physical properties. Two of the major factors in this are the increase in the ratio of surface
area to volume, and the size of the particle moving into the realm where quantum effects
predominate.
The increase in the surface-area-to-volume ratio, which is a gradual progression as the
particle gets smaller, leads to an increasing dominance of the behavior of atoms on the
surface of a particle over that of those in the interior of the particle. This affects both the
properties of the particle in isolation and its interaction with other materials. High surface
area is a critical factor in the performance of catalysis and structures such as electrodes,
allowing improvement in performance of such technologies as fuel cells and batteries. The
large surface area of nanoparticles also results in a lot of interactions between the
intermixed materials in nanocomposites, leading to special properties such as increased
strength and/or increased chemical/heat resistance.
The transition from classical mechanics to quantum mechanics is less gradual. Once
particles become small enough they start to exhibit quantum mechanical behavior. The
properties of quantum dots (covered in a separate section) is a case in point. These are
sometimes called artificial atoms because free electrons in them start to behave in a way
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similar to electrons bound by atoms in that they can only occupy certain permitted energy
states.
Additionally, the fact that nanoparticles have dimensions below the critical wavelength of
light renders them transparent, a property which makes them very useful for applications in
packaging, cosmetics and coatings.
Some of the properties of nanoparticles might not be predicted simply by understanding
the increasing influence of surface atoms or quantum effects. For example, it was recently
shown that perfectly-formed silicon 'nanospheres', with diameters of between 40 and 100
nanometers, were not just harder than silicon but among the hardest materials known,
falling between sapphire and diamond.
Nanoparticles have been used for a very long time, probably the earliest use being in glazes
for early dynasty Chinese porcelain. A Roman cup, called the Lycurgus cup, used
nanosized gold clusters to create different colors depending on whether it was illuminated
from the front or the back. The cause of this effect was not, of course, known to those who
exploited it.
Carbon black is the most famous example of a nanoparticulate material that has been
produced in quantity for decades. Roughly 1.5 million tons of the material is produced
every year. Nanotechnology, though, is about deliberately and knowingly exploiting the
nanoscale nature of materials, which would, for many, exclude early use of carbon black
from being given the nanotechnology label. However, new production and analysis
capabilities at the nanoscale and advances in theoretical understanding of the behavior of
nanomaterials certainly mean nanotechnology can be applied to the carbon black industry.
Nanoparticles are currently made out of a very wide variety of materials, the most common
of the new generation of nanoparticles being ceramics, which are best split into metal
oxide ceramics, such as titanium, zinc, aluminum and iron oxides, to name a prominent
few, and silicate nanoparticles (silicates, or silicon oxides, are also ceramic), generally in
the form of nanoscale flakes of clay. According to the most widely-accepted definitions, at
least one of their dimensions must be less than 100 nm, but some interesting new
applications use particles of a few hundred nanometers, so this section will not be overly
strict about the 100 nm limit. The nanoparticles in metal and metal oxide ceramic
nanopowders tend to be roughly the same size in all three dimensions, with dimensions
ranging from two or three nanometers up to a few hundred (one might expect such fine
particles to stay suspended in air but in fact they settle out into a very fine powder, drawn
together by electrostatic forces).
Silicate nanoparticles currently in use are flakes about 1 nm thick and 100 to 1000 nm
across. They have been produced for many years now, the most common type of clay used
being montmorillonite, a layered alumino-silicate. The nanoparticles can be incorporated in
a polymer either during polymerization or by melt compounding (mixing in with a plastic
'melt'—for thermoset plastics this is a one-time process since they become set by heat, and
cannot be re-melted. Thermoplastics, by contrast, can be repeatedly softened by heating).
Pure metal nanoparticles can be induced to merge into a solid, without melting (a process
called sintering) at lower temperatures than for larger particles, leading to improved and
easier-to-create coatings, particularly in electronics applications such as capacitors. Metal
oxide ceramic nanoparticles can also be used to create thin layers, whether crystalline or
amorphous.
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Ceramic nanoparticles, like metallic nanoparticles, can also be formed into coatings and
bulk materials at lower temperatures than their non-nano counterparts, reducing
manufacturing costs. Superconducting wires have been made out of ceramic nanoparticles,
creating a material that is relatively flexible where traditional ceramic materials are far too
brittle. A very active area of research and development on nanoparticles surrounds their
use to make nanocrystalline coatings, the novel properties of which are covered in a
separate section. Nanocrystalline ceramics are already in use, by the US Navy, for
example.
Although metal oxide ceramic, metal, and silicate nanoparticles constitute the majority of
nanoparticles with current and expected applications, there are others too. A substance
called chitosan, used in hair conditioners and skin creams, has been made in nanoparticle
form and the process was patented late in 2001. These nanoparticles improve absorption.
Production techniques
There is a wide variety of techniques for producing nanoparticles. These essentially fall
into three categories: condensation from a vapor, chemical synthesis, and solid-state
processes such as milling. Particles can then be coated, with hydrophilic (water-loving) or
hydrophobic (water-hating) substances, for example, depending on the desired application.

Vapor condensation
This approach is used to make metallic and metal oxide ceramic nanoparticles. It involves
evaporation of a solid metal followed by rapid condensation to form nanosized clusters that
settle in the form of a powder. Various approaches to vaporizing the metal can be used and
variation of the medium into which the vapor is released affects the nature and size of the
particles. Inert gases are used to avoid oxidation when creating metal nanoparticles,
whereas a reactive oxygen atmosphere is used to produce metal oxide ceramic
nanoparticles. The main advantage of this approach is low contamination levels. Final
particle size is controlled by variation of parameters such as temperature, gas environment
and evaporation rate.
A technique that is arguably not really vapor condensation is the "exploding wire"
technique, developed originally in Russia and currently used by Argonide. An electrical arc
is created at the surface of a metal wire with sufficient energy to explode or vaporize
clusters of atoms (similar to blowing a filament in a light bulb). These clusters then
condense within an inert gas into nanoscale particles.
Another variation on the vapor condensation technique is the vacuum evaporation on
running liquids (VERL) method. This uses a thin film of a relatively viscous material, an
oil, or a polymer, for instance, on a rotating drum. A vacuum is maintained in the apparatus
and the desired metal is evaporated or sputtered into the vacuum. Particles form in
suspension in the liquid and can be grown to a variety of sizes.
Toshiba has developed a new nanoparticle production method based on the chemical vapor
deposition (CVD) technique generally used to make thin films for use in large-scale
integrated circuits. Both liquid and gas forms of a substance are put into a reactor.
Depending on several parameters (like gas-to-liquid ratio, the order in which the gas and
liquid are added, the temperature and length of time during which heat is applied), different
particle shapes can be created and controlled (homogeneous nanoparticles can be important
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in many applications—nanoparticles used in a magnetic disk to record data, for example,
must all be much the same size). The company tested the process using titanium oxide and
managed to make spheres measuring 1-100 nanometers in diameter, as well as a nucleus
covered with many particles or clusters of particles.

Chemical synthesis
The most widely used chemical synthesis technique consists essentially of growing
nanoparticles in a liquid medium composed of various reactants. This is typified by the
sol–gel approach and is also used to create quantum dots (nanoparticles in which quantum
mechanical properties are the key to their useful behavior). Chemical techniques are
generally better than vapor condensation techniques for controlling the final shape of the
particles. The ultimate size of nanoparticles might be dictated, as with vapor condensation
approaches, by stopping the process when the desired size is reached, or by choosing
chemicals that form particles that are stable, and stop growing, at a certain size. The
approaches are generally low-cost and high-volume but contamination from the precursor
chemicals can be a problem. This can interfere with one of the common uses of
nanoparticles, sintering, to create surface coatings.

Solid-state processes
Grinding or milling can be used to create nanoparticles. The milling material, milling time
and atmospheric medium affect resultant nanoparticle properties. The approach can be
used to produce nanoparticles from materials that don't readily lend themselves to the two
previous techniques. Contamination from the milling material can be an issue.

Developments in production techniques
As the market for nanoparticles in high-tech areas, such as the computer and
pharmaceutical industry, continues to expand, the demand for nanoparticles with a welldefined size and/or shape in high volumes and at low cost continues to increase. This trend
is responsible for a continuous refinement of existing manufacturing technologies and for
the development of novel production techniques.
In the past two years researchers have begun to use supercritical fluids (SCFs) as a medium
for metal nanoparticle growth. Supercritical fluid precipitation processes can produce a
narrow particle size distribution. A gas becomes a supercritical fluid above a critical point,
at a certain temperature (critical temperature, Tc) and pressure (critical pressure, Pc). SCFs
possess properties that are intermediate between liquids and gases. Generally CO2 is used
because of its relatively mild supercritical conditions (Tc = 31°C, Pc = 73 bar). Moreover, it
is inexpensive, non-toxic, non-corrosive and not explosive or flammable. A possible
refinement of the supercritical fluid technology involves the stirring of surfactants (see
glossary) with an aqueous metal salt solution in supercritical CO2. This process leads to the
formation of microemulsions, which can be viewed as potential nanoreactors for
synthesizing extremely homogeneous nanoparticles.
Sumitomo Electric has recently developed an electrodeposition process in which metallic
ions are dissolved in an aqueous solvent, which is subsequently reduced to produce
metallic nanoparticles at. The company claims that the process is very cost competitive
when compared with chemical vapor deposition approaches.
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Other novel production techniques have been reported based on the use of microwaves,
ultrasound, and biomimetics (mimicking biology).
Biological processes are worth keeping an eye on because of the ability of natural systems
to create almost atomically perfect nanostructures. Some bacteria create magnetic or silver
nanoparticles, and bacterial proteins have been used to grow magnetite in laboratories.
Yeast cells can create cadmium sulfide nanoparticles. More recently, researchers in India
found a fungus capable of making gold nanoparticles, while others in the US used viral
proteins to create silver nanoparticles with interesting and well-formed shapes. There is a
continuum between biomimetic approaches and chemical synthesis with the use of
macromolecules such as dendrimers sitting close to the middle. These have been used to
make amorphous calcium carbonate nanoparticles (this being a material that biological
systems are particularly adept at using).
Coating and chemical modification of nanoparticles
Coating or chemically modifying a variety of nanoparticles is common practice and an area
where new, valuable, innovations are likely to be seen.
Silicate nanoparticles are hydrophilic (water-loving) and need to be chemically modified to
make them more hydrophobic (water-repellent), for example with larger molecules such as
polyhedral oligomeric silsesquioxanes (POSS—see glossary), which are popular both for
coating silicate nanoparticles and as a filler for composites on their own. The customizable
side groups on POSS can assist in making polymers easier to graft to each other and hold
promise for initiating protein adhesion in biomaterials. At about 1.5 nm in radius, POSS
are themselves sometimes classified as nanoparticles.
Ferrofluids, made since the early 1960s, use magnetic nanoparticles as small as 10 nm
across that are coated with a stabilizing material, graphite being one example, and
suspended in a carrier such as oil, water, or kerosene. Each particle is a little magnet and
applying a magnetic field aligns the particles, creating unusual fluid behavior and allowing
magnetic control of pressure, viscosity, electrical conductivity, thermal conductivity, and
optical transmissivity of the fluid. The fluids absorb energy when subjected to a magnetic
field. The absorbed energy is taken from the environment in the form of heat and thus
these fluids can be used as refrigerants.
Opportunities for nanoparticles
The use of nanoparticles can favorably alter catalytic, mechanical, electronic, optical, and
numerous other material properties. The major application areas for nanoparticles are
described in more detail in the next sections.

Composite materials
Composite materials are already used in a variety of large markets, from cars to airplanes
to domestic products all around us, but making the filling material nanophase (in this case
meaning it consists of nanoscale particles) changes the material's properties and there are a
variety of particulate materials that can be experimented with as fillers, such as metals,
metal oxide ceramics, silicates, or even polymer particles such as dendrimers (covered in a
separate section).
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The use of nanoparticles in composites seems mundane, but new composites and coatings
are springing up all the time and rapidly moving into the market and generating revenue.
Using nanoparticles in composite materials can enhance their strength and/or reduce
weight, increase chemical and heat resistance, add new properties, such as electrical
conductivity, and change the interaction with light and other radiation. While some such
composites have been made for decades, the ability to make nanoparticles out of a wider
variety of materials and exercise strong control over their size, composition and
consistency is opening up a world of new composites.
Composite materials manufacturers are well-established and large, which makes for very
high barriers to entry for anyone wanting to produce a new composite—most major
polymer companies are already exploring nanocomposites. However, the nanoparticle
market itself is currently growing rapidly from small, if old, beginnings and has seen the
entry of new players, such as Nanophase, Altair Nanotechnologies and Nanocor, who then
sell their materials to composite manufacturers (and others). There is still plenty of
opportunity for the creation of new companies based on new or improved processes for
creating nanoparticles or novel composite combinations based on them, though licensing
may prove the best strategy in the case of the latter being developed.
One estimate put the market demand for silicate nanocomposites in 2000 at ten million
dollars, but predicts that the global market will expand to a half-billion dollars by 2010
(Peter Bins, Bins and Associates). Nanocomposites can still be considered to be in their
infancy, despite a few examples going back many years. There is still a great deal to be
learned about the making of nanoparticles, techniques for dispersion in a bulk material,
polymer or otherwise, and the properties of the resulting material. This makes for a fertile
ground for new developments.
Composite materials based on nanoparticles are not all based on polymers. Nanocomposite
ceramics, where nanoparticles are embedded in bulk ceramics are already used in coatings.
The use of nanoparticle composites in the automotive, coating and packaging industries is
treated in separate sections.
Structural Composites

The biggest clear markets for composite materials are in bulk structural components based
on polymers, i.e. plastics. The reach of this market can be seen by simply taking stock of
all the uses of plastic in the world around us in homes and offices: toys, furniture,
moldings, car trims, casings, kitchen utensils, housings for televisions and a variety of
domestic and industrial machines, pipes, refrigerator liners—the potential applications for
improved composites are enormous.
Clearly, to displace an existing structural material, the new material must offer something
desirable. This will generally be improved strength or reduced cost, with other common
desirable factors being temperature tolerance and flame resistance, increased resistance to
abrasion and chemicals, or conductivity. In the automotive and aerospace industries,
reduced weight (for the same strength) is a major factor, with commercial aircraft
manufacturers considering a 3% reduction in weight worth pursuing. Reduced cost is
unlikely to come into play when comparing nanocomposite plastics to pure plastics,
because of the added cost of the filler and extra processing required, but this can be offset
by reduced amounts of the material required. Clearly, applications where required strength
is currently traded off against undesirable bulk are a prime target.
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Apart from the replacing of existing plastics, one has to consider the prospect of replacing
alternative structural materials such as steel, aluminum or even concrete and cement. These
things can occur when a polymer composite achieves certain minimum required attributes,
such as strength-to-weight ratio (at the right cost) that existing polymers do not have. It is
in these sorts of circumstances that a new technology can be seriously disruptive, depriving
an established industry (the one producing the material to be displaced) of a large part of
its market, while giving a dramatic boost to an existing industry (that of the new material),
or even creating a new one. Currently, nanoclay nanocomposites do not yet look set to
replace either traditional alloys (steel is very cheap) or current long-fiber composites
(carbon fiber, glass fiber) but the properties of the latter may certainly be enhanced by the
inclusion of nanoparticles. Note that in the case of steel, the incorporation of
nanoparticulate carbon has led to strength improvements that could fend off incursions
from nanocomposites. Nanocrystalline bulk metals, still in development, also offer great
improvements, as do even more research-stage ideas such as coating aluminum with superstrong amorphous steel. The most interesting contenders for replacing structural metals, at
least where weight is a significant factor (aerospace, automotive, but not construction, in
general, with bridges being an exception) are composites based on carbon nanofibers and
nanotubes, the latter offering truly staggering improvements just a few years away, which
should start to impact aerospace development by around 2006, although penetration of the
highly cost-sensitive automotive industry could take quite some time longer (the materials
will be quite expensive for some time yet).
The point about silicate nanoparticle composites is that they are currently being
commercialized in earnest so could be expected to have reasonable application at least
until superior composites come along. Though clay-filled composites were first produced
in the early 1990s (Toyota successfully dispersed montmorillonite in nylon-6), it is only
recently that commercial products have started to appear widely, mainly in the automobile
and packaging industries (see Automotive and Packaging sections).
When used as a filler in plastics, silicate (clay) nanoparticles confer extra strength by
dispersing stresses, reduce shrinkage and warpage (the composites have a lower thermal
expansion coefficient), enhance fire and chemical resistance, make the material easier to
recycle, and decrease permeability to gas.
The strength-improving properties of clay fillers are achieved at a lower filler content than
with classical fillers. Nanoclay fillers can typically achieve similar results when added at
5% to fillers such as glass fiber added at 20%. Additionally, filler content can exceed 10%
without sacrificing ductility, which is not the case with traditional fillers—carbon fiber
composites in particular are prone to fracture under impact.
Other attributes of nanocomposites can be very attractive for certain markets. Plastic
panels have already been made that can conduct electricity through the use of carbon fiber
fillers, a property that can be useful for painting the materials by making the panels attract
a mist of electrostatically-charged paint particles, avoiding the need for controlledprecision spraying. Carbon nanotubes and nanofibers already have quite wide markets in
the conducting composites area.
Biocompatible composite materials, for use in implants and prostheses, may be made out
of nanoparticle composites (see Medical and Pharmaceutical section), but there is greater
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promise here in biocompatible coatings and nanoporous materials or other materials not
based on nanoparticles, such as nanocrystalline titanium. Casings containing metallic
nanoparticles offer improved shielding against electromagnetic interference, with obvious
applications for computers and electronic equipment in general, but carbon nanotube and
nanofiber fillers probably offer greater promise. Conductive films can be prepared by
employing metallic nanoparticles in a polymer matrix. Again, though, carbon nanotubes
and fibers are beginning to look dominant in this space, with the aspect ratio (length to
diameter) of these fillers providing conductivity at very low loadings.
Nanocomposites are being created now and the market, especially for clay-based
nanocomposites, looks set to expand significantly, at least for a few years. The composite
material market is dominated by large incumbents and newcomers are likely to find
themselves providing these companies with raw materials or licensing their technologies.
The market can be expected to continue to grow rapidly, with the prospect of a new
revolution in structural materials based on nanotube composites just a few years away,
with major obstacles being the cost of the best fillers (single-walled nanotubes) and the
ability to leverage their properties in composites. Significant application (using the larger
and less perfect carbon nanofibers) can be expected to start in around 2004, depending on
overcoming the technical obstacles, and become major around 2006, based upon singlewalled nanotube cost and availability projections. These developments could put a serious
dent in structural applications for nanoclay composites.

Packaging
Packaging materials can also be structural, a soft drinks bottle, for example, and so the
attributes mentioned in the previous section, such as strength, need to be considered, but
additional factors are important. Two attributes offered by silicate nanoparticle fillers are
transparency to light, allowing the product inside the packaging to remain visible, and
increased impermeability to gases, keeping the contents better protected from air or
keeping inert gases in. Packaging materials using silicate nanoparticle fillers are already on
the market, notably in Honeywell's Aegis line, which is used in transparent film packaging
for foods and is being looked at as a barrier layer in beverage bottles.
Nanocor, Inc. (a subsidiary of AMCOL International Corp.) and Mitsubishi Gas Chemical
Company recently formed a strategic alliance. The alliance will manufacture and sell highbarrier plastics, which combine Nanocor's patented nanocomposite technology and
Mitsubishi's semi-aromatic nylon. High-barrier plastics are used as a key component in
consumer and industrial packaging to increase shelf life. The market for high-barrier
plastics is forecast to experience considerable annual growth over the next decade. The
alliance will focus promotion on the food and beverage segments. A small company,
InMat, is already supplying high-barrier gloves for handling chemicals and has used the
reduced gas permeability of nanoclay coatings to create a tennis ball that bounces better.
Bayer is looking at nylon 6 nanocomposites for multilayer packaging and protective films.
They used Nanocor’s clay and found a 50% reduction in oxygen transmission at the same
clarity while the stiffness of the material was increased. Applications could include
coatings for medical items and packaging of corrosion-sensitive materials.
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Automotive
Silicate nanoparticle composites are already in use in production models of cars from
various manufacturers. The cost of the filler is relatively low, at around $5000 per ton, and
can be expected to drop further as use increases. One estimate puts the global market for
nanoclays in 2010 in the hundreds of millions of dollars, with the markets for the resulting
nanocomposites 15 to 30 times this (Peter Bins, Bins and Associates). General Motors uses
nanoclay-TPO composites in exterior steps for vans resulting in a 7-8% weight saving, a
smoother surface and enhanced scratch resistance. Next to polypropylene (PP) and TPO,
nanocomposites automotive OEMs (original equipment manufacturers) are also using other
matrices such as polycarbonate, polylactic acid and polyaniline.
Bayer and GE Plastics are exploring the use of nanocomposites in polycarbonate
automotive glazing with increased abrasion resistance without reducing clarity.
The alliance between Nanocor and Mitsubishi Gas Chemical Company mentioned above
under Packaging, will also supply high-barrier plastics for use in automobile fuel tanks.
Ube America develops nanocomposites for automotive fuel systems. The company uses
co-extrusion to prepare fuel lines that are five times more resistant to gasoline permeation.
Degussa has recently improved the controllability of the carbon black nanoparticle
manufacturing process to improve car tire characteristics. Michelin, Bridge Stone,
Continental and Goodyear are evaluating the new materials. Degussa is also working on
scratch-proof coatings for automobiles based on nanoparticles embedded into a softer
binder which allows it to be easily applied. PPG, a leading supplier of transportation
coatings, announced in January 2003 a nanoparticle-based coating that they claim
significantly outperforms other coatings for cars in terms of scratch and chemical
resistance.
Similarly, coatings based on molybdenum sulfide and including nanoclusters have shown
improved properties in terms of friction and wear resistance in moving car engine parts.
Generally, the ongoing search by automotive OEMs for lighter car parts with enhanced
properties at no extra cost is expected to lead to further displacement of numerous metal
and thermoplastic exterior and interior automotive parts by nanocomposites although, as
noted, bulk structural metals do not look set to be replaced by nanoclay composites.

Coatings
Coatings based on nanoparticles can offer a variety of properties, strength and abrasion
resistance being those with the widest application (some of the developments in this area
were mentioned in the automotive section). Important in coating applications is the fact
that nanoparticle-based coatings are often transparent, which leads to a variety of
applications where increased toughness is required without obscuring the surface
underneath. Many such applications are already on the market.
Creating nanoparticle-based coatings is not without difficulties. Nanopowders can be hard
to handle and significant work has been done to facilitate this, including working with
microscale agglomerations that then break up on application, an approach used by the US
Navy, with a plasma (a hot, ionized gas) as the delivery mechanism, in their
nanocrystalline ceramics. This is a variation of the popular thermal spraying techniques
that are used to make many coatings from nanoparticles. In these heat is used to partially
melt the powders so that they fuse when they form the coating. Varying the amount of
melting can lead to different structures.
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Thermal spray coatings based on metal oxide nanomaterials are also being used by the US
Navy to repair worn or eroded metal parts. Metal nanoparticles are already being used in
electronics to coat the surfaces in capacitors. A coating of nanocrystalline titanium dioxide
offers potential for cheap photochromic (changing color on exposure to light) or
electrochromic (changing color when an electric potential is applied) windows. Coatings
can be anti-graffiti, anti-static, anti-misting, anti-glare, or block small light wavelengths,
such as UV light, while letting visible light through. Ceramic coatings containing
nanoparticles, which effectively constitute a nanocomposite, have been made and are in
use for their wear resistance, chemical resistance and thermal insulating properties. An
example is alumina containing silicon carbide nanoparticles. The use of titanium dioxide
nanoparticles in paint retards color fading by a factor of five to six.
Companies like Bayer and Hansa Metallwerke
are working on water- and dirt- repelling coatings
using nanoparticles with applications in selfcleaning bathroom tiles and taps. As far as Bayer
is concerned, the self-cleaning shoe may soon
become a reality as well. BASF also
demonstrated in late 2002 a spray-on coating
based on nanoparticles and polymers that selfassemble on drying into a nanostructured surface
exhibiting the lotus effect, whereby water landing
on the surface can find so little cohesion with the
surface that beads form that simply roll off,
taking dirt with them. The effect is based on that
of the lotus leaf.
Water droplets on a wood surface
treated with BASFs "Lotus Spray".
The coating combines nanoparticles
with hydrophobic polymers. Courtesy
of BASF, Germany.

Along similar lines, nanoparticle coatings are
already being used for preventing fouling of ship
hulls. Fouling is a huge problem for the U.S.
Navy as well as the commercial shipping
industry. Marine organisms, over time, cause
physical damage by promoting corrosion of the
metal. The company Informant produces elastic
alumina/titania ceramic coating resists that prevent the growth of barnacles and mollusks.
A unique aspect of their coating is that they are hard but not brittle. The Navy is planning
on using the material for coating all of its submarine periscopes and has supported Inframat
with $4 million. Nanophase Technologies Corp. supplies alumina nanoparticles for
scratch-resistant floor tiling, Nanogate provides nanoparticle-based coatings for a Spanish
tile manufacturer that make the tiles both scratch-resistant and easier to clean, and also
produces scratch-resistant and strengthening coatings for eyeglasses.
Solar cells have been given ceramic coatings made from nanoparticles to improve their
strength. Coating solar cell surfaces with nanoparticle anti-reflective films reduces
reflection, leading to increased solar gains. Kodak is looking at a nanoparticle-based
coating for making X-ray films scratch-resistant.
Nanoparticle-enhanced coatings also show promise in biological applications. The
inclusion of nanoparticles such as copper has been shown to reduce cell growth on
surfaces, which can be a major problem for implants.
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There are many niche markets for coatings and a scratch-resistant coating cannot simply be
manufactured in bulk like a molded composite structure but needs to take account of the
surface that is being coated, leading to variations in the process used. This means that it is
feasible for developers of new technologies to develop them right up to a marketable
product themselves, or certainly to be equal partners in this with the manufacturer of the
product in creating the coatings (though spray-on coatings such as the one developed by
BASF offer significant versatility with respect to the materials they can be applied to). This
contrasts with nanoparticle use in structural composites where the scenario is much more
likely to consist of the creator of the new technology simply supplying the nanoparticles as
raw material. Coatings thus would seem to offer developers the opportunity to remain
involved higher up the value chain.
The flip side of this is that when it comes to the coating processes themselves, rather than
plain production of nanoparticles, the markets are smaller and more numerous. In terms of
opportunities will make developers of new coating processes potentially attractive
propositions for investors for some time to come. It has to be noted, however, that the
coating process is normally either integrated into a complete process or, if not, work is
performed by local groups, limiting geographical impact of companies offering coating
services, though this depends on the ease of transport of the material being coated.
A more recent development involves entrance into the nanoparticle coating field by large,
established coating firms, such as the abovementioned Buhler AG and Hansa Metallwerke,
who obtain their 'nano' technical knowledge from collaboration with research institutions.
Note that there are other approaches to making coatings that are also showing great
promise, these being the sol–gel technique and self-assembled monolayers. Nanosonic Inc.
for example recently patented a process for producing thin-film materials based on
electrostatic self-assembly.

Protective
Over the last couple of years there has been a lot of activity involving the use of
nanoparticles to detect and/or protect against chemical warfare agents. Nanosphere Inc.
will soon release a nanotech-based disease detection system that eventually could be used
to detect biological warfare agents such as anthrax. The detection system uses gold
nanoparticle sensors developed at Northwestern University (see also the section on
bioanalysis and medical analysis). Altair and Western Michigan University are jointly
developing sensors for the detection of biological and/or chemical weapons based on
titanium dioxide nanoparticles. At the University of California silicon nanoparticles have
been used to develop a warning system which tracks harmful chemical or biological agents
and can be used to detect toxins in drinking water.
NanoScale Materials has developed magnesium oxide nanoparticles that can destroy
bacteria such as anthrax. Owing to the solid nature of the material (most biocides are
gaseous), they can be placed in filtration masks. The company NanoBio makes a product
called NanoProtect that consists basically of tiny droplets of oil (whether these should be
called nanoparticles or not is questionable, but they aren't nanocapsules either). These
appear able to destroy bacterial spores and virus particles, and even funguses, by an
explosive release of surface tension, allowing the use of non-toxic chemicals for protection
and decontamination. Surprisingly, the product does not harm human tissue. News of the
company's product came out shortly before the anthrax attacks in the US and the US
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military is now the primary customer. The US army also has a patent describing the use of
reactive nanoparticles in a barrier cream that protects against chemical warfare agents.
The company Nucryst already commercially produces nanoparticulate silver in
antibacterial dressings. Recently, the Chinese company Shenzhen Tsinghua-Yuanxing
Nanomaterial Co. Ltd also announced the development of antimicrobial silver
nanoparticles. Silver has long been known as an antibacterial, but the use of nanoparticles
improves solubility and thus effectiveness. When the material is added to ceramic
household products, such as toilets, countertops and dishes that are constantly exposed to
bacteria-carrying bodies it shows powerful sterilization effects. Alternative medicine
groups promote the use of 'colloidal silver' as an antifungal, antiviral, and antibacterial
agent, though such claims have to be viewed with a certain amount of suspicion. The
colloidal suspension apparently contains 10 nm silver particles.
Nanophase's zinc oxide is used commercially as a fungicide (by Scholl). Altair has
developed nanoparticles that can prevent algae growth in swimming pools. The material is
insoluble in water and can easily be incorporated in the pool filtration system.
Two metallic oxides, titanium and zinc, are very good at absorbing ultraviolet radiation.
Though used in sunscreens for many years, the large particle size in the past created a
creamy effect. The reduction of particle sizes to 100 nm or below stops the scattering of
visible light and the creams become transparent while maintaining their ability to absorb
UV. DuPont recently bought NanoSource, which developed a prototype process for
manufacturing titanium dioxide nanopowders, with particles less than 100 nanometers in
diameter. With this purchase DuPont Titanium, the world's largest manufacturer of
macroscale titanium dioxide, is also entering the sunscreen and cosmetics industry.
Nanophase says the market is growing rapidly.
Concern about the hormonal action of many of the common organic protectants in
sunscreens may accelerate the adoption of nanoparticle-based products (most sunscreens
currently sold include only organic protectants, of which there are five in common use).
Note that it has been pointed out that metal oxide nanoparticles, on absorbing UV
radiation, release free radicals, which can damage DNA, and thus cause cancer, as much as
the UV they are blocking. UK company Oxonica is working on coating the nanoparticles
in a medium that would allow the free radicals to recombine before entering the skin.
Existing suppliers of nanoparticles also generally offer the particles with coatings. Further
research in this area may affect the dynamics of the market, assuming that the results of the
research are acted on by health authorities or reach public awareness. A recent factor that
may complicate matters is concern about the fate of nanoparticles applied to the skin as
they can penetrate much deeper than microparticles.

Defense
Apart from the uses of nanoparticles against chemical and biological warfare agents
mentioned in the last section, and the variety of composites and coatings that might find
application in military equipment, recent research from the University of Missouri-Rolla is
based around developing nanoparticles that can be used to create a 'smoke-screen' that will
block the passage of all but a very narrow set of wavelengths. Work at the University of
California has been reported as using nanoparticles to allow the creation of 'clouds' that can
be used to detect a variety of chemicals at a distance. In fact, though, the particles are
visible to the naked eye but are nanostructured so that they reflect certain wavelengths of
light in the presence of specific chemicals.
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Catalysis
The catalytic qualities of nanoparticles are attributed to their high surface-to-volume ratio.
However, the support material under catalytic nanoparticles is also very important and can
yield up to a ten-fold increase in the efficiency of the catalyst. The fact that the substrate is
not only holding the catalyst in place, but also has a large influence on its efficacy is
expected to lead to even further improvements of nanosized catalysts.
Applications for nanoparticle catalysts can be envisaged in areas where chemical reactions
are pivotal in an industry and the pharmaceuticals industry is a prime example of this.
Clearly the size of the industry argues for great rewards, but the opportunities for big
technological breakthroughs are already diminishing as techniques for making
nanoparticles out of almost any metal or metal oxide are becoming well-established and
can be applied to many existing catalysts. Nanoporous materials also figure prominently in
this area and many long-standing catalysts, such as zeolites, are naturally porous materials.
The oil business is a major market for catalysts, where they are used to refine crude oil,
and have been major users of zeolites for decades. This industry will be an early taker of
catalysts, the efficacy of which has been improved by emerging capabilities to control
structures on the nanoscale.
A recent example of the use of nanocatalysis in the energy industry that shows the scale of
commercial and geopolitical disruption that might be possible is a $2 billion coal
liquefaction project in China involving Shenhua Group Corp., China's largest coal
company, Hydrocarbon Technologies Inc. (HTI), and the US's Department of Energy. The
process produces extremely clean diesel fuel and is economical enough already to compete
with imported oil or diesel for many regions in China at average recent global prices.
Further improvements could reduce the dependence of many coal-rich countries on
imported oil.
Catalysis is also important in the promising area of fuel cells. The platinum catalysts used
in current commercial prototypes are about 2 nm across.
Nanoparticles can also be used as catalyst supports. Until now the use of low-density, highporosity aerogels from silica nanoparticles as a catalyst support was held back by the
brittleness of the material. Cross-linking of the nanoparticles through polymerization
solved this problem.

Cosmetics
Nanoparticles offering UV light protection (mentioned under the earlier 'Protective'
section) are also added to cosmetics. Nanoparticle versions of materials in skin creams and
hair conditioners will achieve greater penetration.
Cosmetic applications relying on delivering a substance into the skin are also already using
nanoparticles, L'Oreal being an early starter in this area. As mentioned in the introduction,
a nanoparticulate form of chitosan, a substance used in hair conditioners and skin creams,
has also been developed. The choice of nanoparticle size can control depth of penetration.

Computers and electronics
The majority of the nanoparticles in the computers and electronics industry are used in
polishing slurries for microchips. Computer chips are made by depositing multiple layers
of materials in elaborate patterns. After each layer is deposited on a silicon wafer, it must
be planarized and polished to create a defect-free surface. Hard disk drives also require a
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precisely flat, mirror-smooth finish. Nanoparticles are absolutely critical to the chemicalmechanical polishing (CMP) process in chip production. The current market for CMP
fluids is $440 million at a growth rate of 20% a year; the market value of nanoparticles in
this area is estimated at 25% of this. Cabot Microelectronics Corp. and Rodel Inc. are two
leading suppliers of CMP liquids to the semiconductor industry.
Metal nanoparticles have been added to inks to make them conducting. Conventional
printers have subsequently been used to print electronic circuits (transistors). Early
prototypes of such systems have shown great promise for making cheap, customized, basic
electronic circuits. Estimates of the market opportunity for transistors run to around $300
billion, even a small slice of which would be significant, though it is unlikely that printing
techniques will displace traditional silicon in its biggest application areas. The printing
approaches could, however, also find novel applications in displays, tracking tags, radiofrequency tags for checking out groceries, and security applications. These techniques have
the potential to be very economical. Current generation integrated circuit fabrication
facilities now cost billions of dollars whereas a single printing facility would only cost
about $400,000. The use of nanoparticles may see competition from nanotubes.
There are additional opportunities for the use of nanoparticles in computers and electronics
as computer chip components continue to shrink into the nanoscale domain to enhance data
storage capability and processing speed. Magnetic media are the major technology behind
most computer data storage. The company NanoMagnetics uses magnetic nanoparticles in
combination with common proteins to coat hard-disk drives which eventually could allow
for a 100-fold increase in data storage capacity.
Researchers at the University of Minnesota demonstrated that it is possible to lay out gold
nanoparticles in perfect arrays on a tiny area in a self-assembly process. The nanoparticles
were deposited on a surface pre-coated with crystalline DNA with 20-angstrom (2 nm)
spaces. This approach could theoretically lead to memory structures with a density of 10
trillion bits (terabits)/cm2. Magnetic data storage currently provides around 50 gigabits (50
billion bits)/in2 (8 gigabits/cm2) using 100 nm magnetic domains. Scientists at Birck
Nanotechnology Center have discovered a cheap process for the production of
semiconductors coated with gold nanoparticles. The new procedure involves dipping the
semiconductor material into a solution containing metal salts. The deposition of gold
circuits on silicon is an important step in computer chip fabrication.
An alternative to the use of gold, or tin, coatings in semiconductor fabrication that has been
adopted by some companies is a conducting polymer produced by Ormecon that is applied
as a dispersion of 10 nm nanoparticles.

Fuel and explosive additives
Micron-sized aluminum particles, which oxidize explosively, are already used to enhance
combustion in rocket fuels, and faster burning nanoparticulate versions are being
investigated and may find their way into fuels for commercial airliners. The US military is
also looking at nanoparticulate aluminum as a replacement for lead in gun primers (lead
exposure during training and military exercises being a concern).
Nanoparticulate iron has similar properties but releases less energy. The company Mach 1
has been making 3 nm iron oxide particles for catalyst and solid rocket propellant
applications since 1992.
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Fuel cells and batteries
The increasing power demand of portable electronics combined with the desire to reduce
their weight and size has created a market for nanoparticles. The increased surface area of
nanoparticles can improve reaction rates in fuel cells and batteries.
The nanopowder manufacturer AP Materials and its partner Millennium Cell, a developer
of hydrogen fuel systems, have recently been awarded a Phase I Small Business Innovation
Research (SBIR) contract from the U.S. Missile Defense Agency for development of
nanoscale titanium diboride (TiB2) for use in advanced batteries and other energy storage
systems.
Altair Nanotechnologies Inc. announced a successful series of its advanced solid oxide fuel
cell (SOFC) test demonstrations. The entire fuel cell, including connectors, electrolyte,
anode and cathode, was constructed of micro and nanoscale materials. Significant revenue
from the sale of Altair components used in fuel cells is clearly several years in the future.
Additionally, Altair developed nanoparticle lithium-based battery electrode materials,
which were shown to be capable of charge and discharge rates significantly faster than
current lithium ion battery materials, up to 10 times normal rates, with promise of even
better (the work was done with Swiss company Xoliox, now owned by NTera). Battery
developers have already shown considerable interest.
A number of companies are planning to commercialize methanol-based fuel cells for
portable electronics applications in 2004 or soon after. In these cells hydrogen is produced
from methanol and in turn separated from electrons, which become the source of electricity
while protons (the stripped nucleus of the hydrogen atom) pass through a membrane where
they combine with oxygen to produce water. The catalyst used in this process is
nanoparticulate platinum applied in a slurry.

Lubricants
Copper nanoparticles are added to motor oils to reduce engine wear. Nanogate has
successfully commercialized an improved ski wax based on nanoparticles, providing a nice
example of exploitation of a technology to the end of the value chain. A notable contender
in this space is Applied Nanomaterials, which makes lubricants out of inorganic fullerenelike materials (cage-like compounds) rather than nanoparticles.

Medical and pharmaceutical
Nanoparticles have numerous applications in the medical world. Orthovita and Implantate
AG are using nanoparticles in orthopedic biomaterials and bone substituents. Nanometersized calcium phosphate particles can form a highly porous material that replicates the
characteristics of human bone. 3M uses nanoparticles for filling teeth, an application for
which POSS (see glossary) are also being investigated. At Roche Diagnostics they have
developed a method for producing magnetic nanosized particles with a glass surface,
which have applications in the purification of DNA or RNA.
Nanoparticles are widely used in drug delivery where they can increase drug solubility and,
additionally, can lead to controlled release and/or drug targeting. They are used in anticancer treatment, gene-delivery, asthma inhalers, hormone delivery through the skin, drug
delivery through the eye and in oral and vaccine delivery systems.
A lot of companies employ nanoparticles in anti-cancer treatment. American
Pharmaceutical Partners uses nanoparticles for the delivery of paclitaxel and recently
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entered clinical phase III trials. Paclitaxel is the active ingredient in Taxol, the world's most
widely used cancer-fighting agent. CritiTech uses the same approach and is currently in
clinical phase I trials. Advectus Life Sciences is in clinical phase II trials with
nanoparticles capable of crossing the blood–brain barrier, targeted towards the treatment of
brain tumors. A very promising approach in anti-cancer treatment using nanoparticles
involves the use of antibodies. These biolabels recognize cancer cells and hence result in
highly specific attacks on the cells with negligible damage to healthy cells. In this area a
lot of bioventures between companies specializing in nanocarriers and companies
specializing in antibody recognition have taken place. Examples are: Kirin Brewery Co. &
NanoCarrier Co. and Triton Biosystems & Thermonix.
Copernicus Therapeutics has a nanoparticle gene-delivery system in clinical phase I trials.
Novavax Inc. uses nanoparticles to deliver hormones through the skin. Altair
Nanotechnologies developed porous ceramic nanoparticles as a new drug to lower elevated
phosphate levels in kidney dialysis patients. Elan Corp., RTP Pharma, and CritiTech are
among the companies using nanoparticles to increase drug solubility. Magnetic particles,
such as those made of iron and activated carbon by San Diego-based FeRx, can be carriers
for targeted drug delivery. A drug payload is not even necessary—the material could just
produce high temperatures under heat or light, for example from a laser. In one
experiment, magnetic particles were created that could target and enter specific cells in a
Petri dish. Application of a strong magnetic field literally ripped the particles out of the
cells, killing them in the process.
Sheffield Pharmaceuticals, Nanosphere and Eiffel Technologies apply nanoparticles to
deliver drugs via the lungs in asthma treatment. Biosante Pharmaceuticals reported on
successful pre-clinical trials of their calcium phosphate nanoparticles for drug delivery
through the eye. They also use nanoparticles in a range of other therapies including an oral
insulin delivery system and a TB vaccine delivery system. Their calcium phosphate
nanoparticles have been found to enhance the immune response to a herpes simplex
vaccine.
At the University of Florida, scientists have developed drug uptake nanoparticles that can
be used on patients suffering from a drug overdose. A group of researchers from The
Scripps Research Institute (TSRI) has developed anti-cancer nanoparticles that selectively
cut off blood supply in cancer tumors.
The mixture of companies involved in drug delivery using nanoparticles illustrates that
there are certainly opportunities in this area and the surface is only just being scratched.
However, it seems likely that, as the large pharmaceutical companies explore the wide
variety of drugs that may benefit from new nanoparticle-based delivery techniques, there
will be some consolidation of methods into a few generally useful ones and opportunities
for smaller companies will start to dry up.
The impact of targeted drug delivery approaches, whether using nanoparticles or not,
should not be underestimated. There is an enormous number of drugs that have proved
effective but are not in use because of toxicity or side effects. Targeted delivery opens
doors to revisiting these drugs since much lower doses could be used, concentrating the
effect where needed.
There are other approaches to drug delivery that may compete effectively with nanoparticle
approaches. Nanocapsules are seeing a lot of development in this area and dendrimers
(globular, customizable molecules) show great promise too, especially because they offer
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the possibility of being exquisitely engineered, even to the point of being
multifunctional—dendrimers have been suggested that would find a desired cell, deliver a
payload, detect whether it has had the desired effect and then signal this to the outside
world.

Bioanalysis and medical analysis
Coated magnetic nanoparticles have been used as imaging agents in magnetic resonance
imaging (MRI). Schering AG, leader in the market for MRI contrast media, recently
announced that it has received marketing approval for the liver-specific contrast agent
Resovist in Japan. (In 2001, Resovist was approved for the European market.) Resovist is a
new organ-specific contrast agent for MRI consisting of iron-oxide nanoparticles. The new
MRI agent allows for early reliable diagnosis of patients with suspected liver tumors.
Another player in the MRI field, Nanoprobes, was recently awarded a research grant by the
National Cancer Institute to develop a new type of contrast agent for MRI based on metal
nanoparticles. The use of metals in nanoparticle MRI is not limited to iron, but other
metals like, for example, gadolinium can be used as well, as was recently demonstrated by
scientists at the Washington University School of Medicine in St Louis.
Competition in the MRI space comes from companies such as Luna Nanomaterials, which
is using endohedral fullerenes (carbon cages containing metals) to provide a more
biocompatible way of delivering a number of contrast agents.
The use of nanoparticles in biomedical diagnostic testing offers several advantages over
existing methods. Nanoparticles can be highly target-specific, can be non-toxic, and they
lower the detection limits, increasing the sensitivity of testing. Additionally, nanoparticles
are stable, can be used on live cells, and often possess fluorescent properties. The
companies Genicon, Nanoprobes and Nanosphere make coated gold nanoparticles that can
be used for biolabeling and detection. An interesting application of this novel nanoparticle
sensing approach involves blood testing. DNA strands can be attached to gold
nanoparticles to form a DNA chip that can be used as a biosensor to check blood samples
for specific diseases including cancer.
The bioanalysis space is also a prime application area for semiconductor quantum dots, a
particular type of nanoparticle covered in a separate section.
The use of nanoparticles in bioanalysis is receiving widespread attention from universities
all over the world, which significantly increases the chance of future applications. Rice
University researchers developed a nanosensor for precision chemical analysis. The sensor
is prepared from nanoshells consisting of a silica core with a silver coating. Recently,
researchers at Northwestern University discovered that silver nanoparticles could also
serve as sensitive and inexpensive detectors. Gold nanoparticles have also been used as
markers to identify specific strains of bacteria with the aid of fluorescence microscopy.

Other applications
Nanoparticles have figured in several applications for ink in inkjet printers. Magnetic
nanoparticles have been used to make magnetic inks that can then be controlled by
'magneto-hydrodynamic' approaches. Nanoparticles have also been used to improve color
quality and permanency of printed images.
Glues containing nanoparticles have optical properties that give rise to uses in
optoelectronics.
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Nanoparticles have been added to layers in photographic film systems to control light
filtration, one application being antihalation coatings, which reduce blurring of highlight
edges by scattered light.
Fluids based on magnetic nanoparticles can be used as contaminant exclusion seals in disk
drives, silicon-crystal-growing furnaces (used in the semiconductor industry), and in
medical equipment using high magnetic fields, such as magnetic resonance imaging
equipment. These markets are clearly not large, especially since the volume of fluid
required is not great. The small volume of fluids currently produced means prices are quite
high. The current applications have an estimated total market size of $30-60 million.
A potential application of ferromagnetic fluids that shows promise, and would require
significantly greater volumes, which in turn would lead to price reductions, is refrigeration.
Recent years have seen quite a few prototypes of refrigeration systems based on magnetic
fluids. These devices have the advantage of being silent and of not using environmentally
unfriendly materials such as chlorofluorocarbons, or their replacements. The fluids are also
electrically insulating, which makes them good candidates for the cooling of power
transformers. The potential market in terms of revenue for ferrofluid transformers has been
estimated to lie in the range of $0.5-1 billion, providing substantial savings to utilities.
Longer-term (over five years) applications for ferrofluids also hold promise. NASA’s
center for microgravity research is investigating ferrofluids because they can be controlled
magnetically in the absence of that traditional fluid-control mechanism, gravity. Other
interesting potential long-term applications can be found in nanoscale bearings (that
simultaneously levitate and lubricate a rotating shaft inside a bushing), filtration
(nanoparticles have the ability to filter gases and organic vapors at a molecular level and
may lead to better water purification methods, better fuels, and purer medicines), and foods
(nanoparticles which are able to encapsulate certain flavors, colors or nutrients).
Companies working with nanoparticles
See the earlier notes on the scope of this section for the criteria for inclusion of companies
in the following list.
Company_name

Country

URL/Contact

3M

USA

www.3m.com

aap Implantate AG

Germany

www.aap.de

Access Pharmaceuticals

USA

www.accesspharma.com

Adelan

UK

www.adelan.co.uk

Admatechs

Japan

www.toyota-mta.co.jp/adma

Advanced Diamond Technologies

USA

http://thindiamond.com/atd

Advanced Magnetics

USA

www.advancedmagnetics.com

Advanced Nano Products (ANP)

Korea

www.anapro.com

Advanced Nano Technologies (ANT)

Australia

www.ant-powders.com

Advanced Nanoparticles

Israel

Advanced Powder Technology (APT)

Australia

www.apt-powders.com

Advectus Life Sciences

Canada

www.advectuslifesciences.com

AGFA Gevaert

Germany

www.agfa.com

Aktina

UK

j.a.cairns@dundee.ac.uk

Akzo Nobel

Netherlands www.akzonobel.com
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AlcoaWorld Chemicals Inc.

USA

www.alumina.alcoa.com

Alnis BioSciences

USA

www.alnis.com

Altair Nanotechnologies

USA

www.altairnanotechnologies.com

Amarin Corporation

UK

www.amarincorp.com

AMCOL International

USA

www.amcol.com

American Pharmaceutical Partners (APP) USA

www.appdrugs.com

AP Materials

USA

www.apmaterials.com

Argonide Nanomaterials

USA

www.argonide.com

Arryx

USA

www.arryx.com

Aveka

USA

www.aveka.com

BAO Pharmaceuticals

Taiwan

www.baopharm.com

BASF Aktiengesellschaft

Germany

www.basf.com

Battelle Pulmonary Therapeutics

USA

www.bpt-inc.com

Baxter Healthcare

USA

www.baxter.com

Bayer

Germany

www.bayer.com

Bespak

USA

www.bespak.com

Bio Nanotec Research Institute (Mitsui & Japan
Co.)

www.mitsui.co.jp/nano/aboutbnri/index.html

Bio-Products & Bio-Engineering

Austria

bio@bio.co.at

Biosante Pharmaceuticals

USA

www.biosantepharma.com

Birch Mountain

Canada

www.birchmountain.com

Böhlerit

Germany

www.boehlerit.com

Bridgestone

Japan

www.bridgestone.com

Buhler

Switzerland

www.buhlergroup.com

Cabot Corp.

USA

www.cabot-corp.com

CalciTech

France

www.calcitech.com

Ceramem

USA

www.ceramem.com

Chaodong Cement

China

www.cdgfgs.com

Chengyin Technology Co. Inc.

China

www.chengyin.com

Chun-Li Industries

China

CIBA Specialty Chemicals

Switzerland

www.cibasc.com

Cima NanoTech

USA

www.cimananotech.com

Cognis Deutschland

Germany

www.cognis.com

Conducting Materials

USA

+1 410 312 5200

Copernicus Therapeutics

USA

www.cgsys.com/index/index.asp

Creavis Technologies & Innovation

Germany

www.creavis.de

CritiTech

USA

www.crititech.com

Crystalplex

USA

www.crystalplex.com

Cyrano Sciences

USA

www.cyranosciences.com

Cyterra

USA

www.cyterracorp.com

DA Nanomaterials (DuPont Air Products USA
Nanomaterials)

www.nanoslurry.com

Dalian Sanke Technology Co.

www.chem.co.kr/eng/eng_com.php3?mode=view&&com_id=1616
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Degussa

Germany

www.degussa.com

DMC2

Germany

www.dmc2.de

Dow Chemical

USA

www.dow.com

Dowa Mining

Japan

www.dowa.co.jp

DuPont

USA

www.dupont.com

DuPont Titanium Technologies

USA

www.titanium.dupont.com

E Ink

USA

www.eink.com

Eastman Chemical

USA

www.eastman.com

Eiffel Technologies

Australia

www.eiffeltechnologies.com

Elan Pharmaceutical Technologies

Ireland

www.elandrugdelivery.com

Engelhard

USA

www.engelhard.com

Evident Technologies

USA

www.evidenttech.com

Ferrotec

Japan

www.ferrotec.com

FeRx

USA

www.ferx.com

Flamel Technologies

France

www.flamel.com

FMC Lithium

USA

www.fmclithium.com

Fuji Film

Japan

www.fujifilm.com

General Electric

USA

www.ge.com

General Motors

USA

www.gm.com

Genicon Sciences

USA

www.geniconsciences.com

GP Nanotechnology

Hong Kong

www.gpnano.com

H.C. Starck

Germany

www.hcstarck.com

Hansa Metallwerke

Germany

www.hansametall.com

Headwaters

USA

www.hdwtrs.com

Henkel Technologies

Germany

www.henkel.com

Hitachi Chemical

Japan

www.hitachi-chem.co.jp

Hoeganaes

USA

www.hoeganaes.com

Honeywell

USA

www.honeywell.com

Hosokawa Micron Group

Japan

www.hosokawa.com/web/index.html

Hybrid Plastics

USA

www.hybridplastics.com

Hybrid Systems

UK

seymourlw@cancer.bham.ac.uk

Hydrocarbon Technologies Inc. (HTI)

USA

www.htinj.com

Igen

USA

www.igen.com

Imarx Pharmaceutical

USA

www.imarx.com

Inco Specialty Products

Canada

www.incosp.com

Inframat

USA

www.inframat.com

InMat

USA

www.inmat.com

Institut für Neue Materialien

Germany

www.inm-gmbh.de

Integran

Canada

www.integran.com

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Invest Technologies

Russia

www.i-t.ru

ITN Nanovation

Germany

www.itn-nanovation.com
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Johnson Matthey

USA

www.matthey.com

Kodak

USA

www.kodak.com

Konarka Technologies

USA

www.konarkatech.com

Lavipharm

USA

www.lavipharm.com

Liekki

Finland

www.liekki.com

L'Oréal

France

www.loreal.com

Mach I

USA

www.machichemicals.com

Materials and Electrochemical Research USA
(MER)

www.mercorp.com

Materials Modification

USA

www.matmod.com

Matsushita Electric Industrial

Japan

www.mei.co.jp

MBN

Italy

www.mbn.it

MedPointe

USA

www.medpointeinc.com

Meito Sangyo

Japan

www.meito-sangyo.co.jp

Merck

USA

www.merck.com

Merck KGaA

Germany

www.merck.de

Metal Carbon Composition

Israel

www.cmc-nanotech.com/company/index.htm

Metal Powder Industries

Israel

mpiami@netvision.net.il

MG Technologies

Germany

www.mg-technologies.com

MicroChemical Systems

Switzerland

www.microchemical.com

Microcoating Technologies

USA

www.microcoating.com

Microcosm

USA

www.microcosm.com

Microparticles

Germany

www.microparticles.de

Mitsubishi Gas Chemical Company

Japan

www.mgc.co.jp

Moyco Technologies

USA

www.moycotech.com

NanoBio

USA

www.nanobio.com

NanoCarrier

Japan

www.nanocarrier.co.jp

Nanocor

USA

www.nanocor.com

Nanocrystal Imaging Corporation (NIC)

USA

www.nanocrystals.com

Nanocrystal Lighting Corporation (NLC)

USA

www.nanocrystals.com

Nanocrystals Technology (NCT)

USA

www.nanocrystals.com

Nanodyne

USA

www.nanodyne.com

Nanogate

Germany

www.nanogate.de

Nanogram

USA

www.nanogram.com

NanoMagnetics

UK

www.nanomagnetics.com

NanoMat

USA

www.nanomat.com

Nanomaterials Company

USA

www.nanomaterialscompany.com

Nanomaterials Research

USA

www.nrcorp.com

Nanomaterials Technology (NMT)

China

www.nanomt.com

Nanomed Pharmaceuticals

USA

www.nanomedpharm.com

Nanonex

Korea

www.nanonex.co.kr

Nanopharm

Germany

www.nanopharm.de

Nanophase Technologies

USA

www.nanophase.com
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Nanopowder Enterprises

USA

www.nanopowderenterprises.com

Nanopowders Industries

Israel

www.nanopowders.com

Nanoprobes

USA

www.nanoprobes.com

Nanoproducts

USA

www.nanoproducts.com

Nanoscale Materials

USA

www.nanmatinc.com

Nanoscape

Germany

www.nanoscape.de

Nanosolutions

Germany

www.nano-solutions.de

Nanosonic

USA

www.nanosonic.com

Nanosource Technologies

USA

Nanospectra

USA

www.nanospectra.com

Nanosphere

USA

www.nanosphere.com

Nanotech Coatings (NTC)

Germany

www.ntcgmbh.com

Nanotechnologies

USA

www.nanoscale.com

Nanotectonica

USA

www.nanotectonica.com

Nano-Tex

USA

www.nano-tex.com

Nanotherapeutics

USA

www.nanotherapeutics.com

Nanova

USA

www.nanomat.com/nanova/main.htm

Nano-X

Germany

www.nano-x.de

NeoPhotonics

USA

www.neophotonics.com

Netsuren

Japan

www.netsuren.co.jp

Nextech Materials

USA

www.nextechmaterials.com

Ningbo Guanbo Nanomaterials

China

Nissan Chemical

Japan

www.snowtex.com

NKK

Japan

www.nkk.co.jp

NTera

Ireland

www.ntera.com

Nucryst Pharmaceuticals

USA

www.nucryst.com

Nyacol Nanotechnologies

USA

www.nyacol.com

Olivier Y Batlle

Spain

Ormecon

Germany

www.ormecon.de

Orthovita

USA

www.orthovita.com

Oxonica

UK

www.oxonica.com

Philips

Netherlands www.philips.com

Plasmachem

Germany

www.plasmachem.de

Postnova Analytics

Germany

www.postnova.com

Powdermet

USA

www.powdermetinc.com

PPG Industries

USA

www.ppg.com

Praxair Surface Technologies

USA

www.praxair.com

QinetiQ Nanomaterials

UK

www.nano.qinetiq.com

Reade

USA

www.reade.com

Research Frontiers

USA

www.refr-spd.com

Rheox

USA

www.rheox.com

Rhodia

France

www.rhodia.com
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Roche Diagnostics

Germany

www.roche.com/diagnostics

Rockwell Scientific

USA

www.rockwellscientific.com

Rodel

USA

www.rodel.com

RTP Company

USA

www.rtpcompany.com

RTP Pharma

Canada

www.rtp-pharma.com

Samsung

Korea

www.samsung.com

Schering

Germany

www.schering.de

Shanxi Four High Nanotechnology

China

www.fhnm.com

Sheffield Pharmaceuticals

USA

www.sheffieldpharm.com

Shenzhen Junye Nano Material (SJNMC) China

www.junyenano.com

Showa Denko

Japan

www.sdk.co.jp

Skyepharma

UK

www.skyepharma.com

SonoChem

Israel

Sony

Japan

www.sony.co.jp/en/index.html

Southern Clay Products

USA

www.scprod.com

Spintek

USA

www.spintek.com

Sumitomo Electric Industries

Japan

www.sei.co.jp

Sumitomo Osaka Cement

Japan

www.soc.co.jp

Sunraynano Advanced Science

China

www.sunraynano.com

Superconductive Components

USA

www.superconductivecomp.com

Superior MicroPowders (SMP)

USA

www.smp1.com

Sustainable Technologies International
(STI)

Australia

www.sta.com.au

Sustech

Germany

www.sustech.de

TAL Materials

USA

www.talmaterials.com

Targesome

USA

www.targesome.com

TDK

Japan

www.tdk.co.jp

Technanogy

USA

www.technanogy.net

Tetronics

UK

www.tetronics.com

The Welding Institute

UK

www.twi.co.uk

TIGER Coatings

Austria

www.tiger.at

Tolemac

USA

www.tolemacllc.com

Toray Industries

Japan

www.toray.co.jp

Toshiba

Japan

www.toshiba.co.jp

Toyota

Japan

www.toyota.co.jp

Triton Biosystems

USA

www.tritonbiosystems.com

Triton Systems

USA

www.tritonsys.com

UBE Industries

Japan

www.ube-ind.co.jp

Ultra-Sun Technologies

USA

www.ultrasun.com

Unisun

USA

unisun@aol.com

Vacuum Metallurgical

Japan

www.vmc-ulvac.co.jp

Vimed Biosciences

Singapore

www.vitalifesciences.com

Vita Life Sciences - see Vimed
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Biosciences
Wah Lee Industrial

Taiwan

www.wahlee.com

Xerox

USA

www.xerox.com

Xoliox

Switzerland

www.ntera.com

Zhejiang Zhedi Science and Technology China
Development
Zhuoqun Nano Rare Earth

China

Nanocapsules
The term nanocapsule, as used here, is any nanoparticle that consists of a shell and a
'space', in which desired substances may be placed. We do not use this term, as some have,
to refer to coated nanoparticles.
Introduction to nanocapsules
Nanocapsules have been made for many years,
following the example of nature, using molecules
called phospholipids, which are hydrophobic
(water-repellant) on one end and hydrophilic
(water-loving) on the other. When such molecules
are placed in an aqueous environment, they can
spontaneously form capsules in which the
hydrophobic portions are inside, protecting them
from contact with water. The walls of our cells are
in fact made up of a double layer of such
molecules. Inside the cells, similar capsules, called
liposomes (literally, fat bodies), are used to
transport materials.
Drug delivery capsules. Courtesy of
Capsulation Nanoscience AG.

Man-made liposomes have been used in cosmetics
for some years to control the release of substances
or protect them from the environment. Recently many other materials, such as a variety of
polymers, have been used to make nanocapsules. The basic process for making the
capsules remains generally the same, starting with an emulsion of oil in water or water in
oil, creating oily nanocapsules and aqueous nanocapsules respectively. Applications
depend on which of the emulsions is used. Intravenous injection of nanocapsules requires a
water base and thus nanocapsules made from an oil in water emulsion. However, the nature
of the substance to be encapsulated, i.e. whether it is hydrophobic or hydrophilic, also
dictates the type of nanocapsule required, and this may not be the same as that required for
the desired application. However, coating the capsules with additional layers can get
around this conflict. Coating substances can be proteins, polymers and other natural and
artificial materials and can be chosen for a variety of properties besides affinity for water
or oil, such as adhesion, resistance to different environments, etc. Additionally, temporary
capsules can be created (templates) that provide the foundation for building another layer,
after which the original capsule can be dissolved away.
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Note that the conditions in which nanoparticles are created are not extreme, in a biological
sense, which is one of the reasons they are particularly attractive for the delivery of fragile
biological substances.
Polymeric nanocapsules can now be made in specific sizes, shapes, and in reasonable
quantities. These can then be "functionalized", by attaching or inserting into the wall
substances with a particular property, including that of causing the release of the contents
in response to a particular biomolecule, which would be the triggering mechanism in a
targeted drug-delivery system. Polymeric capsules, unlike liposomes and similar capsules,
are held together by strong covalent (chemical) bonds, which can make them particularly
robust. Many nanocapsules are stable in both liquid and dry forms.
Instead of having a triggering mechanism for drug delivery, the payload can be released by
simple diffusion, if the payload molecules were small enough, or the containing structure
could degrade naturally or be broken up by ultrasound.
The substances used by viruses to package their nucleic acids are often good models for
nanocapsules. Some of these can swell or contract in response to changes in acidity or
salinity, offering a way of triggering the release of their contents, which could be put to use
in a drug-delivery application.
All in all, a vast variety of substances have already been experimented with in the creation
of nanocapsules, which makes the field scientifically interesting and fertile for new
applications.
Note that the creation of nanocapsules is a form of self-assembly.
Opportunities for nanocapsules
The largest application of nanocapsules looks set to be in targeted or time-release drug
delivery. The technical challenges in the former are diverse since different mechanisms for
triggering drug release will be required for different applications. The complexity of
biosystems means that this aspect alone will remain challenging, which can translate to
opportunities. Additionally, the substances used to make nanocapsules, mechanisms used
to make them, and the means of incorporating drugs in them are all quite complex, as is the
potential utility for varying these parameters to achieve different physiological effects.
This variety of potential approaches and potential applications constitutes an industry that
will take a long time to mature and that is a fertile ground for new discoveries with
enhanced drug-delivery potential, and will remain so right into the long term.
Active in these areas are companies such as Capsulution and Flamel. Flamel have drugdelivery systems for half a dozen compounds in pre-clinical trials and one for delayedrelease insulin in phase 1 clinical trials. Prime candidates for drug delivery using
nanocapsules are proteins, which are easily degraded in the body. The majority of
biochemical activities in the body are performed by proteins and many drugs are proteins.
The relative youth of these companies testifies to the potential for new players to enter the
market. Such companies will often end up cooperating with the multinationals in the
pharmacological industry to bring their delivery systems to market, and these
multinationals can also be expected to be predatory.
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Capsulution estimates the market (sales) for drug-delivery systems will reach $49 billion
by 2005. Flamel estimates the "market for proteins" at $17 million.
In addition to the drug-delivery market, nanocapsules promise a variety of other
applications, as yet largely unexplored. Delivery of chemicals for agriculture is one
application that will follow fairly naturally from the medical applications and is already
being pursued by Capsulution and Flamel (in the latter's case, in conjunction with
Monsanto). The ability to control the release of a substance offers potential in markets such
as polymers and adhesives. Nanocapsules could also be incorporated in composite
materials, adding a complex blend of the properties of the capsule itself and its contents.
The cosmetics industry has already been using nanocapsules for many years, and indeed
liposomes have been part of the vocabulary of the advertisers. Liposomes can delay release
of substances into the skin or hair or protect substances such as proteins from the
environment. No doubt applications in this vibrant industry will continue as new
nanocapsule technologies are developed.
Nanocapsules can be customized to have signaling qualities such as luminescence and thus
hold potential in the life sciences as detection agents. Quantum dots made in solution (see
section on quantum dots) would appear at the moment, however, to be the hottest
contenders in this field.
Companies working with nanocapsules
Company_name

Country

URL/Contact

Aphios

USA

www.aphios.com

Bio-Products & Bio-Engineering

Austria

bio@bio.co.at

Biotech Australia

Australia

www.bioaust.com.au

Capsulution Nanoscience

Germany

www.capsulution.com

EnviroSystems

USA

www.ecotru.com

Flamel Technologies

France

www.flamel.com

Henkel Technologies

Germany

www.henkel.com

Kirin Brewery

Japan

www.kirin.co.jp

Knoll

Germany

www.knoll-pharma.com

L'Oréal

France

www.loreal.com

Mach I

USA

www.machichemicals.com

Monsanto

USA

www.monsanto.com

NanoBio

USA

www.nanobio.com

NanoCarrier

Japan

www.nanocarrier.co.jp

Novavax

USA

www.novavax.com

Nanoporous materials
Summary
Nanoporous materials abound in nature, both in biological systems and in natural minerals.
Some nanoporous materials have been used industrially for a long time. Recent
improvements in our ability to see and manipulate on the nanoscale are transforming our
© Científica 2003

Page 99 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
use of these materials from the merely opportunistic to directed design. This is most
strikingly the case in the creation of a wide variety of membranes where control over pore
size is increasing dramatically, often to atomic levels of perfection, as is the ability to
modify physical and chemical characteristics of the materials that make up the pores. The
theoretical space of possible permutations for such materials is vast and will present many
opportunities for the control of substances at the molecular and atomic levels for years to
come. Most importantly, this control will often be exercisable on macroscale quantities of
material and can thus be expected to penetrate the chemical and pharmaceutical industries
on an industrial scale.
Bulk nanoporous materials, which can better be visualized as diminutive sponge-like
substances, are somewhat less exciting in terms of the range of possibilities and exquisite
level of control, but nevertheless offer new applications on an industrial scale. Some of the
materials, such as nanoporous silicon, are surprising in their range of properties and
potential applications.
Introduction to nanoporous materials

Nanoporous membrane. Courtesy of
MINT Center and Departments of
Chemistry and Metallurgical and
Materials
Engineering,
The
University of Alabama.

Nanoporous materials are all about holes that are
less than 100 nm, although there are some
interesting microporous materials with holes a
little above this size and this section will not be too
strict about the arbitrary 100 nm limit. Like many
nanostructured materials, nanoporous materials
abound in the natural world. The walls of our cells
are nanoporous membranes, although with a lot of
added complexity. The petroleum industry has
been using naturally nanoporous materials called
zeolites as catalysts for decades, though the
majority used now are synthetic. Recent years
have
seen
significant
improvements
in
understanding and making a variety of nanoporous
materials.
It is convenient to divide nanoporous materials
into bulk materials and membranes.

Nanoporous membranes
Some of the most interesting applications for nanoporous membranes come from the
ability of nanopores of certain sizes to let some substances pass and others not, or to force
molecules like DNA to pass through one at a time, as examples given later will show.
Controlling the size of these pores accurately is one of the technological challenges faced
in making these materials.
There are a great number of ways of making nanoporous materials, so full coverage will
not be attempted here but rather a selection to give some idea of the variety. Substances
can be selectively leached out of a solid, leaving pores in their place, or combinations of
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polymers can be made to form into nanoporous solids by heating so that one polymer
degrades and escapes. Combinations of polymers and inorganic materials, such as silica,
are also being heavily researched. The sol–gel method can be used for making gel-based
materials such as aerogels, where a gas is dispersed in a gel, producing a very light solid,
sometimes only four times as dense as air. (The sol–gel approach works at room
temperature whereas earlier methods of making aerogels used high temperatures.)
An example of a promising recent development
(early 2002) in organic/inorganic hybrid
approaches comes from researchers in Japan who
created a self-assembled structure out of silica
and benzene with pores between 3 and 5
nanometers across. The most notable property of
these materials is that the insides of the pores are
perfectly ordered structures. The benzene can be
functionalized (modified by the addition of
chemical groups) without this regularity being
lost, opening the possibility of creating a large
variety of pores with internal structures that are
precisely engineered at molecular scales.

Ordered mesoporous organosilica
hybrid material with a crystal-like
wall structure .Courtesy of Frontier
Research Group VII, Toyota Central
R&D Labs.Inc., Japan.

Traditional lithographic approaches and soft
lithography combined with etching can also
create nanopores. An ion beam approach has
been found capable of making pores in silicon
nitride smaller as well as bigger.

From around mid-2001 a group of researchers in
Florida, later working with others in Finland,
started to quite regularly publish achievements based on a technique whereby a material is
deposited on the inside of pores a few tens of nanometers wide in an alumina template. The
process can be used to achieve specific chemical effects, to reduce the hole size, and even
to create nanotubes of various materials by dissolving the original matrix.
This approach, which is also being explored by a number of other groups, is quite simple
but extremely versatile, with the ability to control hole size quite accurately and use a wide
variety of materials to achieve functionality controlling what materials pass through the
holes, or what chemical and physical events occur inside the holes. Such membranes can
selectively allow certain molecules to pass based on size, affinity for water, ionization and
other properties. Materials captured inside the pores may also behave differently from their
free state. The fluorescent properties of certain molecules, for example, have been
enhanced by being fixed in 50 nm pores in an alumina matrix.
Other matrix materials have been used, such as polycarbonate membranes containing 10
nm pores that are then lined with gold and organic molecules called thiols, which have an
affinity for gold. Controlling the acidity on either side of such a membrane allowed control
over which materials could pass that extended even to similarly-sized proteins, by
leveraging electrostatic properties.
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Another approach to controlling pore sizes in membranes was developed late in 2000 in a
joint project involving Sandia National Laboratories and the University of New Mexico.
This uses ultraviolet light to break down molecules in a layer of self-assembled thin film
silica that has a periodic structure. The product resulting from exposure to light causes the
silica to solidify, following the same periodic pattern. Changing exposure alters pore sizes
very consistently and the researchers believe it may eventually be possible to have
sufficient control to create pores that are fine-tuned enough to separate oxygen from
nitrogen molecules, which only differ in size by two hundredths of a nanometer.
One particular application of nanopores that has great potential is the approach suggested
by a group at Harvard University of pulling single DNA or RNA strands through a
nanopore using a voltage applied across the pore, and noting the change in current flow
across the pore as a result of changes in ion flow, or changes in tunneling currents across
the pore. These changes in current can potentially provide an electronic signature to
identify each letter of the genetic alphabet as it passes through, thus sequencing the
segment. The researchers claim the potential to sequence a complete human genome in a
few hours. Initial work used lipid bilayers (similar to cell membranes) but these are not
sufficiently stable for commercial use, and inorganic materials, with pores made using ion
beam sculpting approaches, are being worked on. Development of a synthetic, controllable,
nanopore is being pursued at the NASA Ames Center for Nanotechnology with the same
objective in mind. These nanopore technologies should be fairly readily adaptable to
protein analysis, although the number of elements that need to be distinguished between
(24 amino acids instead of four DNA bases) makes the task a little harder.

Bulk nanoporous materials
The surface area of a solid increases when it becomes nanoporous, improving catalytic,
absorbent, and adsorbent properties (adsorbing is like absorbing but the adsorbed material
is held on the surface rather than inside). Zeolites, a range of naturally occurring or
manufactured minerals with pores on the nanoscale and above, have been used as effective
catalysts for decades. Surface areas of nanoporous solids are generally in the hundreds of
square meters per gram.
In addition to catalytic effects, when materials are held inside nanopores their properties
change in various ways, often unexpected, such as the freezing point of water rising
markedly. Adsorbent and absorbent properties offer potential in environmental
remediation, for example by mopping up heavy metals such as arsenic or mercury. These
three properties are the most obvious offerings of bulk nanoporous materials but there are
other less obvious properties that are potentially valuable.
Nanoporous solids have been made out of a wide variety of substances, including carbon,
silicon, silicates, various polymers, ceramics, various metallic minerals and compounds of
organic materials and metals or organic materials and silicon such as methylsilsesquioxane
(one of the polyhedral oligomeric silsesquioxanes, or POSS, family used in
nanocomposites and other applications).
Aerogels, highly porous materials that can be as little as four times as dense as air, contain
pores of a variety of sizes but the distribution for silica aerogels tends to peak quite
strongly around 5 nm radius, so these are truly nanoporous materials. Though fascinating,
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the low strength and brittleness of aerogels has limited applications, though traditional
aerogels are robust enough to be used in applications such as catalysis and filtering, and
also present interesting optical properties. The thermal insulating properties of aerogels
could be exploited in double glazing, where strength is provided by the containing glass.
However, more interesting applications would present themselves if strength could be
improved and some research has shown ways of achieving this. Most notably, late in 2002
aerogels were created that were 100 times more resistant to breakage than conventional
aerogels.
Nanoporous silicon, which is created by etching silicon with acid, has been found to be
capable of stimulated light emission, as in lasers, and also holds promise as a
biocompatible material. One issue with such silicon for optical applications is its
instability, but a group at Purdue University has managed to give it a stabilizing coating
using a reaction initiated by light. The instability is advantageous in other applications,
though, such as biodegradable medical implants, whether structural or for drug delivery.
Nanoporous silicon in fact has a number of interesting properties, such as having a
refractive index that can be changed by light and the ability to emit acoustic waves through
thermal stimulation. It was also found, in late 2002, to be capable of effective field
emission (producing a stream of electrons) without the presence of a vacuum.
Activated carbon is an example of a nanoporous material that, like zeolites, has been in use
for a long time. It is produced by a very large number of companies, which will not be
covered in this section except where particular novelty in manufacturing or application is
seen. Researchers in Korea, for example, have
developed a templating technique using silica
nanoparticles that can create activated carbon with
uniform 8 nm and 12 nm pore sizes. The resulting
material showed adsorption greater than 10 times
that of commercial activated carbon. Removing
metal ions from a crystalline matrix containing both
metal and carbon allows the creation of a variety of
novel nanoporous carbon materials depending on
process conditions. This approach is being
commercialized by the Swiss company Skeleton
Technologies.
Nanoporous carbon with new geometries has been
created by other methods. A multinational group of
researchers created, in early 2002, a form of highly
nanoporous carbon with a fractal internal geometry
(fractals are patterns that show similar structures at
different scales, such as coastlines or the branches of
trees). The group believes the material has potential
for methane (natural gas) storage for vehicles.

Cesium atoms forming zigzag
chains of positively charged ions
within a zeolite. Image courtesy of
Prof. Valeri Petkov, Central
Michigan University, USA.

A group of Italian and British researchers created, in late 2002, a form of carbon that
belongs to a group of materials that had been hypothesized a decade earlier, and dubbed
schwartzites. The material uses carbon rings containing more than 6 carbon atoms (which
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create the flat hexagons in graphite) to create an internal structure with negative curvature
that is highly porous, with pore sizes in the 50-600 nm range, much larger than in activated
carbon.
A completely new class of nanoporous materials has recently been developed, being a set
of flexible materials that are part polymer and part ceramic (developed at Cornell). When
heated the material becomes nanoporous, with pore sizes between 10 and 20 nm and
excellent uniformity, which results from the use of self-assembly to create a material that is
virtually atomically perfect.
Zeolites, although long used, are still a subject of research. In late 2002 a modified zeolite
was shown to be the first example of an interesting class of materials called electrides that
are inorganic and stable at room temperature. Electrides have a positively-charged
structure with charge being balanced in the form of an electron 'gas' in the pores. Apart
from the obvious catalytic applications, the materials have interesting electrical, magnetic,
and optical properties.
Opportunities for nanoporous materials

Chemicals
Improved catalysts are a clear application for nanoporous materials and have indeed been
used as such for decades in the form of zeolites, probably most notably in the petroleum
refining industry. Given the wide variety of effective catalysts known, many improvements
are likely to be incremental and existing large producers' R&D departments are naturally
working on these, making this an area where competition will be stiff. However, more
novel structures with application in catalysis are more likely to be off the radar of the large
incumbents and present great opportunities for anyone who can come up with a scalable
approach to an industrially valuable chemical synthesis that is either new or significantly
cheaper (which usually translates to more moderate reaction conditions) than existing
processes. An example of this would be an efficient method for converting methane
(natural gas) into a liquid fuel such as a diesel substitute. Current methods for doing this
are expensive and involve a large physical, rather than chemical, component. Achieving
such a goal would make vast remote reserves of natural gas economical to exploit. Clearly,
strong IP would be essential to capitalizing on such a discovery and licensing would likely
be the most sensible path to exploiting this in a rapid path to large-scale application.
Separation technologies, as covered in the next section, are another area where nanoporous
materials will find application in the chemicals industry.

Filtration and separation
The membrane filtration market alone, with applications in water purification, purification
of pharmaceuticals and enzymes, oil/water separation, waste removal, and other
applications in various manufacturing processes, including in the semiconductor industry,
is worth hundreds of millions of dollars. As an example, Osmonics, a market leader (which
also sells other filtration products), had revenues of around $150 million in the nine
months to September 2001. Activated carbon is an example of a nanoporous material that
has been used in this area for many years and is being developed to consist of a more
precisely-defined nanostructure. Reverse osmosis is a process that has been widely
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commercialized for many years and is used in such areas as sea water desalination. In the
filtration industry, nanofiltration generally refers to the use of membranes with pore sizes
somewhat larger than those in reverse osmosis membranes.
As mentioned earlier, it may soon be possible to create membranes with pore sizes so
finely tuned that they can separate nitrogen from oxygen in the air, a capability that has
been pursued for many years without success. The main application of such a process
would be a cheap way to produce pure oxygen without the expensive cryogenic methods
currently employed.
Membranes containing precisely-sized nanotubules of a variety of materials, as mentioned
in the technology section above, would appear to offer quite a variety of chemical
separation technologies. Assuming that a broad patent on the technique covering all
possible materials used to make the nanotubules could not be adequately defended, or at
least did not exclude others from patenting specific variations of process and material,
there would appear to be numerous opportunities for developing separation technologies
for both niche markets and large-scale industrial applications. This technology holds great
potential for separating biochemicals, with obvious attraction for the pharmaceutical
industry. More on this can be found in the medical and pharmaceutical section.
Nanoporous composites in pellet form have been investigated as filters, for air purification
and disinfection, for example in airplanes and buildings.
Nanofiltration technologies offer the potential to
remove many contaminants from water. The
world's first nanofiltration facility for drinking
water, built by Générale des Eaux, went into
operation in 2000 in France, using polymer
membranes with pores of a little under 1 nm.
Power consumption is higher than for traditional
purification technologies but there are benefits,
such as avoiding the need to add chlorine. The
technology is being adopted elsewhere and similar
technologies are being developed by others.
Pacific Northwest National Labs has created a class
of structures called SAMMS (for Self-Assembled
Monolayers on Mesoporous Supports) that contain
uniform cylindrical pores that can be prepared with
Nanoporous silica increases enzyme
a variety of uniform pore sizes (generally 1-50
activity and stability by binding part
nm), with sizes chosen depending on the
of the enzyme to the walls of a 30
application. The pores are coated with selfnm pore using a covalent linker
molecule.
Courtesy:
Pacific
assembled monolayers to which active groups,
Northwest National Laboratory,
such as enzymes, can then be attached. SAMMS
USA.
have been demonstrated to be very effective at
extracting a variety of metals and organics from
both aqueous and non-aqueous media. The removal of mercury from oils was an early
demonstration of the technology, which could also be applied to cleaning up water used in
mining operations or industrial processes.
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Filtration technologies not based on nanoporous materials are also advancing, providing
competition in this space. A good example is the technology developed by Argonide,
which uses tiny (2 nm diameter) fibers to create high-throughput filtration systems that can
filter viruses, arsenic, and more.
Some polymer-inorganic composites recently developed also promise higher-throughput
rates for gas filtration systems. A membrane made of appropriately-aligned carbon
nanotubes should, it has been suggested, offer very high-throughput rates for gases owing
to a lack of interaction between the nanotubes and gas molecules. One of the great
promises of such materials is to separate gases in power stations at reasonable cost
(because the high flow rate translates to lower pressure requirements). Carbon dioxide
could be removed with such membranes or hydrogen could be separated from carbon
monoxide in new-generation power stations, or coal-to-liquid and gas-to-liquid plants.
Current gas separation membranes are not favored for CO2 separation, with solvent-based
extraction being the most common solution. This could change with higher-throughput
membranes and with greater control of pore size. However, separation is only half the
problem as the carbon dioxide then needs to be disposed of without releasing it into the
atmosphere.

Medical and pharmaceutical
Drugs and drug delivery

The principle of using nanopores to let some molecules pass but not others holds potential
for drug-delivering implants. An insulin-delivery system that contains mouse pancreatic
cells in a nanoporous material with pores small enough to let glucose in and insulin out,
but keeps the cells shielded from the body’s immune system, has already been tested in
diabetic mice with considerable success. If successful, the treatment would only have to be
given to diabetics once, effectively providing a cure. The same technology is being
experimented with as a stress detector, based upon cortisol.
The same concept may offer the possibility of shielding drugs from digestive enzymes,
allowing them to be taken as a pill where before they had to be injected. Nanoparticles may
of course be nanoporous so evaluating drug-delivery system potential for nanoporous
materials should include looking at nanoparticle and nanocapsule applications in this area.
Nanoporous silicon, which is biocompatible and biodegradable, is being investigated for
drug and vaccine delivery by pSiMedica (vaccines are particularly susceptible to
degradation by gastric enzymes, which is why most are injected). The company is also
investigating ingesting nanoporous silicon to combat osteoporosis and developing a
radioactive version for cancer treatment.
The anti-reflection nanoporous polymer coating developed by MIT, mentioned below, has
a property that could be useful for drug delivery, which is that the pores can be repeatedly
opened and closed.
Analysis and detection

A technology with great potential impact in the area of genomics is the use of nanopores to
sequence DNA (technical details were given earlier), potentially allowing the mapping of a
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person's genome in an afternoon, instead of months as would currently be required. Such a
development would make sequencing a much more common practice and it might
penetrate into medical diagnostics for individuals. Here, though, the highly parallel
approaches based on microarrays, or nanoarrays, will be hard to beat for rapid evaluation
of a person's genetic make-up (which may be used, incidentally, not just to diagnose
disease but to tailor drug treatments). The limitation of such approaches, however, is that
you need to know what you are looking for when you design the gene-detection arrays. At
the moment there is still a lot that is not known about the function of many of our genes
(which often work in concert with others), the effect of various mutations in them, and the
function of non-coding DNA (the bulk of our DNA does not code for genes but evidence is
building that it can play quite complex roles in cell function). This is where rapid full
genome sequencing will have its biggest pay-off, allowing statistical comparisons of a
large number of genomes both within a species and between species to help elucidate the
function of every operational part of our DNA. Though of huge scientific importance and
liable to lead to the creation of numerous profitable new drugs and treatments, the
commercial potential of the sequencing technology itself may well be limited, both in
terms of sales, which will be largely to research labs, and in terms of time, since once
enough data is gathered, developments will come from its analysis. There is also probably
only scope here for a few leading players. Harvard and Agilent Laboratories have formed a
research collaboration to develop nanopore sequencing technology and US Genomics is
pursuing an alternative approach.
The possibility of full genome sequencing finding a place in routine diagnosis of patients
cannot be ruled out, but if the number of genetic markers required to diagnose a disease or
profile a patient for a genetically customized treatment regime is relatively small, which
looks likely to be the case, then array technologies are likely to prove more cost-effective.
However, the technique could be extended to analyzing proteins and may have more
potential here as a mass-produced diagnostic tool. Microarrays, or nanoarrays, based on
antibodies may still, however, prove to be the most cost-effective technology but there is
an intrinsic advantage in a device that has a general capability to decode any protein rather
than just those for which it has been pre-configured to detect.
The 'smart dust' nanoporous silicon particles mentioned under the defense section below
also have general applicability in biodetection. The particles can be tuned to a very large
number of wavelengths and thus detect many substances in parallel. Competition in this
area comes from a variety of technologies, the most prominent being based on quantum
dots.
Drug discovery and processing

Applications mentioned under both the chemicals and the filtration and separation sections
above could be of significant interest to the pharmaceutical industry for creation of drugs
and separation. The potential ability to separate mirror images of biochemicals, which has
been demonstrated, could have value for the pharmaceutical industry—traditional synthesis
of such chemicals usually results in a mixture of the mirror image versions (called a
racemic mix). Only one of these will generally have the desired biochemical action, while
the other may occasionally be damaging, as was the case for the drug thalidomide.
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The versatility of these new membranes, in terms of pore sizes, materials coating the pores
and functionalization that can be achieved (addition of specific chemical groups) suggests
a huge variety of possible separation functions. These structures are thus likely to see
commercialization for many different applications in years to come. Strong IP will be
essential for capitalizing on a development and it is currently unclear whether there is any
generalized IP that might complicate the issue.
Structural

pSiMedica, already mentioned for investigating nanoporous silicon for drug delivery, is
also looking at using the material as a support to assist bone growth. It is working on this
with Implex, a company already present in the orthopedic implant market with a porous
tantalum material. The idea is to coat the tantalum with biocompatible nanoporous silicon
containing drugs that enhance bone growth.
Other medical

The approach of using nanoporous particles for separation was mentioned earlier in the
context of extracting metals from oils or water. A similar approach is being developed by
Altair Nanotechnologies to remove excess phosphate in kidney dialysis patients using
porous ceramic nanoparticles.
Porous silicon has been used as a support to maintain functioning liver cells outside the
body, a difficult feat with the potential of one day creating artificial livers.

IT and telecommunications
Electronics and electrical

Nanoporous films have attracted a lot of interest recently in the semiconductor industry
because of their low dielectric constant (the dielectric constant is represented by k so these
materials are often referred to as low-k dielectrics). The effect is achieved simply by the
presence of air in the nanopores; air has the lowest k value after a vacuum. Thus the higher
the porosity, the better, but there is an obvious trade-off with the strength of the material
here, which must be able to withstand the rigors of chemical mechanical polishing.
Materials with low dielectric constants are important for the coming generations of
computer chips for two reasons. The most pressing reason is that as integrated circuits
shrink in size so does the width of the connectors between transistors. This slows down the
speed of the signal sent down them, which is a problem, especially when the transistors
themselves are getting faster. Using copper interconnects is one approach to speeding up
the signal. Lowering the k value of the surrounding insulating material is another. There is
also the problem of cross talk, where increased closeness of elements can lead to their
interfering with each other. Better insulators can help here too. The reason the materials
need to be nanoporous rather than just porous is simply because the insulating elements are
themselves nanoscale, or approaching it. Any pores within the material are therefore
inevitably going to have to be nanoscale.
Clearly the target market for low-k dielectrics is very large but there will probably only be
room for one or two successful technologies and the major semiconductor industry
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companies are researching this area heavily and filing many patents, limiting opportunities
for newcomers.
A quite different application of nanoporous materials is reflected in a patent assigned to
Samsung for a single-electron transistor (SET) made out of nanoporous silicon that would
function at room temperature. SETs are a favorite goal of many working in
nanoelectronics, representing the smallest possible amount of electricity that can switch a
transistor. Commercial applications are likely to be quite some way off yet.
The vacuumless field emission properties of nanoporous silicon look very interesting for
applications in flat panel displays. The lack of a vacuum, low power consumption,
simplicity, and, by virtue of being silicon, compatibility with microelectronics production,
suggest that such displays should have a number of advantages over competing
technologies. However, this is a very competitive market with a wide number of
technologies already at an advanced stage of development.
Optical

The aforementioned group at Purdue University has also been investigating, as have others,
the photoluminescent qualities of nanoporous silicon. If solid-state lasers could be made
out of silicon they could be incorporated in integrated circuits at the time of manufacture,
rather than having to be connected up later as is the case at present (such ideas are ideals
and as yet no groups are seriously working on such applications). Application areas here
include photonics, optical storage and data transmission. These are large markets but the
technology is still in its early stages and, if it can be made to work commercially at all, it
will be in the medium term.
Scientists in the US made, in mid-2002, nanocomposite arrays by filling 50 nm nanopores
in anodized aluminum oxide with an organic dye. The resulting composites exhibited much
better fluorescence than the dye shows conventionally, which was put down to the
avoidance of aggregation. The researchers believe that the nanocomposite has potential in
solid organic–inorganic lasers, light-emitting devices, waveguides and other applications in
non-linear optics and photonics.
Anti-reflection coatings have been made at MIT from a nanoporous polymer that is easy to
apply, cheap, and environmentally friendly. The coating could be used for lenses and a
variety of other optical materials.
An application area that holds great commercial promise is photonic band gap materials, or
photonic crystals (see glossary). These materials have a regular structure consisting of
repeating units of two different materials and their properties promise applications in
optical communications and, later on, optical computing. Nanoporous materials (made of
glass or silicon, for example) can be photonic band gap materials themselves or be used to
create them. Regularity is the key property sought after here. Applications for optical
communications are expected in the next few years.

Aerospace and defense
Nanoporous silicon has been found to be explosive in certain forms and has been suggested
as an additive for rocket fuels.
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Aerogels are nanoporous or microporous solids with low mass and high insulating
properties that have been produced for decades. They are already used in space for
capturing space dust, a rather exotic application that does not really represent huge
commercial potential in the near term. Longer-term, though, one can imagine wide-scale
use for protecting space equipment from high-speed dust particles. Additionally, their
insulating properties and low weight may well be attractive in the extreme temperatures of
space. The new super-strong aerogel, if commercialized, might improve prospects.
Coated nanoporous silicon microparticles, dubbed 'smart dust' by the inventors, have been
developed that can be tuned to emit a wide number of very narrow wavelengths of light
when stimulated by a laser. If tagged with receptors for chemical or biological agents these
offer the possibility of detecting such agents at a great distance by releasing a cloud of
them into an area that might be contaminated. In theory, thousands of different chemicals
could be searched for at the same time.

Energy
Nanoporous carbon has application in electrodes in supercapacitors (or ultracapacitors,
which are the same thing), batteries and fuel cells. In batteries and supercapacitors,
improvements are being seen by closely controlling the pore size. Other forms of carbon
such as nanotubes and related structures are competing technologies in this potentially
lucrative area. In fuel cells, buckypaper (a paper made out of pure nanotubes) looks
particularly promising as a combined electrode and catalytic support.
In direct methanol and proton exchange membrane fuel cells (DMFC, PEM), the
membrane is usually a nanoporous material (most commonly a modified version of Teflon
called Nafion, but other materials show promise). In DMFC, membranes need to minimize
the amount of methanol that can pass through and promising developments have recently
been seen in this area, with Toray Industries having recently (May 2003) developed a
nanoporous polymer that reduces methane leakage by 80%.
Fuel cells that produce hydrogen directly from sunlight are being commercialized by the
UK's Hydrogen Solar Production Company. The electrodes for these are made by
depositing semiconducting material in the nanopores of a matrix of nanocrystalline metal
oxides. Effective hydrogen storage is a barrier to widespread commercialization.
Fuel storage is another area where nanoporous materials hold promise. Cars powered by
hydrogen are expected to one day take over from those running on gasoline or diesel but
this is still a long way off and finding ways to store the hydrogen without using high
pressure and low temperatures is one of the main obstacles. This field is still very open, but
high surface area and good porosity are almost certain to play a role in the winning
technology. A combination of pore sizes can also be attractive, maximizing surface area
with small pores while the larger pores improve porosity, and thus transport of the stored
product. Some of the new forms of nanoporous carbon mentioned earlier may provide such
structures. Improved storage for natural gas would also be attractive, and recent new forms
of nanoporous carbon hold promise here too. Researchers at Michigan recently (May 2003)
developed a metal–organic nanoporous framework that could hold an impressive 4.5% of
hydrogen by weight and they believe they can achieve the 6.5% target that the US's
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Department of Energy has set as the point of economic viability. The winner in this race,
which is still wide open, could reap enormous rewards.

Environmental
Technologies previously mentioned under filtration and separation could be turned to
environmental remediation, removing pollutants from the environment, purifying water, or
extracting carbon dioxide from exhaust gases from power stations. Additionally, aerogels
offer potential in energy conservation because of their great thermal insulating properties,
and nanoporous silicon has been turned, by Welsh researchers, into an 'electronic tongue'
that could be used to detect waste in rivers, for example.
New approaches to making aerogels, such as the sol–gel approach, do offer new
opportunities. For example, a transparent silicate foam is being investigated for use as a
replacement for the air space between panes in double-glazing, offering better heat
insulation. Established polymer manufacturers will likely dominate and opportunities for
new processes and materials are likely to be realized through licensing unless a new
manufacturing process is easily scalable and the properties of the end product are
significantly different. A case where properties certainly are very different is the superstrong new aerogel previously mentioned.
The discussions of fuel cells in the energy section clearly apply to environmental issues,
particularly prospects in hydrogen storage if this could be combined with cost-efficient
renewable energy sources for generating hydrogen. The aforementioned solar cells that
produce hydrogen directly are one promising example and there are interesting
developments in photovoltaics, which could also be used to produce hydrogen. Such local
generation technologies would obviate the need for a hydrogen distribution network,
currently considered to be one of the major obstacles in progress towards a hydrogen
economy.
Companies working with nanoporous materials
The following list includes companies working on novel nanoporous materials or novel
applications and does not include the large number of traditional zeolite or activated
carbon suppliers. The numerous filtration companies that offer nanofiltration are also not
listed.
Company_name

Country

URL/Contact

Agilent Technologies

USA

www.agilent.com

AlCove Surfaces

Germany

www.alcove.de

Altair Nanotechnologies

USA

www.altairnanotechnologies.com

Angstrom Medica

USA

www.angstrommedica.com

Asahi Kasei

Japan

www.asahi-kasei.co.jp

Bio Nanotec Research Institute (Mitsui & Co.)

Japan

www.mitsui.co.jp/nano/aboutbnri/index.html

Bio-Products & Bio-Engineering

Austria

bio@bio.co.at

Bonemaster

Germany

www.bonemaster.com

Canon

Japan

www.canon.jp/top.html

Ceramem

USA

www.ceramem.com
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Chemat Technology

USA

www.chemat.com

Chinese Petroleum Corp.

Taiwan

www.cpc.com.tw

Dow Chemical

USA

www.dow.com

Electronic Materials

USA

www.electronicmaterials.com

Honeywell

USA

www.honeywell.com

Hydrogen Solar Production Company

UK

www.h2spc.com

iMEDD

USA

www.imeddinc.com

Implex

USA

www.implex.com

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Kanac

Japan

www.kanac.co.jp

Lavipharm

USA

www.lavipharm.com

Manhattan Scientifics

USA

www.mhtx.com

Nano-Architect Research Corporation

Taiwan

www.narc.com.tw

Nanopore

USA

www.nanopore.com

Nanosearch Membrane

Austria

www.nanosearch.at

Nanosonic

USA

www.nanosonic.com

Nektar Therapeutics

USA

www.nektar.com

pSiMedica

UK

www.psimedica.co.uk

pSivida

Australia

www.psivida.com.au

Reboune Bio-material

China

Rohm and Haas

USA

www.rohmhaas.com

Samsung

Korea

www.samsung.com

Shipley Microelectronics

USA

www.shipley.com

Skeleton Technologies Group

Switzerland

www.skeleton-technologies.com

Toray Industries

Japan

www.toray.co.jp

Toshiba

Japan

www.toshiba.co.jp

Nanoporous materials further reading
A fairly technical description of how a nanopore could be used to sequence DNA can be
found at http://www.mcb.harvard.edu/branton/projects-probing.htm.
A detailed, somewhat technical, article on work on making nanotubule membranes out of
various
materials
can
be
found
at
http://pubs.acs.org/cen/coverstory/7924/7924nanotubules.html.

Nanofibers
The terms nanowire and nanofiber are sometimes used interchangeably. The term
nanofiber is here reserved for structures such as spun nanofibers or natural or synthetic
polymers. Carbon nanofibers (or 'fibrils') are covered in the nanotubes section. Nanowires
tend to be inorganic (not exclusively) and not applied to structural applications, but
primarily to electronics applications. This is a generalization and there will always be some
overlap. The application to which the material is put often dictates the most appropriate
term.
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Introduction to nanofibers
Electrospinning is a technique that can produce polymer fibers with sub-nanometer
diameters. The technique has been known for decades, and has had some limited
application in filters, but is now attracting renewed interest. It creates fibers by pulling
electrically-charged liquids through an electric field in fine streams that then polymerize
into fibers. Other materials such as nanoparticles, or even nanotubes, may be incorporated
in the fibers.
Argonide have made alumina nanofibers, about 2 nanometers in diameter and tens to
hundreds of nanometers long. Viruses and other particles stick to them through
electrostatic forces, offering applications in biofiltering, for instance in decontamination.
The fibers are created by a sol–gel process and subsequent heating. An advantage of filters
made with this approach is that since the filtering technique is not just based on a sieve
approach, the particles collect throughout the filter rather than on the surface and thus clog
less rapidly. This sort of filter is called a depth filter.
Opportunities for nanofibers
The potential applications of electrospun fibers are quite broad. There is, of course, no
reason that nanofibers should be any less useful than their macroscale counterparts, and
they promise further uses. These fibers offer improved strength, offering potential in
composite materials, and also the same increased surface area to volume ratio that makes
nanoparticles valuable in catalysis. The fibers thus have potential as reaction beds.
Braiding of nanofibers has been already been achieved, but clearly managing such fine
structures in the way cotton is managed, for example, presents challenges.
Fabrics made from nanofibers are resistant to the passage of anything but the smallest
molecules, giving the materials potential applications in chemical-resistant clothing and
also applications in commercial clothing where the ability to shun water, oils, etc. could
make for stain-resistant garments. By keeping the nanofibers as a layer on the outside of
traditional materials, normal washing remains effective.
In November 2001, Korea announced $20 million in government spending over nine years
on nanofiber technologies and estimated, probably somewhat optimistically, that the
technology will create a $1.5 billion export industry. The company Nano-Tex is already
commercially producing materials based on coating normal fabric fibers with nanofibers
that make the material resistant to stains.
In terms of composite and textile applications, it should be noted that polymer fibers can be
created that contain fillers, such as metal nanoparticles or nanotubes, offering many of the
potential properties of nanocomposites but in the form of a fiber. Given that Kevlar is a
material based on polymer fibers, the applications of this material are an area where
nanofibers could clearly make an impact. The world's strongest commercial fiber has
already been made significantly stronger by incorporating single-walled carbon nanotubes,
although the product was not a nanofiber.
Another suggested use for both alumina and electrospun polymer nanofibers is in
scaffolding for tissue engineering—Argonide's alumina nanofibers are claimed to be
conducive to bone formation. Virginia Commonwealth University has been developing
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electrospinning techniques for creating nanofibers out of biological materials such as
collagen.
Other claimed potential applications for polymer nanofibers include use as a drug-delivery
medium and uses in sensor and nanoelectronics applications.
Additionally, electrospun fibers naturally assemble into membranes, offering a new way of
manufacturing high surface area membranes, one suggested application of which is flexible
photovoltaic film patches for wearable solar power cells.
The alumina nanofibers previously mentioned would appear to have their primary
application in filtering of viruses and bacteria from air and water supplies or biological
fluids. Filtering water supplies is clearly a large market, but the fibers would have to prove
themselves against existing technologies first. Polymer nanofibers have already found
application in filters and can potentially be improved and have their properties modified by
inclusion of fillers such as nanoparticles.
Companies working with nanofibers
Note that, as previously mentioned, carbon nanofibers are covered in the nanotubes
section.
Company_name

Country

URL/Contact

Argonide Nanomaterials

USA

www.argonide.com

Donaldson's Eon

USA

www.donaldson.com

DuPont

USA

www.dupont.com

eSpin Technologies

USA

www.nanospin.com

IBM

USA

www.ibm.com

NanoMatrix

USA

Nano-Tex

USA

www.nano-tex.com

Stonybrook Technology and Applied Research USA
(STAR)
US Global Aerospace

USA

www.usglobalaero.com

US Nanocorp

USA

www.usnanocorp.com

Nanowires
For a distinction between nanofibers and nanowires, see the opening comments in the
nanofibers section above.
Introduction to nanowires
In the electronics world wires are everywhere. To achieve complex nanoscale electronic
devices, nanoscale wires will be required to connect them. Additionally, nanowires may
themselves form the basis of electronic components such as memory. A lattice of
perpendicular nanowires, for example, can in theory be used as a memory, each
intersection of the wires being an addressable memory element.
There are three primary ways in which nanowires are created:
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1. By the use of lithography or printing onto a surface (soft lithography). In principle,
any pattern can be created, but the resolution is limited by the lithographic process
used either directly or to make the imprint mold. Included in this are approaches
such as dip-pen nanolithography (writing with atomic force microscope tips) or a
similar technique using hollow tips with the "ink" inside.
2. By a chemical growth process in either a gaseous or liquid environment. This
chemical growth process can be greatly assisted if a nanoparticle is used as a
catalyst for the growth. One variant of this process uses catalyst particles attached
to a surface so that the nanowires grow with one end attached to the surface (such a
nanowire is at least initially perpendicular to the surface). If the nanowire is not
grown directly on a surface, it must be positioned onto a surface in order to be used
as a component of an electronic circuit. This positioning can use electric fields and
fluid flows or a combination
3. By the use of self-assembly to grow a nanowire directly on a surface (parallel to the
surface). This approach forms arrays of nanowires directly on a surface that can be
only a few nanometers in diameter and spaced by ten nanometers or less. However,
some other approach is required to make electrical contact to these wires.
Nanowires have been grown out of metals, traditional semiconductors such as silicon and
gallium, and a variety of polymers.
As with work on developing electronic components out of nanotubes, work on nanowires
is still very much at the pure research stage. The connectivity problem still faces those
wishing to make complex, commercial devices out of nanowires, but they have an
advantage over nanotubes in terms of potential for mass production because of the selfassembly approach—if useful structures can be self-assembled this avoids the obstacle of
economically building working structures that is faced by those hoping to commercialize
nanotube-based electronics.
In addition to metallic and semiconducting materials, organic materials have been
persuaded to behave as nanowires. A material called oligophenylenevinylene has recently
been shown to have particular promise.
When looking at applications of nanowires, one must remember that parallels with
macroscale wiring can be misleading. Some nanowires exhibit very non-classical
conduction behavior. These nanowires, which include metallic carbon nanotubes and some
of the semiconducting nanowires developed by Charles Lieber’s group at Harvard, are
ballistic conductors (the name arising because the electrons travel through the wire much
as a bullet does down the barrel of a gun). The primary characteristic of a ballistic
conductor is that the resistance is constant, regardless of the length, which is very different
from normal conducting wires in the electronics we use, for which the resistance increases
in proportion to the length of the wire.
Opportunities for nanowires
Apart from the obvious, longer term, applications in nanoelectronics, nanowires offer
potential as sensors by virtue of electrical properties that change in the presence of certain
substances. The aforementioned group at Harvard has recently published a paper on using
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nanowires as chemical and biological detectors. Some commercial applications can
probably be expected in the near term. It should be noted, however, that, as with nanotubes
sensors, most work so far has been done under ideal conditions in a lab and that in the real
world there might be a variety of additional substances that could interact with the sensor
and impair its efficacy. Even if these issues prove not to be a problem, a system then has to
be built around the sensor.
However, in mid-2001 a group at the University of California, San Diego, demonstrated
the ability of a conducting silicon-based polymer nanowire to detect trace amounts of
explosive (one part per billion in air). The detection is achieved using the luminescence of
the wires under ultraviolet light. Small amounts of the explosive TNT block this effect.
The wires are cheap to produce and can simply be spray-painted on a surface. A prototype
sensor was graphically demonstrated by the image of a hand that had trace amounts of
TNT on it.
Some such chemical and biodetection applications are potentially near-market (one to five
years), for example the TNT-detection technology mentioned above, while nanoelectronics
applications are probably five to fifteen years away (more for processors than for
memories).
Nanowires can also be used to create membranes for gas separation and microanalysis
systems, as catalysts in portable power supplies, in the production of ceramic
microelectromechanical systems, or in radiation-detection equipment, with possible
applications for night vision and mine detection. Nanoscale light-emitting diodes have
been created simply by crossing two types of nanoscale wires. A prototype laser made out
of zinc oxide nanowires (though they could also be described as nanofibers) has been
made. Metallic nanowires have also been shown to have potential in tunable microwave
devices.
One very specific application of nanowires is that being pursued by the company
SurroMed, who create nanowires (although they might also be described as nanofibers)
that have alternating bands of gold and silver. Like the applications of quantum dots being
pursued by Quantum Dot Corp., this approach offers massive parallelism in biological
analysis, although the approach is significantly different.
Companies working with nanowires
Company_name

Country

URL/Contact

Agere

USA

www.agere.com

Hewlett-Packard

USA

www.hp.com

Nanoplex Technologies

USA

www.nanoplextech.com

Nanosys

USA

www.nanosysinc.com

Reade

USA

www.reade.com

Surromed

USA

www.surromed.com
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Fullerenes
Summary
Around 18 years ago, the long-held notion that there were only two forms of regularly
structured carbon, diamond and graphite, was turned on its head by the discovery of hollow
cages of 60 carbon atoms, which were given the exotic name Buckminsterfullerene.
Buckyballs, as they have come to be affectionately known, had in fact been predicted to
exist for some time, along with a range of smaller and larger variants, many of which were
discovered soon after and were collectively called fullerenes. These chemical curiosities
excited considerable scientific interest, especially in light of some of their physical and
electrical properties.
They remained curiosities for a long time and their spot in the limelight was taken in 1991
by the carbon nanotube, which showed an even more interesting array of properties.
However, over the last few years the growing ability to produce relatively large quantities
of fullerenes has led to an increase in research into the properties and potential of
buckyballs and their cage-like relatives. Meanwhile, the availability of the most exotic of
the nanotubes, the single-walled variety, has remained vanishingly small, a situation that is
only just starting to change.
While the carbon nanotube still tends to hog the headlines, a variety of applications for
fullerenes have been suggested, some of which are actively being developed. We are now
seeing a very rapid decline in price, which is expected to continue down to a hundredth or
less of current costs over the next few years. This may open the door to a host of other
applications, such as composite materials, fullerene-based polymers, or organic solar cells,
where relatively large quantities at a low price would be required for commercial viability
in anything but niche applications.
Some medical applications, where small amounts at a high price can be viable, are already
seeing significant progress towards commercialization, and there seems no doubt that at
least in a few medical applications fullerenes, especially the original buckyball, will see
significant success, and some of the markets being aimed at are not insignificant.
However, across the whole spectrum of potential applications, from structural materials to
coatings, and from electronic and optical materials to medical applications, fullerenes seem
to be faced with strong competitors, offering lower costs, greater ease of production, better
properties, or greater versatility. These competitors come in the form of carbon nanotubes,
nanoparticles, nanocapsules, dendrimers and more. This competition inevitably diminishes
to some extent the commercial potential of fullerenes, but there are still areas of
significance where they hold the promise of offering something more than, or something
different from, the competition, as the following section will point out.
Introduction to fullerenes
The first fullerene discovered was the buckyball. Also known as buckminsterfullerene,
after the architect Buckminster Fuller, whose geodesic dome it resembles, it was
discovered in 1985 at Rice University in Houston by Richard Smalley, Robert Curl and
Harry Kroto, who shared a Nobel Prize in 1996 for the discovery. Buckminsterfullerene, or
buckyball, molecules are roughly spherical cages of 60 carbon atoms (C60) arranged in
interlocking hexagons and pentagons, like the patches on a soccer ball.
Other fullerenes were discovered shortly afterwards with more and fewer carbon atoms,
ranging from 28 up into the hundreds, though C60 remains the easiest to produce, and
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cheapest, with prices rising rapidly for the larger fullerenes. The word 'fullerene' covers
this collection of hollow carbon molecules made of a cage of interlocking pentagons and
hexagons. Carbon nanotubes, made of graphite sheets of hexagonal arrays of carbon rolled
into tubes, are close cousins in terms of production methods and some of their properties,
and can be included in the fullerene family if their ends are closed, in which case they are
like a buckyball extended into a tube by the insertion of carbons along its midriff. For the
purposes of this section, the term fullerenes should not generally be taken to include
carbon nanotubes.
Production methods
Fullerenes are in fact produced in small amounts
naturally, in fires and lightning strikes, and there is
some evidence that the massive Permian extinction of
250 million years ago was caused by the impact of an
object containing buckyballs. However, they were
first produced by man (at least knowingly) in the soot
resulting from vaporizing graphite with a laser.

Buckyball. Courtesy of the
Center for Nanoscale Science &
Technology, Rice University

The earliest bulk production process is the arc
discharge (or Krätschmer-Huffman) method, using
graphite electrodes, developed in 1990. This produces
predominantly C60 and C70 but can be made to
produce higher fullerenes, for instance by having
more porous electrodes. Separation with solvents
such as toluene can achieve near 100% purity for C60.

A little later, a group at MIT started producing C60 in
a benzene flame. And pyrolysis (transformation of a
compound by heat, without burning) of a variety of aromatic compounds has also been
used to produce fullerenes (aromatic compounds have benzene-derived ring structures. A
typical attribute of aromatics is that they have bonding electrons free to move around, socalled delocalized electrons. Fullerenes themselves are aromatic).
Methods such as sputtering and electron beam evaporation (with a graphite precursor) have
been shown to preferentially produce higher fullerenes, such as C70, C76, C78, and C84.
UCLA has patents on these approaches.
Properties of fullerenes
Physically, buckyballs are extremely strong molecules, able to resist great pressure—they
will bounce back to their original shape after being subjected to over 3,000 atmospheres.
Their physical strength does seem to offer potential in materials. However, like nanotubes,
they do not bond to each other chemically, sticking together instead through much weaker
forces—van der Waals—the same forces that hold layers of graphite together. This gives
buckyballs, like graphite, potential as a lubricant, though the molecules tend to be too
small for many applications, getting stuck in crevices. Buckyballs with shells around them,
known as nano-onions, or bucky-onions, are larger and potentially better as a lubricant. A
technique for creating these with quite high purity using an underwater arc approach was
demonstrated in December 2001 by a group from the University of Cambridge in the UK
and the Himeji Institute of Technology in Japan.
Although buckyballs do not stick together well, this does not mean they do not have
applications in solids. When incorporated in relatively low amounts in a polymer matrix
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they can be held in place and impart some of their strength and low density to the material.
Companies such as BuckyUSA are working with the tire industry to establish whether C70
would be a superior additive to carbon black.
Research has been done on making buckyballs less slippery. Shortly before the
aforementioned production of nano-onions, Lars Hultman and colleagues, of the University
of Linköping in Sweden, replaced some of the carbon atoms in buckyballs with nitrogen
atoms, allowing them to bond, producing a material that is hard but elastic. These modified
buckyballs also formed shells and were also called nano-onions.
Fullerenes and related substances have shown considerable potential as catalysts (basically,
substances that enhance a reaction without being consumed themselves). A team at the
Fritz Haber Institute in Berlin has used bucky-onions to convert ethylbenzene into styrene,
one of the ten most important industrial chemical processes. Existing approaches are
limited to a maximum yield of 50% but the researchers achieved styrene yields of 62% in
preliminary experiments, and expect further improvement. The bucky-onions seem,
however, to be a precursor to the catalyst as they were converted in the reaction into a
material that had lost the regular, concentric-layer structure of bucky-onions, and looked
more or less disordered, but was an effective catalyst (Angewandte Chemie International
Edition, 41, 1885–1888).
SRI International have also been looking at the catalytic properties of fullerenes and
related materials, including the soot produced alongside the fullerenes using arc or
combustion methods. This soot contains a variety of carbon forms that can be partially like
fullerenes (composed of hexagons and pentagons) but probably with open areas that serve
as catalytic sites. The soot can be used for hydrogenation/dehydrogenation of aromatics,
for upgrading of heavy oils, and for conversion of methane into higher hydrocarbons by
pyrolytic or reforming processes.
Fullerenes have interesting electrical properties, which have led to suggestions of use in a
number of electronics-related areas, from data storage devices to solar cells. Researchers
at Virginia Tech have used ultra-thin layers of fullerenes as electron acceptors in flexible
organic solar cells. Currently the efficiency is about a fifth of conventional silicon
photovoltaics (so about 3-4%, compared to 15-20% for mass market silicon solar cells) but
the researchers expect to be able, through better control of the nanostructure, to equal or
exceed the efficiency of current silicon-based devices.
The same properties also offer potential use in photodetectors for X-rays. Work by
Siemens on this is discussed later.
Another use of the electrical properties of fullerenes is in fuel cells. Sony has used them to
replace large polymer molecules in the electrolytic membrane of direct methanol fuel cells
(with personal electronics being the intended application). The result is a fuel cell capable
of operating at lower temperatures than those with polymer-only membranes, and Sony
believes the fullerene-based membranes might even work out cheaper. Sony have also
been using fullerenes in work on hydrogen-based fuel cells, exploiting their ability to help
move protons around (proton exchange membranes are the basis of such fuel cells).
Fullerenes have been inserted into nanotubes, the result sometimes being referred to as
'peapods'. The earliest work on this was done early in 2002 in South Korea (Seoul National
University) and the US (University of Pennsylvania in Philadelphia), using C82 and C60
respectively. The fullerenes alter the electrical behavior of the nanotubes, creating regions
of varying semiconducting properties, effectively producing a series of tiny transistors
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within a nanotube. The properties can be modified by moving the location of the enclosed
fullerenes and researchers at Michigan State University have even suggested using this to
create memory devices. Such work is still at the very early research stage and applications
should not be expected any time soon, if ever (there are many competing approaches to
nanoelectronics and memory).

Computer simulation of nanotube-based memory element. The nanotube holds a
C60 molecule inside. The C60 carries a net charge because it contains an alkali
atom in the hollow cage. The C60 can be shifted from one end to the other by
applying an electric field between the ends of the capsule. The two energy minima
of this system, with the C60 bonded to either end of the capsule, can be associated
with bit 0 and bit 1. Courtesy of David Tomanek, Michigan State University,
http://www.pa.msu.edu/~tomanek.

Fullerene-based materials may have important photonic device applications (photonics
being essentially the equivalent of electronics but using light instead of electricity).
Fullerenes exhibit a very large non-linear optical response (i.e. their optical properties
change with exposure to light) and may well be suitable for a range of telecommunications
applications. The non-linear optical properties may be enhanced by the addition of one or
more metal atoms externally to the fullerene cage as well as within the cage itself.
Fullerenes are also effective at mopping up free radicals, which damage living tissue. This
has led to the suggestion that they might protect the skin in cosmetics, or help hinder
neural damage caused by radicals in certain diseases, research on which in rats has already
shown promise.
The size of C60 is similar to many biologically active molecules, including drugs, such as
Prozac, and steroid hormones. This gives it potential as a foundation for creating a variety
of biologically active variants. Buckyballs have a high physical and chemical affinity for
the active site on an important enzyme for HIV, called HIV protease, and block the action
of the enzyme. HIV protease is the target of existing AIDS drugs but resistance has
developed to a set of these drugs since they all have similar actions. Buckyballs target HIV
protease differently so their effect should not be subject to resistance already developed.
As previously mentioned, the neuroprotective potential of C60 has already been
demonstrated, and vesicles made out of them could be used to deliver drugs. Applications
for buckyballs with other atoms trapped inside them, referred to as endohedral fullerenes,
are mentioned later.
Considerable interest was generated in the second half of 2001 by research at Lucent's Bell
Labs that showed that buckyballs could be made superconducting at above the temperature
of liquid nitrogen, a very important find because liquid nitrogen is relatively cheap to
produce but lower temperatures are much harder to maintain. However, some work on
molecular electronics by the same researcher, Hendrik Schön, was called into question
because of identical graphs being used in different papers to represent different results.
© Científica 2003

Page 120 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
Later the buckyball work was similarly questioned and indeed his results have not been
duplicated by other researchers. Fullerenes and their derivatives have indeed been shown
to be superconducting, but only at very low temperatures (a few tens of degrees centigrade
above absolute zero).
Around the same time there was also a claim that a polymer had been created out of
buckyballs that was magnetic at room temperature, making the first non-metallic magnetic
material. Though no wrong-doing has been suggested in this case, these results also have
not been reproduced. Besides which, in terms of potential value, this result was trumped
shortly afterwards by the creation of a polymer (without buckyballs) that was also shown
to be magnetic at room temperature, and considerably more so.
Fullerenes can also be used as precursors for other materials, such as diamond coatings or
nanotubes (Sony, for example, creates nanotubes by heating fullerenes and platinum).
On the esoteric side, fullerenes have been used in fundamental research in quantum
mechanics, being the largest particles in which the wave/particle duality of matter has been
demonstrated, by getting a C60 molecule to appear to pass through two different slits
simultaneously, a famous experiment normally performed with electrons, photons or single
atoms.

Functionalization
Chemical groups can be attached to a
fullerene's carbon atoms, a process
called functionalization, modifying
their properties. The number of carbon
atoms available to do this has led to
the epithet "molecular pincushion",
especially within the context of
medical applications such as those
being developed by the company C
Sixty.
Research on functionalization of
fullerenes has been particularly active
in recent years, with aims varying
from the creation of polymers to
biologically active variants.

Color code: red, fullerene core; blue,
aromatic groups; gray, alkyl chains. The
image on the right shows a stack of 5
molecules. Courtesy of Nature Publishing
Group (www.nature.com) and the
departments of Chemistry, and Chemistry and
Biotechnology, The University of Tokyo.

A nice illustration of the lengths to
which functionalization can be taken
comes from a group at the University
of Tokyo in Japan and their creation of
molecular 'shuttlecocks' (see picture).
These have potential in liquid crystal
applications, which goes beyond
liquid-crystal displays as there is
growing interest in their use in areas
such as nonlinear optics, photonics and

molecular electronics (Nature 419, 702–705).
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The University of Tokyo has also done some interesting work on creating hybrids of
ferrocenes and fullerenes. Ferrocenes are compounds containing iron and organic groups
that have attracted much interest in the decades since their discovery. The hybrids might
create vesicles for drug delivery or be the basis of nanostructures with useful electronic or
photonic properties. Vesicles have also been created at the university using the potassium
salt of pentaphenylfullerene, each composed of about 13,000 modified C60 molecules.
Rice University, in collaboration with the Russian Academy of Science’s Institute for
High-pressure Physics, has been working on the fluorination of polyfullerenes, polymer
chains and sheets of C60. Polyfullerenes are much more stable than organic polymers like
polyethylene, polypropylene or nylon, and the addition of fluorine to the polyfullerenes
could make it easier for chemists to use them in subsequent chemical reactions.
Researchers at SRI International have also done work on creating fullerene-based
polymers, starting with attaching amines to C60. The result was a variety of highly crosslinked polymers suitable for spray-, dip-, or spin-coating that are very hard and show high
thermal stability.

Endohedral fullerenes
An area of research that has been at least as active as functionalization of fullerenes is that
of putting atoms inside them. The results are called endohedral fullerenes, which are
described with the notation X@C60, where X is the trapped atom (or atoms) and C60 could
be any fullerene. Reactive elements can be stabilized inside the fullerene cage. The
contained element can also change the electronic and magnetic properties of the fullerene
(the caged atom can contribute electrons to the fullerene molecule). The creation of
endohedral fullerenes has proved challenging. Simple approaches involve creating the
fullerenes in the presence of the element to be encapsulated, but this produces a low yield,
typically less than 1%. However, some researchers, such as Lothar Dunsch of the Leibniz
Institute for Solid State & Materials Research, have claimed that it is possible, by adjusting
reaction conditions, to get certain endohedral fullerenes as the main product of a reaction.
Alternatively, fullerenes can be mixed with the substance to be encapsulated and subjected
to high temperatures and pressures, or a chemical approach can be taken to open up the
fullerene to let the other substance in. Researchers at UCLA have managed to open quite
large holes, although closing them again remains elusive.
A huge number of elements have been encapsulated in fullerenes, including the noble
gases, which have no desire to bond with the surrounding carbon atoms but can be used in
applications such as magnetic resonance imaging (MRI).
Using endohedral fullerenes for medical imaging applications requires them to be water
soluble. The higher fullerenes (above C60) have derivatives that are generally more soluble,
but they are more expensive to produce. C60 endohedral fullerenes are generally less
soluble and air-sensitive, but relatively cheap to produce. Functionalization has managed to
improve solubility and also stability in air. Additionally, C60 derivatives appear to be
efficiently excreted while higher fullerenes, such as C82, have shown a tendency to
accumulate in the lung, liver and bone.
The relatively high tolerance of biological systems to carbon is one of the reasons for the
potential of buckyballs in medical applications, from delivery of radioisotopes to cancer
cells, to MRI. Anything included in the buckyball is effectively shielded from the body.
Importantly, buckyballs are small enough to pass through the kidneys and be excreted.
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Biological systems can be sensitized to buckyballs, however, as has been demonstrated by
the development of antibodies to them (useful for monitoring the presence of buckyballs in
tissue and biological fluids).
Researchers at Rice University have designed C60 and other fullerene molecules with an
atom of gadolinium inside and with chemical appendages that make them water-soluble. In
typical MRI contrast agents, the metal gadolinium is linked to a non-fullerene molecule,
which is normally excreted quickly from the body. Fullerene-encapsulated gadolinium
might allow the contrast agent to remain in the body longer.
Meanwhile, researchers at Virginia Tech are putting four atoms, three metal atoms and a
nitrogen atom, inside C80 fullerene cages to create multiple-use contrast agents—two of the
metal atoms could be chosen for use in MRI imaging, and one for X-rays, for example.
The Virginia Tech work is licensed to Luna Nanomaterials, which calls the product
trimetaspheres. The company claims the contrast agents are 50 times better than the most
commonly used contrast agent, Magnevist (the patent on which, interestingly, is about to
expire). Luna puts the size of the market for MRI contrast agents at a billion dollars.
Virginia Tech has also created (in early 2002) an organic derivative of a metallofullerene
that makes it more soluble, facilitating biological applications. The aim is to attach watersoluble groups such as peptides or hydrophilic chains.
Fullerene-related structures
It is important to realize when considering the potential of fullerenes that they represent a
variety of new carbon structures, and that there are also related structures of interest, such
as carbon nanotubes (if one considers them separately from the roughly spherical
fullerenes), or various materials in fullerene soot. As mentioned earlier, these have
potential as catalysts.
Additionally, if one considers possible geometries, adding rings with more than 6 atoms
(heptagons and octagons, for example) produces curvature in the opposite direction to that
created by the pentagons found in fullerenes. Forms of carbon based on such negative
curvature had been hypothesized for some time, and dubbed schwartzites, and were created
in late 2002 (Applied Physics Letters 81, 3359–3361). These highly porous materials have
potential in catalysis, fuel storage and biomaterials and thus share potential applications
with fullerenes.
Other materials that should be kept in mind as part of the application landscape of
fullerenes are those with similar structures but made out of other materials. The company
Applied Nanomaterials specializes in inorganic equivalents of nanotubes and fullerenes.
They claim these materials are easier to make and have applications in the electronics (they
are semiconducting), composites and lubricants markets.
Opportunities for fullerenes
Fullerenes are fascinating structures and have attracted a lot of academic interest. Only
recently, though, have they started to show real potential for commercial applications. The
expectation of applications is reflected in the number of companies now producing
fullerenes, some of which are planning to bring prices down to the level where use in bulk
materials, such as composites, may become economically viable.
Typical fullerene prices are currently around $25 a gram for 99.5% pure C60 up to $175 for
99.95% pure. For C70, prices are around $250 for 98% pure, and $700 or more for greater
than 99% purity. Costs for mixed fullerene extracts (mainly C60, then C70 and a small
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amount of higher-order) can be as low as $12.50 a gram. Fullerene soot, with similar
proportions of fullerenes to fullerene extract, but with total fullerenes making up less than
10% of the product, can go down to $2 a gram. Higher-order fullerene mixtures, which
require methods such as column chromatography and generally have 76 to 96 carbons, can
cost thousands of dollars a gram (and are generally sold in milligram quantities). Various
companies also sell fullerene derivatives, and services such as creating fullerene coatings.
The above prices still limit applications to those requiring small amounts of material (such
as medical applications) or where special functionality can justify higher costs. The costs
are expected to continue to fall considerably, however. In 1999, Mitsubishi Corporation set
up Fullerene International Corporation with two companies based in Tucson, Arizona:
Materials and Electrochemical Research Corporation and Research Corporation
Technologies. Then in October 2001, Mitsubishi and Mitsubishi Chemical created Frontier
Carbon Corporation. Production is expected to reach 1500 tons a year in 2007, with prices
coming down to 100 yen per gram ($0.85) and eventually to 10 yen per gram.

Bulk materials, layers and coatings
Fullerenes have been investigated as fillers in composite materials, but their cousin, the
buckytube, or carbon nanotube, generally attracts more interest. However, there are two
important differences when comparing these fillers. The first is that fullerenes are currently
a lot cheaper and look set to remain so for some time. The second is that the physical
properties are quite different, with carbon nanotubes offering enormous tensile strength but
not being that impressive under compressive stress, where fullerenes tend to win out (there
is also a directional component to be considered with nanotubes because of their long, thin
shape). This does suggest that once prices come down applications such as using fullerenes
in car tires, for example, may prove commercially viable. Composites containing carbon
nanotubes are already on the market but these are large, multi-walled nanotubes that do not
confer any great strength. Their primary attraction is providing conductivity at quite low
filler loads (an area in which nanotubes will tend to be better than fullerenes because of
their length) and without blackening of the composite that is found with materials such as
carbon fibers. Competition will also come in the form of nanoclay composites, which
already offer 10-15% increases in strength and could offer up to 25%. These are already
being used in various car parts.
Polymers made out of fullerenes tend to be more resilient than other polymers and thus
may well find commercial applications, but these will be very limited until the cost of the
raw material comes down considerably. In terms of polymer films, composites containing
carbon nanotubes may also compete in the future and nanoclay composites are already
finding their way into the packaging industry where it is not just their strength that is
valuable but also reduced permeability to gases, which comes from the flat, thin shape of
the particles. However, it should be noted that fullerene polymers are not composites in
which the fullerenes are simply mixed in, but have the fullerenes as part of the basic
building blocks of the polymer. No such approach has been found for nanotubes (which
cannot anyway be produced in such a uniform way) and this does hold promise of creating
pure and well-structured materials that capitalize on the properties of fullerenes. This alone
suggests that in years to come fullerenes may give rise to a variety of well-structured
materials with desirable physical properties.
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Electrical and (opto)electronic applications
In application areas such as flexible organic solar cells, fullerenes do look promising in
comparison with other organic approaches. Some of the most promising research in
photovoltaics is around nanoparticles, the size of which can be tuned to respond to
different wavelengths of light, allowing, in theory, the harvesting of a wide range of
wavelengths and thus efficiencies beyond those of existing silicon-based photovoltaics.
Production of materials based upon such particles promises to be very cheap, according to
companies such as Nanosys, whose particular line of investigation is into particles they call
nanorods (the company recently entered into an agreement with Matsushita to develop
solar cells based on this technology). However, this should not necessarily be seen as
competing with the use of fullerenes as they provide a different function—as harvesters of
the electrons produced. Thus we might see a combination of such technologies in future.
The potential market for cheap and efficient photovoltaic cells is enormous and the
technology could be quite disruptive.
In a parallel application, around mid-2002, Siemens described work being done on making
photodetectors for X-rays made of thin layers of fullerenes in plastic. Current silicon-based
detectors are very expensive—around $1 million per square meter. The principle is
basically the same as that used in the organic solar cells mentioned earlier. When photons
(whether visible light or X-ray) strike the plastic, they release electrons, which are then
captured by the fullerenes and transported to an electrode. Special printing methods should
be able to make detectors of several square meters, though currently they are only a few
square centimeters. Possible applications of such large area detectors include X-ray
machines for truck containers at customs posts, or more extensive and mobile medical
applications. The organic detectors are also cheap, at less than $100 per square meter, and
they are more stable and longer-lasting than other organic semiconducting approaches.
Siemens expect a product in a year or two, with medical imaging applications requiring
more work.
Apart from X-ray photodetectors and solar cells (which Siemens are also working on,
expecting to reach 5% efficiency soon and 10% some time later), such materials could be
coupled with electrochromic materials (ones that change color in response to an electric
current) to make 'smart windows', that adjust to the light falling on them.
Fullerenes have also been shown to produce a large non-linear optical response, i.e. a laser,
for example, can be used to change their optical properties, such as the refractive index.
They are potentially important for applications such as wavelength conversion and for
optical information processing (optical switching, optical data storage, including
holographic storage, and ultimately optical computing). Non-linear optical materials are at
the forefront of optical research because of the wide variety of potential applications, and
fullerenes do appear to be particularly promising in this area. Despite the current slump in
the telecommunications market, there is no doubt that in the long term this already
enormous market will grow substantially as broadband access and applications start to
become commonplace.

Medical and biological applications
C60 has been shown to be excreted effectively from the body, unlike some of the higher
fullerenes, as mentioned earlier. Also, carbon is relatively biologically inert. These two
properties make endohedral versions of C60 an effective carrier for less inert materials.

© Científica 2003

Page 125 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
Inserting magnetic metal atoms into buckyballs has potential value in magnetic resonance
imaging (a common way of looking into the body), where they improve contrast. Several
groups have been working on this application but much development has been led by the
company Luna Nanomaterials. The advantage of using fullerenes is that if a contrast
material remains in the patient long enough, the metal atoms may break free, but the atoms
can't escape from the relatively benign fullerene cage. Currently, toxic metals such as
gadolinium are wrapped up (chelated, in fact) in organic molecules that do quite a good job
of keeping the metal from interacting with the body, but fullerenes may do even better and
offer the advantage of being able to hold three atoms at a time, the approach being
developed by Luna Nanomaterials.
There is competition in the MRI space from coated nanoparticles, which are a simpler
technology and thus generally cheaper. The fact that nanoparticles are less precisely
engineered than fullerenes may give the latter an advantage in some cases, but MRI is still
rather crude in terms of resolution so any fullerene-based approach would have to compete
on cost.
The ability to insert metals into buckyballs offers the potential of encapsulating radioactive
elements (usually toxic heavy metals) in a relatively biocompatible material for delivery to
a desired target. Delivering to the target, a cancer cell, for example, does require the
tagging of the buckyball with a substance, such as an antibody, that has an affinity for the
desired cell. This complicates the process and reduces the biological inertness of the
buckyball (the body does not react strongly to certain pure elements such as carbon and
silicon, but does react strongly to complex proteins such as antibodies).
Radioactive nanoparticles, which can be coated to make them more biocompatible and
reduce toxicity, compete in this space and, as with MRI, have a significant advantage in
that they are easier to produce, but the isolation of the radionuclide from the body afforded
by fullerenes is hard to beat.
One notable potential medical application for buckyballs is in the treatment of AIDS, the
mechanism of action having been outlined above. The company C Sixty is just about to
start stage 1 clinical trials for this treatment, which has the advantage that it is likely to be
equally effective against strains of HIV that have developed resistance to existing drugs. In
this particular case, since the size and shape of C60 molecules are central to the
effectiveness of this treatment, there is really no competition that would work in quite the
same way.
C Sixty is also planning its next set of human trials against amyotrophic lateral sclerosis
(ALS), also known as Lou Gehrig's disease. In this case, the fullerene acts as a
neuroprotectant—a drug that prevents or repairs neurological damage. Molecules built
from the buckyball framework are efficient at eliminating so-called free radicals from
cells. Free radicals appear to damage neurons in diseases such as ALS and Parkinson's
disease. In rat studies, one of the fullerene-based molecules that C Sixty is developing has
both stopped the degeneration of nerves and caused some motor activity to return. Studies
of the treatment in monkey models of Parkinson's are planned. The relative biological
inertness of C60 would seem to suggest that these are particularly promising avenues.
C Sixty dominates work on commercializing medical therapeutic applications of fullerenes
and has several other treatments in the pipeline, such as a cancer treatment based on lightsensitized fullerenes, a treatment for several degenerative nervous system diseases, and one
for osteoporosis. They are also working on diagnostic techniques such as one to measure
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fullerene serum levels (useful in conjunction with fullerene-based therapies) and X-ray
imaging contrast agents. C Sixty puts the market for the latter at $3.2 billion worldwide.
They put the costs of medical and surgical short-term care for osteoporosis at $3 billion a
year in the US. By all accounts, the company has a very strong IP portfolio in the
therapeutic applications of fullerenes, but it has expressed a willingness to license and
cooperate on development.
When it comes to drug delivery using fullerenes, the competition looks particularly stiff.
Although fullerenes can be made to produce vesicles, vesicles of other types, such as
liposomes, have been produced for decades and quite a few companies have developed this
technology to a high degree of sophistication, including creating coatings of customdesigned polymers that will behave in pre-programmed ways in certain biological
environments. Such drug delivery technologies usually use the term nanocapsule.
Nanoparticles too are being used for drug delivery and this particular nanotechnology has
the most applications in clinical or pre-clinical trials, no doubt because nanoparticles are
relatively easy to produce.
Fullerenes may offer a much more molecularly precise product than nanocapsules or
nanoparticles but here they face competition from dendrimers, which are extremely
versatile macromolecules. Dendrimers are even being designed that can locate a target cell,
penetrate it, deliver the drug, detect that it is having an effect and broadcast it to the outside
world. Fullerenes do not seem to offer any particular advantage with respect to this sort of
sophistication in molecular engineering.

Fuel cells
The application of fullerenes in fuel cells has parallels based on nanotubes, nanoporous
carbon and other nanostructured materials, which are being applied to various aspects of
fuel cells, from electrodes, to catalysts and supports, membranes and fuel storage. In this
last case, though fullerenes have been investigated, they are not amongst the front runners,
with materials such a carbon nanohorns being close to commercialization.
Certainly the use of fullerenes in electrolytic membranes by Sony does look very
competitive with polymer-based variations being developed by companies such as Hitachi
and NEC for portable electronic applications. However, these and many other companies
seem to be working to develop their own fuel cells with their own combinations of
technologies rather than collaborating to find the best combination, and Sony are not
among the few companies to have announced a date for a first product (several companies
have announced dates ranging from late 2003 to 2005). In this intensely competitive and
secretive market, it is difficult to predict a winner, or even say with confidence which
technologies are being used. The wide varieties of technologies converging on this space,
many with similar prospects, also make it difficult to predict which technologies will
eventually capture what is likely to be a very large market. As with the Betamax and VHS
video systems, the best technology might not prevail.

Quantum computing
In late 2002, Jason Twamley of the National University of Ireland in Maynooth devised a
scheme for performing quantum computation in an array of memory elements made up of
fullerene molecules containing a trapped (endohedral) atom of nitrogen or phosphorus. The
fullerene protects the trapped atom from reactions and also electric fields, but magnetic
coupling remains strong. Quantum computing has the potential to offer unparalleled
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computing power in a certain subset of computing applications (most famously in
cryptography). Work in the area is still at a very theoretical stage but activity in the last
year has been remarkable, leading some commentators to suggest that a workable quantum
computer might not be as far away as has traditionally been suggested (usually 15 years or
more). There are a variety of approaches, however, and it is far too early to say which will
prevail (it might be none of the existing approaches, but a new one).

Catalysis
As previously mentioned, fullerenes have shown some interesting potential in the area of
catalyzing chemical reactions that are economically important. It may turn out, however,
that less structured forms of carbon, such as fullerene soot, will prove more valuable.
Additionally, nanoparticles and a variety of nanoporous materials, including the
aforementioned 'negatively curved' carbon structures and derivatives of biomaterials (such
as the shells made by tiny aquatic organisms), are showing increasing promise as catalysts.
As our ability to produce a variety of nanostructured materials develops, it will only be by
chance that pure fullerenes turn out to be particularly valuable.
Companies working with fullerenes
As the list below shows, production of fullerenes is currently dominated by the US and
Japan, but other countries are certainly active and had some of the earliest producers. The
perceived value of fullerenes can be seen in government initiatives, such as the 'Carbon
Nano Capsule Research Alliance', created in late 2002 by Taiwan's Industrial Technology
Research Institute (ITRI), with members from industry and academia. The companies
involved in this alliance will not be listed separately below unless they have clear
individual activities relating to fullerenes. The founding members of the group are
Formosa Plastics Group, Hon Hai Group, Yuen Foong Group, Taita Chemical, and Taiwan
Rubber.
Company_name

Country

URL/Contact

Aldrich Chemical Company

UK

www.sigmaaldrich.com

Applied Nanomaterials

USA

www.apnano.com

BuckyUSA

USA

home.flash.net/~buckyusa

C Sixty

USA

www.csixty.com

Carbon Fiber

China

www.shenzhencarbon.com

CECON Group

USA

www.cecon.com

CeramOptec

Germany

www.ceramoptec.com

Dynamic Enterprises

UK

www.carbon60.co.uk

Frontier Carbon

Japan

www.f-carbon.com

Fullerene International

USA/Japan

www.fullereneinternational.com

Fullerene Technologies

Russia

Very long URL - see Volume two.

Hoechst

Germany

www.hoechst.com

Honjo Chemical

Japan

www.honjo-chem.co.jp

Lucent

USA

www.lucent.com

Luna Nanomaterials

USA

www.lunananomaterials.com

Materials and Electrochemical Research USA
(MER)

www.mercorp.com

Metal Carbon Composition

www.cmc-nanotech.com/company/index.htm
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Mitsubishi

Japan

www.mitsubishi.co.jp

Mitsubishi Chemical

Japan

www.m-kagaku.co.jp

Mitsui

Japan

www.mitsui.co.jp

Nano C

USA

www.nano-c.com

Nano-C

USA

www.nano-c.com

Research Corporation Technologies

USA

www.rctech.com

SES Research

USA

www.sesres.com

SRI International

USA

www.sri.com

Strem Chemicals

USA

www.strem.com

TechnoCarbo

France

Texas Fullerene

USA

Xerox

USA

www.xerox.com

Nanotubes and related structures
Summary
Carbon nanotubes are one of the most commonly
mentioned building blocks of nanotechnology. With
one hundred times the tensile strength of steel,
thermal conductivity better than all but the purest
diamond, and electrical conductivity similar to
copper, but with the ability to carry much higher
currents, they seem to be a wonder material.
However, when we hear of some companies
planning to produce hundreds of tons per year, while
others seem to have extreme difficulty in producing
grams, there is clearly more to this material than
meets the eye.
In fact carbon nanotubes come in a variety of flavors:
long, short, single-walled (SWNTs), multi-walled
(MWNTs), open, closed, with different types of
spiral structure, etc. Each type has specific
Bent nanotubes. Courtesy of A.
production costs and applications. Some have been
Rochefort, Nano-CERCA,
produced in large quantities for years while others
University of Montreal, Canada
are only now being produced commercially with
decent purity and in quantities greater than a few
grams. The variations in production volumes, prices and properties make for a very diverse
set of applications, which need to be looked at for each flavor of nanotube. Taken
altogether, the possible impact of carbon nanotubes on the world is immense, with market
sizes for new products based on them running into the hundreds of billions if they fulfill all
their potential. A lot of this could be seen within 5 years, with more following within a
decade.
In the case of the cruder MWNTs or nanofibers (not strictly nanotubes, but covered here),
markets, mainly in composite material, are already well-established and growing.
Ultimately, though, their value in composites is going to be limited in scope and time as
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traditional carbon fibers out-price them for lowest-margin products and, eventually,
SWNTs outperform them in applications where superior properties can demand a
premium. This is unlikely to happen for at least 3 or 4 years, though, which will allow a
substantial market for MWNTs and nanofibers for some time. When SWNT prices do drop
to a level where they can be widely employed in composites, as is bound to happen, the
properties of these composites will be quite dramatic and have major impacts in areas such
as aerospace, including civilian airlines, owing to an unprecedented increase in strength
over traditional composites—in the laboratory a SWNT composite that is 6 times stronger
than conventional carbon fiber composites has been created, and this is still far from what
is theoretically achievable. Six times stronger can translate to 6 times lighter, which
represents enormous savings for aircraft and will probably enable new designs. A singlestage-to-orbit rocket, something long sought, should also become achievable. And ideas
such as flying taxis, as far-fetched as they may sound, cannot be dismissed. A whole
variety of constructions not previously possible will suddenly become so, many of which
will probably come as a surprise. Even the artistic world will be affected through the
ability to create novel constructions for everything from buildings to furniture.
Cables made of SWNTs will also eventually have a dramatic impact (again, probably no
earlier than 3-4 years from now, though some recent research suggests SWNT cables might
be closer than previously thought). A SWNT cable half the width of a pencil could support
the weight of 20 large cars. The capabilities such strength creates are taken to their extreme
in the idea of the space elevator, which a company is already working on creating and
predicts could be ready in 15 years, though most scientists consider this extremely
optimistic, with many doubting the practicality of the idea in the first place.
Despite the high costs and low production volumes, devices containing SWNTs, such as
atomic force microscope probes with nanotube tips, are already on the market. Exquisitely
sensitive chemical and biological sensors look set to hit the market this year or soon after.
At the same time, the most commercially promising near-term application for nanotubes,
large, flat-screen displays (from 20 inches up to 120 inches), should start to be seen. It is
not yet certain that nanotube-based displays will achieve dominance in this space, but they
are the favourite. The next two years should decide the issue.
In the data storage industry, nanotubes are a joint front runner with molecular approaches
for massive memories that are non-volatile (meaning your PC will start up instantly) and
may even do away with hard drives in personal computers, which represent the major share
of the $40 billion dollar magnetic disk market. In two to three years it should be clear what
proportion of this huge, and to some extent new, market will belong to SWNTs.
The energy industry, from small devices powered by electricity such as personal
electronics, power tools, and more, to cars and the electricity in your home, is set to see
major disruption starting in one or two years and continuing probably for about 15 years. If
hydrogen is involved, as it eventually is bound to be, this revolution will also see major
environmental improvements, assuming hydrogen can be produced economically from
renewable energy sources, which is looking very likely. Nanotubes could play a significant
role in this in fuel cells, new battery technologies, and even solar cells. Fuel cells based on
relatives of the nanotube are set to hit the market in 2003 or 2004. Some predict that cars
running on fuel cells will start to go on sale as early as 2005, though many think this is
wildly optimistic.
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The application of nanotubes that has received the most press is, ironically, the farthest off
and most speculative, this being their use in computer processors with components a
fraction of the size of those in current integrated circuits. Certainly 2002, and the latter half
of 2001, saw unexpected advances in research on nanotube electronic components, but the
best achievements are simple logic elements, laboriously created, and the dominance of
existing silicon-based CMOS technology, which is still producing increasingly large
systems with ever lower costs per transistor, is not in the least threatened. Where
penetration might well be seen in the medium term is in hybrid systems, where nanotubes
(or other nanotechnologies) are combined with CMOS technology. This is an area well
worth keeping an eye on.
This ocean of potential explains the rapid proliferation in recent years of companies
producing carbon nanotubes. There are already so many that a shake-out within a few
years is inevitable. The survivors, some of them only start-ups at this stage, could become
huge. It is worth noting, however, that in all these applications representing multi-billion
dollar markets, nanotubes have strong competition from other technologies, except for one
application, this being super-strong composites. Currently there is nothing else on the
horizon that could hold a candle to the strength that carbon nanotubes can offer.
These are only the major markets. Carbon nanotubes have over the last couple of years
continued to reveal new properties and potential. Nanotubes made of other materials,
though far less exciting in general, also promise a wide range of applications. All these
possibilities, from the blockbuster applications to ones that sound like science fiction, will
be laid out in the rest of this section.
Introduction to nanotubes

Simulated structure of a
carbon nanotube. Courtesy
of Richard Smalley's picture
gallery.

The term nanotube is normally used to refer to the carbon
nanotube, which has received enormous attention from
researchers over the last few years and promises, along
with close relatives such as the nanohorn, a host of
interesting applications. There are many other types of
nanotube, from various inorganic kinds, such as those made
from boron nitride, to organic ones, such as those made
from self-assembling cyclic peptides (protein components)
or from naturally-occurring heat shock proteins (extracted
from bacteria that thrive in extreme environments). Carbon
nanotubes, though, excite the most interest, promise the
greatest variety of applications, and currently appear to
have by far the highest commercial potential. As a result
they will constitute the bulk of this section, but the
potential of other forms of nanotube, especially those that
fall within the burgeoning field of molecular engineering,
should not be passed over.
Carbon nanotubes

Carbon nanotubes are often referred to in the press,
including the scientific press, as if they were one consistent item. They are in fact a hugely
varied range of structures, with similarly huge variations in properties and ease of
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production. Adding to the confusion is the existence of long, thin, and often hollow, carbon
fibers that have been called carbon nanotubes but have a quite different make-up from that
of the nanotubes that scientists generally refer to. To distinguish these we will refer to them
as carbon nanofibers.
Carbon nanotubes were discovered in 1991 by Sumio
Iijima of NEC (Nature, 354, 56) and are effectively
long, thin cylinders of graphite. Graphite is made up of
layers of carbon atoms arranged in a hexagonal lattice,
like chicken wire. Though the chicken wire structure
itself is very strong, the layers themselves are not
chemically bonded to each other but held together by
weak forces called Van der Waals. It is the sliding
across each other of these layers that gives graphite its
lubricating qualities and allows a pencil to leave a mark
on paper.
Buckminsterfullerene.
Courtesy of Prof. Lauher. State
Univ. of N.Y., Stony Brook ,USA.
http://www.chem.sunysb.edu/msl/.

Graphite sheets are relatively flexible and the energy
required to roll them up into a nanotube is more than
returned by the bonding of the carbons at the edge of
the sheet. The carbons at the end of the tube can be,
and usually are, bonded by closing the tube. This is achieved by the insertion of pentagons
to create curvature and is responsible for nanotubes normally being classified as part of the
fullerene family, a collection of caged carbon molecules of which the buckyball is the most
famous. This consists of 60 carbon atoms in an arrangement that looks like a soccer ball. If
you add ten carbon atoms to the middle of a buckyball then you get another fullerene, C70,
which is somewhat elongated. Another 10 give
you C80 and this process can be continued to
create a carbon nanotube. It is worth noting,
though, that a lot of the interesting properties of
carbon nanotubes are most related to the long
graphene (the generic term for the structure of
graphite) tube. This makes nanotubes quite
different from the other fullerenes, and they are
normally considered separately.
As mentioned earlier, there is a wide variety of
carbon nanotubes, but they can be largely
separated into two classes, single-walled and
multi-walled, generally abbreviated to SWNTs
and MWNTs.
Schematic representation of
rolling graphite to create a carbon
nanotube. Courtesy of
Nanotechnology Team, NASA.
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oft-quoted amazing properties generally refer to SWNTs. As previously described, they are
basically tubes of graphite and are normally capped at the ends, although the caps can be
removed.
The theoretical minimum diameter of a carbon nanotube is around 0.4 nanometers, which
is about the width of two silicon atoms side by side, and nanotubes this size have been
made—a team at the Hong Kong University of Science and Technology molded
nanotubes with a diameter of 0.4 nanometer using the channels of zeolite crystals. Average
diameters tend to be around the 1.2 nanometer mark, depending on the process used to
create them.
Lengths, on the other hand, can be significant, typically 100 times the diameter (this ratio
is called the aspect ratio), but sometimes up to 10,000 times. In theory an indefinite length
is possible and something many would like to achieve. Indeed, some promise has been
seen in this respect lately, as will be seen later.
SWNTs are more pliable than their multi-walled counterparts and can be twisted, flattened
and bent into small circles or around sharp bends without breaking.
(n,0)

(n,n)

Any tube "named" (n,0) has carbon-carbon bonds that
are parallel to the tube axis, and form, at an open end, a
'zigzag' pattern; these tubes are referred to as 'zigzag'
tubes. Tubes named(n,n), where the two integers are
equal, have carbon-carbon bonds that are perpendicular
to the tube axis, and are often called 'armchair' tubes.
These two basic types are achiral, meaning they do not
have a distinct mirror-image, like left and right hands.
All the other tubes, named (m,n), where m does not
equal n, and neither is 0, are chiral, and have left- and
right-handed variants.

Discussions of the electrical
behavior of carbon nanotubes
usually relate to experiments on
the single-walled variety. As we
have said, they can be
conducting, like metal (such
nanotubes are often referred to as
metallic
nanotubes),
or
semiconducting, which means
that the flow of current through
them can be stepped up or down
by varying an electrical field. The
latter property has given rise to
dreams of using nanotubes to
make extremely dense electronic
circuitry and the last few years
have seen major advances in
creating
basic
electronic
structures from nanotubes in the
lab, from transistors up to simple
logic elements. The gulf between
these
experiments
and
commercial nanotube electronics
is, however, vast.

There are various ways of producing SWNTs, which are discussed later. The detailed
mechanisms responsible for nanotube growth are still not fully understood and computer
modeling is playing an increasing role in fathoming the complexities. The ambition of
SWNT producers is to gain greater control over their diameters, lengths, and other
properties, such as chirality (explained below).
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Chirality

The best way to picture the property of chirality is to imagine rolling up a rectangle of
chicken wire into a tube. The rectangle can be cut with the sides vertical or at various
angles. Additionally, when joining the sides together, one side can be raised or lowered. In
some cases it will not be possible to make a tube such that the loose ends match and
hexagons are formed, but in other cases it will, and these represent the possible
permutations of SWNTs. The possibilities are two forms in which a pattern circles around
the diameter of the tube, often called zigzag and armchair (not the most intuitive of names,
unfortunately, but they are now widely used), and a variety of forms in which the hexagons
spiral up or down the tube with varying steepness, these being the chiral forms. There is
theoretically an infinite variety of the latter, if you allow for infinite diameters of
nanotubes.
Which of these forms a nanotube takes is the major determinant of its electrical properties;
armchair nanotubes are excellent conductors of electricity, while helical and zigzag
nanotubes both act as semiconductors.

Multi-walled carbon nanotubes (MWNTs)
Multi-walled carbon nanotubes are basically like
Russian dolls made out of SWNTs—concentric
cylindrical graphitic tubes. In these more complex
structures, the different SWNTs that form the
MWNT may have quite different structures (length
and chirality). MWNTs are typically 100 times
longer than they are wide and have outer diameters
mostly in the tens of nanometers.

Representation of a multi-walled
carbon nanotube. Courtesy of A.
Rochefort, Nano-CERCA, University
of Montreal, Canada.

Although it is easier to produce significant
quantities of MWNTs than SWNTs, their
structures are less well understood than single-wall
nanotubes because of their greater complexity and
variety. Multitudes of exotic shapes and
arrangements, often with imaginative names such
as bamboo-trunks, sea urchins, necklaces or coils,
have also been observed under different processing
conditions. The variety of forms may be interesting
but also has a negative side—MWNTs always (so
far) have more defects than SWNTs and these
diminish their desirable properties.

Many of the nanotube applications now being considered or put into practice involve
multi-walled nanotubes, because they are easier to produce in large quantities at a
reasonable price. MWNTs are often described as having diameters from 10 to 200
nanometers, with numbers of walls varying from two up to a few tens. However, the larger
MWNTs are often so far removed from the pure nanotube structure that they don't really
warrant the name and well-formed MWNTs will normally not be wider than around 20
nanometers, with around 15 walls. This is, of course, an arbitrary line since the structures
actually represent a continuum.
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Nanohorns
These are single-walled carbon cones with structures similar to those of nanotube caps that
have been produced by high-temperature treatment of fullerene soot. Sumio Iijima's group
at NEC has demonstrated that nanohorns have good adsorptive and catalytic properties (i.e.
desired substances stick to them and they enhance chemical reactions), and the company is
working on using them in a new generation of fuel cells for personal electronics.
Production is scheduled to be ramped up significantly, as is mentioned later.

Nanofibers
We use this term to refer to hollow and solid carbon fibers with lengths on the order of a
few microns and widths varying from some tens of nanometers to around 200 nanometers.
These materials are often referred to as nanotubes but they do not have the cylindrical
chicken wire structure of SWNTs and MWNTs, where the walls of the tube are parallel to
the central axis.
In nanofibers the angle between the graphite planes and the tube axis is non-zero, and the
resulting structures are sometimes referred to as stacked-cone structures. When they
exhibit only small angular deviations from the axis and are not solid cylinders but hollow,
they are often called multi-walled carbon nanofibers (MWNFs). The terminologies
'graphitic carbon fibers' (GCFs) and 'vapor-grown carbon fibers' (VGCFs) have long been
used to denote solid cylinders.
Nanofibers mostly consist of a mixture of forms of carbon, from layers of graphite stacked
at various angles to amorphous carbon (lacking any large-scale regular structure). Because
of this variable structure they do not exhibit the strength of pure nanotubes but can still be
quite strong (e.g. around 7 gigapascals tensile strength for the heat-treated Pyrograf I
product from Applied Sciences, which compares with under 5 gigapacals for the best
traditional carbon fibers) and possess other useful properties, such as good electrical and
thermal conductivity.

Hollow carbon nanofiber, consisting of an outer layer of amorphous carbon and
an inner layer of graphitic carbon . Image courtesy of Applied Sciences, USA.
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Carbon nanotube production processes
The main production processes for carbon nanotubes, plus a couple of new ones, are listed
below. These processes vary considerably with respect to the type of nanotube produced,
quality, purity and scalability. Each process can be varied considerably in terms of reaction
conditions so these classifications should be taken as broad categories rather than specific.
Scalability of production processes is an essential commercial consideration—some of the
approaches use equipment that simply cannot be made bigger and the only way to increase
production is to make more pieces of equipment, which will not produce the economies of
scale required to bring down costs significantly.
Arc process

The oldest technique, originally used to produce fullerenes (the KrätschmerHuffman method), but modified in various ways since. It is easy to set up. An arc is
produced between two graphite electrodes, knocking carbon off one, which then
condenses as soot. Carbon nanotubes synthesized by arc discharge normally have
multi-walled structures but by drilling holes in the graphite rods and filling them
with graphite powder and various catalysts, single-walled tubes can be made.
For MWNT production this produces the best quality tubes, with the fewest defects.
They are typically 10-30 nm in diameter, and are formed in high yield. For SWNT
production, however, the results are not good, with only around 20% of the product
being nanotubes and the rest being amorphous carbon and residual metal.
The process is not inherently scalable. In fact, for both SWNTs and MWNTs, the
efficiency and quality of the product decreases as one scales up the size of the feed
electrodes. The only way to double output is to build another reactor, so, though
mass-production is possible, it will not benefit from the economies of scale
required to bring prices down.
A modified version of the conventional arc-discharge method developed by
Mitsubishi produces long, thin double-walled nanotubes with an inner diameter of
1.2 nm and an outer diameter of 2 nm. By subjecting the arc-discharge product to
chemical refining, the method yields double-walled nanotubes with a high degree
of purity. These nanotubes are of particular interest for application in field emitting
displays.
Some other companies that use this approach are Materials and Electrochemical
Research Inc., Rosseter, Carbolex, Nanoledge and Iljin Nanotech.
Laser vaporization / ablation / laser oven

Laser vaporization is a relatively efficient method for producing bundles of ordered
SWNTs. It was developed by Rice University in 1996 and is responsible for the
initial explosive growth of the field and most of what is known today about
SWNTs. These ordered nanotubes are prepared by the laser vaporization of a
carbon target in a furnace. A laser is used to vaporize a graphite target in an oven.
A cobalt-nickel catalyst helps the growth of the nanotubes, presumably because it
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prevents the ends from being "capped" during synthesis, and about 70-90% of the
carbon target can be converted to single-walled nanotubes. Flowing high pressure
argon or helium gas carries the nanotubes from the furnace to a water-cooled
copper collector just outside the oven. The result is a mix of carbon nanotubes and
nanoparticles. Again, the addition of catalysts favors the production of singlewalled instead of multi-walled tubes. Laser vaporization gives higher yields than
arc discharge, up to 80-90% conversion to SWNTs, and can produce high-quality
SWNTs.
The process is not regarded as ideal in terms of scalability but NEC, who have used
the process to produce the nanohorns they want to incorporate into fuel cells for
personal electronics, announced in late 2002 that they were planning to start mass
production of nanohorns as early as 2004, with output estimated at a ton a year.
Gas / vapor phase chemical vapor deposition (CVD)

Vapor phase growth mixes hydrocarbons and catalytic metal in a reaction chamber
without a substrate (a surface on which they can grow).
Endo-type processes, developed in the 1970s in Japan, produce carbon fibers
typically 100-200 nm in diameter. They usually appear to have a hollow core but
have a very heavy overcoating of amorphous carbon (most of the carbon is in this
form, and the "tube" part is not concentric cylindrical graphetized layers, but more
like herringbone structures). I.e., the sheets are not continuous, and therefore none
of the properties can be that high. The product cannot thus be fairly called MWNTs
but falls under our category of nanofibers. Gas phase processes are scalable, but the
Endo-type process produces perhaps the lowest grade of carbon nanotubes.
Another variant is the HiPCO (high pressure carbon monoxide) process for
producing SWNTs. This process is again scalable and has very little of the
amorphous carbon (<5%) that plagues other processes. This is possibly the main
contender for bulk production of high-quality SWNTs.
CVD techniques can be enhanced by the use of plasma (molecules or atoms in a
gaseous state where the electrons are disassociated from the molecules or atoms,
the result being a conducting gas). Plasma-enhanced CVD can be performed at
lower temperatures than thermal CVD. Carbon nanotubes can be synthesized on
soda lime glass, which would melt at the higher temperatures used in thermal CVD.
Various hydrocarbons and carbon monoxide are used to create the plasma.
Companies employing these techniques include CNI, NanoCarbLab for the
production of SWNTs and, for the production of nanofibers, Applied Nanotech,
Showa Denko, Nikkiso and Iljin Nanotech.
Supported catalyst CVD

In this approach the nanotubes are grown on a substrate. For MWNTs the quality is
higher than the Endo process, but not quite as scalable. Quality is lower than the arc
process, but more scalable. This is the principal production method for true
MWNTs (as opposed to carbon fibrils). As far as the production of MWNTs goes, a
© Científica 2003

Page 137 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
few companies are ramping up to major production, probably because applications
are already in an advanced stage of development with composites already in use.
Major producers in this space include Hyperion Catalysis (the major supplier at the
moment), Iljin Nanotech and Mitsui, who are newcomers but planning to ramp up
production dramatically.
Control of the catalyst, especially particle size, can lead to good production of
SWNTs. The process is scalable but is most notable for the attention it has attracted
in the research community where the focus has been on controlling things like the
direction of growth (more on this later), and the formations of patterns of nanotubes
on the substrate. Such research is generally focused on the farther-off applications
in areas such as nanoelectronics, but this process has also yielded the longest
nanotubes to date and may prove to be the best candidate for creating nanotubes of,
if not indefinite, certainly substantially macroscale lengths. Commercial players
include Iljin Nanotech, but, as noted, research activity with this technique is very
high.
Electrolysis

MWNTs are synthesized via electrolysis of molten lithium chloride using a
graphite cell in which the positive electrode is a graphite crucible. MWNTs of 2-10
nm in diameter and 0.5 microns or more in length have been synthesized.
Amorphous carbon and encapsulated CNTs are synthesized as by-products.
Flame synthesis

Combustion of methane provides the flame and other hydrocarbons are introduced
along with catalysts, resulting in the production of MWNTs and SWNTs. The
varying flame temperature leads to an impure product containing a great amount of
amorphous carbon. This approach is more widely used in the production of
fullerenes. There are no known commercial players.
Silicon carbide vaporization

This technique, which is not used commercially, made news in late 2002 when
IBM used it to create SWNTs free of catalyst contamination, for nanoelectronics
research. A crystal of silicon carbide is heated to around 1600 °C in a vacuum. The
heat causes the silicon to evaporate, freeing the carbon atoms to bond with other
atoms. Fragments of graphite are formed that roll up to form short nanotubes that in
turn grow with the addition of more carbon atoms. A very similar technique, but
using a laser to heat the silicon carbide, has been used by Japan Fine Ceramics
Center and Tokai Carbon Co. The technique has been claimed to produce only
semiconducting nanotubes.
The IBM process had the bonus that annealing (gentle heating and cooling,
generally resulting in modification of structures to relax stresses) caused the
nanotubes to align themselves along the structures of the supporting silicon wafer
in one of two perpendicular directions, resulting in grids of nanotubes.
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Sonication of graphite

A low-temperature, catalyst-free, process developed in early 2003 at the University
of California, Los Angeles. Not yet used commercially. Graphite sheets in
suspension are subjected to high-intensity sound waves and curl up into MWNTs
with 40 +/- 15 layers and without caps. The lack of caps led the researchers to coin
the term nanoscrolls, and the product could thus be useful for applications requiring
a high surface area, such as catalysis and adsorption. Advantages over other
approaches are not immediately apparent and scalability is likely to be limited.
Because of the different applications to which different types of nanotubes, in varying
purity, can be put, there is no reason that any particular production process should become
dominant across the board. Ultra-strong composite materials, for example, would benefit
from high-purity, low cost SWNTs, for which the HiPCO process seems to be the front
runner. The prospect of creating significant lengths of nanotubes, where applications
requiring great tensile strength (from bridges to bullet-proof vests) would benefit, is
dominated, if only in the laboratory at the moment, by the CVD substrate approach.
It is worth noting that while multi-wall carbon nanotubes do not need a catalyst for growth
(but one may be used), single-wall nanotubes generally do. IBM have very recently,
however, grown nanotubes on silicon structures without a metal catalyst, which is
important for the nanoelectronics work they do, where the catalyst is normally left over as
a contaminant that has to be removed. The composition of the catalyst, the growth
temperature and various other growth conditions determine the properties of the resulting
nanotubes.
For a long time, the fact that all known production methods created a mix of types has been
considered one of the hurdles to be overcome if the electronic properties are to be
exploited. Claims have now been made, by Japan Fine Ceramics Center and Tokai Carbon
Co., that it is possible to produce only the semiconducting kind (specifically, the zigzag
form). This is accomplished by subjecting a piece of silicon carbide to a near-vacuum
environment and then heating the material to temperatures around 1,600°C (2,912°F) with
a laser.
Additionally, there are approaches that can yield only semiconducting nanotubes from a
mix of semiconducting and conducting ones. One such approach, used by IBM, relies on
vaporizing the conducting nanotubes with a strong electric current, leaving only the
semiconducting kind behind. A more recent approach (December 2002), discovered by
researchers at the Max Planck Institute, produces all-semiconducting bundles of a few
nanotubes or individual nanotubes that measure as little as 2 nanometers in diameter. The
method is simply to leave the mix of nanotubes lying around for a while—the metallic
ones are oxidized and become semiconducting (the process can, of course, be speeded up).
In early 2001 there were reports of nanotubes having been induced to form crystals. Each
of these perfectly ordered, single crystals of SWNTs was composed of an ordered array of
tubes with identical diameters and chirality although these properties varied between
crystals. This could have been a nice separation method but the silence on this approach
since then suggests that it has not been achieved yet.
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The research done recently on growing nanotubes on substrates deserves some attention.
The value of such approaches relates largely, but not exclusively, to nanoelectronics,
nanodevices (e.g. nanoelectromechanical systems) and sensors, but also represents the area
where greatest control is being exercised over what sort of nanotubes are created and
where, and in what sort of patterns. One of the reasons that developments in this area are
particularly worth watching is that it is likely that the first nanoelectronics applications,
whether using nanotubes or something else, will be in the form of hybrid products, where
the current dominant approach, CMOS (complementary metal-oxide semiconductor - see
glossary), is combined with a new technology. The following list gives some of the recent
research developments in growing nanotubes on a substrate using CVD.
Date

Development

April 2002

Rensselaer Polytechnic claimed a method that can precisely grow carbon
nanotubes at any predetermined position on a chip and in any direction they
want—vertical, horizontal or at an oblique angle.
Growth is initiated at any point on a chip where silicon dioxide has been
deposited. The nanotubes grow perpendicularly to the edge of the silicon dioxide
region. The metal catalyst is delivered in the gas phase and the process is
considered scalable. Changing the catalyst can lead to the growth of different
kinds of nanotubes.

May
later.

2002

and

Researchers at Rensselaer Polytechnic developed a simplified method for
making long, continuous, hair-like strands of carbon nanotubes up to 20 cm long
(reported in the May 3rd issue of Science). Later in the year the same group let it
be known at conferences that they had achieved strands of up to 1.6 meters,
though the composition is as yet unclear.

June 2002

Semiconductor manufacturer Infineon claimed the first microelectronicscompatible growth of nanotubes at predefined sites on 6-inch silicon wafers.
Infineon expects the first application to be in the contact bridges between two
metal layers in integrated circuits, called vias. Heating caused by high current
densities in conventional vias tends to distort and impair the operation of the
chips, and the vias are a common point for the breakdown of a chip. Replacing
metal conductors with metallic nanotubes could ultimately lead to a considerable
increase in the chip's clock rate.
The company is also investigating semiconducting nanotubes grown with the
same process, which they hope will allow them eventually to extend current
planar electronics into 3D.
SWNTs were grown from hydrogen and methane, MWNTs from hydrogen and
acetylene (ethyne). Purity levels reached 99%. Plasma-enhanced methods were
also going to be investigated, allowing lower reaction temperatures, and
nanotubes were also grown on a variety of other substrates (tantalum, tantalum
nitride, molybdenum and polysilicon).

July 2002

NanoLab announced the commercial availability of arrays of nanotubes. The
arrays are regular enough and large enough in area to have applications in areas
such as diffraction gratings. CVD is used to grow the nanotubes on a patterned
catalyst on a substrate.

August 2002

Researchers at Duke University developed a number of ways of growing
nanotubes on silicon using molybdenum and iron nanoparticles and a hydrogen
and carbon monoxide mixture (known as syngas in the fossil fuel processing
industry) and ensuring good electronic properties. Nanotube-based sensors are
the most likely application of this approach. Yield is about 15-20% of catalyst
nanoparticles producing nanotubes.
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August 2002

Researchers at Rensselaer Polytechnic used carbon nanotubes as a template for
growing networks of aligned carbon nanotubes, relying on the fact that in CVD
chambers nanotubes will not grow on previously formed nanotubes.
A film of vertically aligned carbon nanotubes about 40 micrometers long was
grown and a pattern scratched into it, removing nanotubes and exposing the
underlying silica. A second CVD growth period grew nanotubes on the areas of
exposed silica where the first layer of nanotubes had been removed, producing
stripes of vertically aligned carbon nanotubes about 100 micrometers long. The
original layer was peeled off, leaving a pattern of nanotubes in the shape
scratched in the first layer.
The researchers suggest that the approach could be used to construct complex
nanotube structures, such as multilayers with different nanotube orientations and
lengths in each layer.

August 2002

Stanford University researchers grew individual nanotubes directly between
arrays of pairs of electrodes. The work was led by Molecular Nanosystems
founder Hongjie Dai, an assistant professor of chemistry at Stanford. A variety
of applications is possible, as discussed later. Motorola has also claimed similar
achievements.

September 2002

IBM developed a way of growing SWNTs from silicon carbide on a silicon
wafer support (see production methods). Though this technique is not really
standard CVD, it shares with recent CVD approaches the ability to grow
nanotubes in relatively well-determined positions on a pre-structured support.
The nanotubes are aligned horizontally, whereas most CVD-grown nanotubes
emanate vertically from the substrate.

December 2002

Researchers from the US Army Soldier Systems Center, Boston College,
NanoLab and University of Massachusetts, Boston in the US and the HahnMeitner Institute in Germany, produced photonic crystals (see glossary) by
growing aligned carbon nanotubes onto an array of nickel dots formed by using
an electron beam to deposit a nickel catalyst through holes in a layer of selfassembled polystyrene nanospheres. The nanotubes were then grown on the
catalyst using hot filament plasma-enhanced CVD.

Prices and production volumes
Prices and production volumes vary enormously, depending on the type of product, with
nanofibers having the highest current volumes and lowest prices, SWNTs having the
lowest volumes and highest prices and various types of MWNT falling somewhere
inbetween.

Computational image of single- and multi-walled nanotubes. Courtesy of
Nanotechnology Team, NASA.
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As an indication of production levels of carbon nanofibers, one of the leading producers,
Applied Sciences Inc., is already producing 70,000 pounds per year and plans to increase
production to millions of pounds a year, which it expects the market will be demanding by
2005. Current prices are between $40 and $100 a pound (0.45 kg) but could fall to $1 a
pound within two years.
Prices of MWNTs vary between about $20 and $250 a gram, depending on purity and type
and have been available in decent amounts for some time. New large scale producers of
MWNTs are expected to emerge after 2004, when Hyperion’s 1987 patent expires. Most
notable among the newcomers is Mitsui Corp., which plans to build a $15.2 million
production facility in Japan capable of producing 120 tons of MWNTs annually, a quantity
that is greater, but not hugely so, than the current production of Hyperion Catalysis. Other
companies moving into MWNT production include Rosseter, NanoLab, and Materials &
Electrochemical Research (MER) Corp., using different processes to make the MWNTs.
The picture for SWNTs is quite different. Business Communications Company estimated
that global production was 1 to 5 kg in 2000, with a value of about $1.5 million, or
between $300 and $1,500 per gram (purity unspecified). High-purity (80-90%) SWNTs
now cost between $200 and $1000 per gram, while SWNTs with substantial amounts of
impurities (around 50% pure, on average) cost between $60 and a few hundred dollars per
gram.
As far as future production volumes go, Carbon Nanotechnologies Inc. typifies ambitions
to produce SWNTs in bulk. The company has built a pilot plant based around the
promising HiPCO process, and is currently ramping up production to a half a kilogram a
day, which is actually huge in comparison to amounts of SWNTs that have been made
historically. It expects to work on the kilogram scale by 2005 and no other company has
predicted higher volumes of high-purity SWNTs.
Properties of carbon nanotubes

Strength
An oft-quoted figure for SWNTs relates to their remarkable tensile strength (the ability to
withstand a stretching force without breaking), which at near 100 gigapascals is over 100
times the strength of steel, at one-sixth of the weight. Richard Smalley (who shared the
Nobel Prize for the discovery of buckminsterfullerene) once described SWNTs as "in one
direction . . . the strongest damn thing you'll ever make in the universe".
The steel analogy is misleading, however. Steel is composed of an aggregation of crystals
and inclusions, so a more meaningful comparison would be to compare a macroscale
material made of nanotubes with steel. This exercise highlights the danger of extrapolating
molecular-level properties to bulk solids—nanotubes, like the sheets of graphite they
resemble, do not bond to each other but are attracted only by the weak Van der Waals
forces that make graphite a good lubricant. This makes leveraging their properties at the
molecular level in a bulk material problematic. It is possible to chemically modify
nanotubes so that they will bond but then the purity of structure that gives them such
remarkable strength in the first place is compromised. Nevertheless, many consider that the
strength of carbon nanotubes does hold promise of new composite materials with
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significantly superior strength-to-weight ratios, and recent research strongly supports this,
as will be discussed in the opportunities section.
An area where bonding of nanotubes would not be a significant issue would be in the
production of cables consisting of nanotubes of indefinite length. Recent advances
mentioned in the section on production methods show signs of promise in this respect.
MWNTs and nanofibers do not generally come close to SWNTs in terms of tensile
strength, but can still be strong enough to be valuable. The nanofibers of Applied Sciences,
for example, which probably represent the lower range in terms of strength, are advertised
as having a tensile strength of around 7 gigapascals.

Electrical and optical properties
The electrical properties of carbon nanotubes come a close second to their strength in terms
of interest. Carbon nanotubes can be conducting or semiconducting (see earlier section on
chirality). The conducting form conducts electricity as efficiently as copper but can
withstand much higher current densities (up to 1000 amperes per square centimeter, which
is about ten times the level at which copper starts to melt), making it a potentially valuable
material for interconnects in electronic circuitry. Nanotubes have an additional property
that makes them quite different from traditional conductors. It has been established that the
way electrons pass down conducting nanotubes is ballistic (the parallel being a bullet in the
barrel of a gun). This means that they do not follow the usual laws that relate resistance to
the length of a conducting component (Ohm's law), and the property is also behind the high
current densities they can handle. This phenomenon could eventually give nanotubes
significant advantages over traditional conductors; for a start, it means they don't generate
as much heat, which is a big issue in electronics these days.
Significant attention has been given to the creation of electronic devices out of nanotubes.
The research work has captured the attention of the media but remains in the realms of
theoretical possibilities and is not even getting close to commercial applications. The
insight it gives into the potential for electronics based on nanotubes should not, however,
be ignored.
In 1998 groups from IBM and Delft University of Technology demonstrated that field
effect transistors (FETs—where an electric field from a gate electrode controls the flow of
current, the dominant design in transistors today) could be created out of nanotubes. Not
long afterwards, IBM created a NOT gate (a basic logic component) out of a single
nanotube. Early in 2002 the same IBM team demonstrated a nanotube-based transistor (a
top-gated FET) that was claimed to outperform silicon FETs (Applied Physics Letters, 80,
3817). Since then a number of other groups have entered the fray. German semiconductor
manufacturer Infineon has confirmed that it is also researching nanotube transistors.
Molecular Nanosystems founder Hongjie Dai reported in November 2002 (in Nature
Materials) work at Stanford University creating a single nanotube FET that at least
matches the IBM transistor in performance, and in December 2002 NEC of Japan
announced the creation of a nanotube FET that was twice as fast as IBM's and with an
insulation layer between the gate electrode (the one that provides the electric field to
control the transistor) and the nanotube of only 2-3 nm, compared to 15-20 nm for IBM's
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device. NEC predicts nanotube transistors working at 50 gigahertz by 2015, but such farflung predictions are of little value in isolation.
Some indications of how far carbon nanotubes are from being used in large scale
processors come from research that shows that the mechanisms behind nanotube
electronics are not fully understood. In September 2002, Joerg Appenzeller and colleagues
observed, in Physical Review Letters, that switching in nanotube FETs is controlled by the
nanotube-to-metal contacts rather than by the nanotubes themselves.
Apart from transistors, nanotubes offer potential in computer memory. The approach of
Nantero (discussed in the opportunities section) is based on physical control of nanotubes
using electrostatic forces, so is not relevant to this section. Other groups, however, have
been working on the intrinsic electrical properties of nanotubes with regard to computer
memory. Researchers at the Max Planck Institute in Germany have managed, as mentioned
previously, to produce all-semiconducting nanotube bundles by oxidizing metallic
nanotubes. An additional feature of these oxidized nanotubes is their ability to store
electric charges in defects on the tubes caused by the oxidation. This could potentially be
the basis for high-density memory devices (a terabit per cm2). The researchers suggest that
the technique could be used in practical applications in 5-10 years, which hardly bodes
well in terms of competition from other approaches.
The near-term application of the electrical properties being most strongly pursued relates to
their use as sensors. By functionalizing nanotubes to bind to certain substances the
resulting change in their electrical properties can be measured, potentially making for
exquisitely sensitive detectors. The electrical properties of nanotubes also change when
they are bent or flattened, offering potential as motion and pressure sensors on a scale
much smaller than existing microelectromechanical systems.
The conductivity of nanotubes combined with a large surface area offers potential as
electrodes in batteries, where chemical reactions are converted into electricity. SWNTs,
MWNTs and nanofibers have all been touted as having potential in this area. Companies
listing this as a potential application for their product include NanoLab, Applied Sciences
and Mitsui. The heat conducting properties of nanotubes add to their attractiveness in this
area.
An intriguing piece of research that came out late in 2001 suggested that nanotubes may
actually be superconducting at room temperature. Such a development would have
enormous implications. However, the results were only speculative and no corroboration
has been seen since. In September 2002, researchers from the US's National Institute of
Standards and Technology, the University of Pennsylvania, and Bilkent University in
Turkey, produced some theoretical work (Physical Review B, Vol. 66, Article 121401) that
suggests that functionalizing zigzag nanotubes with hydrogen could make them
superconducting. Claims like this are often seen (in the case of fullerenes, they have been
notoriously discredited), but the potential applications are such that they should never be
dismissed out of hand.
Another interesting, but rather esoteric, piece of research surfaced in early 2003.
Researchers at the University of Illinois in Urbana-Champaign discovered that water in
nanotubes of a particular diameter (0.86 nm) appears to 'freeze', even at room temperature.
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The researchers suggest that this might one day be used as the basis of an electronic
switch, not for electron transport but for proton transport.
Optical properties of nanotubes have not been at the forefront of nanotube news, but there
are a few diverse developments in this area. Rice University discovered around mid-2002
that carbon nanotubes could be made to fluoresce in the near-infrared region, which
suggests potential bioimaging applications because nothing in the human body fluoresces
in the near-infrared spectrum, and human tissue is fairly transparent to these wavelengths.
The effect may also find applications in optical communications. A little later the potential
was significantly improved by the characterization of the optical spectra signatures of 33
different forms of nanotubes, enhancing the potential of bioimaging applications, though a
technique to sort the nanotubes remains to be found.
Carbon Nanotechnologies Inc. (the Rice University spin-out) also announced a deal with
DSM of Holland in early 2003 to develop nanotube-based composites, with cited
applications including ultraviolet coatings for optical fibers.
Nanotubes have also been shown to exhibit the Purcell effect, whereby the behavior of an
excited atom or molecule is modified by close proximity to certain nanostructures. New
calculations made at the Belarusian State University in Minsk show that the fluorescence
rate of an excited atom or molecule in their vicinity should be enhanced by as much as a
million, a much greater effect than for many other structures.
As previously mentioned, researchers have created photonic crystals (see glossary) out of
nanotube arrays (organic nanotubes also have optical potential, as discussed later).

Field emission
One of the properties of carbon nanotubes that has received the most interest is field
emission. Field emission devices (FEDs) are structures that emit electrons under the
influence of an electric field. Carbon nanotubes show great promise for FEDs as they are
capable of emitting high currents under low voltage fields (between 1.5 and 4.5 volts per
micrometer). There are several applications that can be based on this technology
(mentioned later), but flat panel displays attract the most interest.
Some early work on nanotube FED concentrated on growing the nanotubes in place,
pointing in the right direction, the most sophisticated example of which probably came in
November 2001, when a joint team from Thales Research and Technology in France and
Cambridge University in the UK grew carbon nanotubes inside holes in a gate layer (which
controls the electron emission), creating FEDs with the gate, insulator and base already in
place. However, a simpler approach, with good performance, is now being more widely
pursued, which involves screen printing a paste containing nanotubes in random
orientations on to a surface. Such materials are already on sale for those wishing to explore
applications—Applied Nanotech launched a nanotube composite for field emission
applications in October 2002.
Research on perfectly-placed and vertically-aligned nanotubes, or nanofibers, has not
stopped, however, and may be better suited to applications such as electron-beam
lithography, offering a degree of parallelism. In November 2002, researchers at Oak Ridge
National Laboratory and the University of Tennessee used chemical mechanical polishing
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to make gated field-emission devices with single carbon nanofiber cathodes. This approach
self-aligns the carbon nanofiber with the aperture and avoids the need for
photolithography.

Fuel storage
Nanotubes and nanohorns have been investigated for holding hydrogen and hydrocarbons
for use in fuel cells. Claims have been made that nanotubes and similar structures can hold
15-20% of their own weight in hydrogen but these claims have been strongly contested.
This is understandable when one considers that the mass of a hydrogen atom is one-twelfth
that of a carbon atom. There was considerable debate for a long time over whether the best
figure achieved with current techniques was around 1% or 8%. However, in 2002 a number
of groups claimed figures between 4.5% and 6% (the latter, for example, was claimed by
Pennsylvania State University, Lawrence Livermore National Laboratory, and Honda
R&D Co. in research using single-walled nanotubes).
One issue with using nanotubes for storage is that they are generally closed at the ends,
which can inhibit hydrogen uptake. This has led to efforts to break up the tubes using
ultrasound and strong acid. The technique used is believed to insert titanium atoms,
themselves capable of holding hydrogen, into the mix, which has led to arguments about
whether the nanotubes themselves are actually holding the hydrogen. It is also difficult to
establish exactly what the resulting mixture consists of, such as how much titanium is there
and how many tubes have been broken. One of the problems has been that many samples
are too small to use techniques such as magnetic resonance imaging to help understand
what is happening. Additionally, different groups are using different sources for their
nanotubes and even samples from the same source often cannot be relied on to be
consistent, but this is a situation that is rapidly improving.
NEC is using carbon nanohorns with a platinum catalyst as the basis for methanol fuel
cells. The main characteristic of carbon nanohorns (at least as used by NEC) is that when
they group together an aggregate of about 100 nm is created. This creates an electrode with
a very large surface area where gas and liquid can permeate. NEC uses laser ablation to
produce nanohorns and includes the catalyst in the same process, producing particularly
fine platinum particles that naturally adhere to the surface of a carbon nanohorn. As
mentioned under production methods, NEC is ramping up production massively.

Other properties
Carbon nanotubes show great thermal conductivity (along the length of the tube), which
has led to suggestions of use in transferring heat in everything from spacecraft to
electronics (which are facing increasing problems from heat as feature size is reduced).
The concentric nanotubes in MWNTs can act like miniature springs. As yet applications of
this, such as nanoscale robotic appendages, are merely speculation.
Non-carbon nanotubes
Boron nitride is effectively a structural equivalent of carbon and can form the same
hexagonal layers as seen in graphite. In March 2001 boron nitride was made to form
nanotubes by Laurence D. Marks and colleagues at Northwestern University. Boron nitride
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is chemically more inert than carbon, especially at high temperatures, and can withstand
higher temperatures in general. The researchers suggested that boron nitride nanotubes will
offer similar (but less variable) electronic properties to those of carbon nanotubes,
including field emission. However, there has been little news since then of progress
towards potential applications, just occasional research news, such as the achievement at
Shenyang National Laboratory for Materials Science of filling the nanotubes with
zirconium oxide nanorods.
Fullerene-like structures, including nanotubes, have in fact been made out of a variety of
inorganic materials and at least one company, Applied Nanomaterials, has been created to
commercialize some of these, particularly those based on disulfides of molybdenum and
tungsten. These materials are traditionally used as lubricants but using the nanospherical
versions avoids the edges found in the traditional lubricants. The company believes the
materials also have potential in composites and electronics.
Researchers at the Scripps Research Institute’s Skaggs Institute for Chemical Biology have
designed cyclic peptides that self-assemble inside a bacterium, forming nanotubes that
puncture the cell membrane and kill the organism. The peptides target bacteria, such as E.
coli, but not mammalian cells. They are made of rings of alternating left- and right-handed
amino acids, which form nanotubes inside the organism.
More varied work along the same lines has been going on for some time at Purdue, where
'designer' organic nanotubes have been created, meaning that the researchers have
developed a number of ways of controlling physical, chemical, electronic and optical
properties of the self-assembling 'rosette nanotubes'. Unlike carbon nanotubes, the inner
and outer dimensions can be separately modified, and the topography of the outside of the
tubes can be tailored to bind certain molecules, which provides significant opportunities
for customizing them. The researchers suggest a wide variety of applications, including
electronic processing and memory, photonics, sensors, and drug delivery, and certainly the
control they are learning to exercise over the properties of the tubes is intriguing.
Additionally, the NASA Ames Center for Nanotechnology has purified in large quantities
nanotubes made of heat shock proteins, originally extracted from extremophile (liking
extreme conditions) bacteria from hot springs at Yellowstone National Park. The tubes are
stable at up to 95 degrees Celsius. The same class of proteins was used, in late 2002, to
create arrays of quantum dots with potential applications in electronics. Possible
applications are in materials synthesis and in biomedical areas.
University of Florida researchers, working also with a group in Finland, have developed a
technique that can be used to make nanotubes out of a wide variety of materials, including
carbon, and these can be functionalized differently on the inside and outside. This offers a
wide variety of potential applications. Already they have made nanotubes that separate into
water or organic solvents (even though they are made of the same basic material) and
glow, ones that separate mirror image forms of drugs, and ones that act as filterable
catalysts. Encapsulation of material for drug delivery (using biodegradable polymers, for
example) is a possible application, as are biosensors.
These nanotubes are made using an alumina template containing cylindrical pores a few
tens of nanometers wide, on the inside surface of which material is deposited. The result
can be used as a nanoporous membrane or the template can be dissolved away to leave
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nanotubes. Maybe one of their most interesting products is silica nanotubes, created using
sol–gel chemistry, since there is much knowledge relating to attaching other functional
groups to silica.
In June 2002, a joint research team from Philipps University and the Max Planck Institute
of Microstructure Physics developed a template-wetting technique that creates polymer
nanotubes with consistent size and orientation. Ordered polymer nanotube arrays can be
obtained. The researchers believe the approach to be a promising route towards
functionalized polymer nanotubes. The work was reported in Science.
In April 2002, researchers at MIT demonstrated the creation of a variety of self-assembling
structures, including sets of nanotubes connected in threes, using surfactant (something
that reduces surface tension, like soaps) peptides (the building blocks of proteins). The
process can be tuned with relative ease to create a variety of structures.
Opportunities for nanotubes
The sheer variety of potential applications for carbon nanotubes is one of the reasons they
attract so much attention. Applications of the cruder MWNTs, and carbon nanofibers, have
been around for a while, mainly in composite materials. SWNT applications are largely yet
to be seen, with a few exceptions, but this should start to change over the next few years.
Carbon Nanotechnologies Inc., for example, is targeting four key application areas, which
are fairly typical—field emission flat-panel displays, conductive plastics, highperformance fibers, and composite bulk structural materials. They estimate these
applications represent about $5 billion in market value for SWNTs alone.
In terms of the dynamics of the industry simply for nanotube production, this varies with
ease of production and cost. MWNT production is already coming out of the start-up stage
and large multinationals are moving in for a slice of the future market. However, apart
from some rather refined MWNTs, such as almost pure double-walled nanotubes, the bulk
of applications will likely be the same as those seen for carbon fibers. Cost will limit their
penetration in this market since their qualities are not in general that much higher.
Moreover, where significant improvement in material properties is desirable, in the long
run SWNTs will take over, especially if production prices can be brought down to a
comparable level, something that certainly should not be ruled out. Thus the future of
MWNTs looks to be somewhat limited at both the high-volume / low-cost and the highperformance / high-cost ends. IP issues are not likely to be particularly important since
central IP has been around for a while and is expiring or has settled into standard licensing
patterns with relatively low margins.
For SWNT production, we are still in the early stage and recent start-ups deserve watching
closely. One or a few of these could end up capturing significant chunks of what will
ultimately be an enormous market, with little competition from other materials if prices can
be brought down enough. There are many niche applications that will mean little for bulk
producers and even some of the promising applications in huge markets, such as
nanoelectronics displays, though substantial, would be dwarfed in terms of bulk material
sales by widespread use in the composites markets, although those markets producing
more complex products do offer a lot of opportunities downstream from pure material
production. Thus, the biggest rewards to be gained from production alone are likely in the
long term to come from the composites and cables markets, which certainly offer great
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promise, although some years away yet. There is still plenty of opportunity in the area of
SWNT production for new companies to come in but here IP issues could be quite
important if currently existing production processes prove to be the basis of high-volume,
low-cost production in the future. Holders of basic IP find themselves at the moment in
strong bargaining positions.
Activity in pure production, rather than application, of both MWNTs and SWNTs is such
that a shake-out is likely to be seen in coming years—at the moment there are simply too
many players.

Nanotubes as structural materials
Bulk composites

Remember that there is a wide variety of carbon nanotubes and the cheaper MWNTs and
carbon nanofibers are already being used in composite materials. In fact, probably the
leading producer of MWNTs, Hyperion Catalysis, does not even sell the nanotubes directly
but only pre-mixed with polymers for composites applications, allowing them to capitalize
on the first two links in the value chain.
These cheaper materials do not offer the same promise of super-strong composites that
SWNTs do but already offer some advantages over traditional carbon fibers, the
applications of which probably represent the majority of applications for larger MWNTs
and carbon nanofibers. Because they are more expensive, carbon nanofibers and MWNTs
will come in at respectively higher ends of the market, where improved properties justify
increased cost and can lead to new applications, if only niche ones.
Carbon fibers have been around for couple of decades and have penetrated many
industries, largely in the form of composites. The fibers are very light, have high tensile
strength and elasticity, excellent heat resistance, are electrically conductive, and have a
high resistance to chemical agents. Nanofibers and MWNTs basically improve on these
characteristics, the main properties to be considered being strength and conductivity.
Carbon fibers are quite large, typically about a tenth of a millimeter in diameter, and
blacken the material to which they are added. MWNTs can offer the same improvements in
strength to a polymer composite without the blackening and often with a smaller amount of
added material (called the filler). The greater aspect ratio (i.e. length compared to
diameter) of the newer materials can make plastics conducting with a smaller filler load.
An example application for conducting composites is electrostatic painting of components
such as car body parts. Additionally, the surface of the composite is smoother than with
carbon fibers, which benefits more refined structures such as platens for computer disk
drives, a case where the benefits of the new materials are opening new markets. Carbon
fiber composites are already widely used in sports equipment and, unless you have a strong
objection to the material being black, are likely to continue to compete with the new
material on the basis of price.
To give an idea of the market potential for such materials, one only needs to look at the
carbon fiber market. In April 2002 BCC put this at an expected $592 million for that year,
growing at 8.9% a year, with the growth spurred by lower costs and thus penetration of
new markets. The maturity of the market and the competition to lower prices does not
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suggest an attractive area to enter, but the higher end of the market in which the new
materials will compete should offer better margins. (The largest producer of carbon fibers,
incidentally, is Toray Industries, of Japan, which is also doing research into
nanocomposites).
Other properties of MWNTs and nanofibers are of value in composites by making them
effective at shielding radiation. This is already an established market for manufacturers.
The main applications areas here are electronics casings, especially for military equipment,
and mobile phones, but there are many other applications, including chemical containers,
semiconductor handling trays and braking systems. Thermal backing for integrated circuits
is another application being investigated. Applications are already on the market using the
antistatic properties in fuel lines, where static build-up presents a danger of explosion.
Physical resilience is also an advantage here, as is chemical resistance to 'sour gas' and
improved low-temperature properties.
Though MWNTs are already produced in quantity, it is the promise of ultra-strong SWNTs
that is capturing the imagination of many. Despite the early stage of research on using
these in composite materials, and issues relating to their tendency not to bond strongly with
other materials (particularly important with respect to leveraging their great tensile strength
in a bulk material), it is generally agreed that the strength of SWNTs does hold promise of
new composite materials with strength-to-weight ratios vastly superior to existing
composites and those coming on the market using silicate nanoparticles. They are in fact
already used in a tennis racket produced by Babolat, but it is questionable whether they
offer any improvement over traditional materials in this particular application. The supplier
of the nanotubes, Nanoledge, sells the nanotubes at a loss and acknowledges that the
project was largely a PR exercise.
In theory, though, SWNTs, with their remarkable tensile strength, could dwarf the
improvements that carbon fibers brought to composites, assuming their physical properties
can be leveraged in a composite. The space industry will probably be a primary major
customer, and at least one company already exists, Versilant Nanotechnologies,
specifically aimed at providing nanotube composites to the space industry (i.e. NASA).
When the cost of putting materials into orbit is around $5,000 a kilogram (and about 10
times that to get materials to Mars), the attraction is obvious. Interest in such composites
from the space industry would be paralleled by makers of military aircraft and missiles (a
trend followed by carbon fiber composites) then fairly quickly be picked up by civilian
aircraft manufacturers who currently view a 3% reduction in weight of structural materials
as significant. New clay nanocomposites are already providing weight reductions of 1015%, with a promise of 20-25%. If the strength of nanotubes can be realized in a composite
material to any significant degree, they could dwarf these improvements. Depending on
how far prices drop, composites based on SWNTs could eventually be found anywhere
structural plastics are currently used, plus many places where other structural materials
predominate, for example concrete, steel, or aluminum. Though there is scope for
improvement in the strength of these materials they will never be able to match what is
theoretically possible for nanotube composites. If the price is right then these materials will
be partly or largely replaced. However, this is simplistic because other properties of
structural materials are important, as discussed later.
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Probably the most interesting recent development in terms of confirming the potential of
SWNT composites came at the end of 2002 when a group of researchers at the Oklahoma
State University developed a new method to produce a carbon nanotube composite that is
six times stronger than conventional carbon fiber composites (but with the same weight)
and as hard as some ultra-resistant ceramic materials (experimental results indicate that
they are as strong as materials such as silicon carbide and tantalum carbide, which are used
to make super-strong components for cutting-tools, jet engines and aerospace applications).
The researchers suggest that the new material could be used in space engineering or for
long-lasting medical implants. Here they would appear to be picking applications where
high costs can be justified, but if raw SWNT costs drop enough, there is no reason that
such composites should not impact a variety of industries, from aircraft to garden furniture.
The composites are built by stacking layers of nanotubes and polymer on top of each other.
By dipping alternately into nanotubes dispersed in water and into a solution of the
polymer, one layer of nanotubes or of polymer molecules sticks to the surface, building up
to create a material that is 50% SWNTs. This process is simple, if laborious, and scalable,
so has promise that would seem to have as its major obstacle only the cost of SWNTs.
What sort of timescales are we looking at for SWNT composites? As mentioned in the
section on prices and production volumes, current expectations are that by 2005 companies
like CNI will still only be producing kilograms a day, and prices will certainly not be low
at this level. At this stage, if suitable processes for creating composites with the materials
have been found, which looks promising, it is likely that the materials will be being used in
spacecraft and military aircraft. However, given the long development times for space
vehicles, it will still be a while longer before such materials are seen in space craft. The
commercial aircraft industry will enter at a later stage, when prices are lower, but
development times will be a little faster (though still not quick), so the materials may be in
use soon after. Other uses of SWNT composites will probably take some more years to
become widespread but the enormous range of potential markets (think of anything you
want to make lighter and stronger, and there's a possible market) suggests competition will
be fierce and it would not be surprising if costs drop faster than currently expected and
these timescales are reduced.
Some other recent developments in SWNT composites include work from Rensselaer
Polytechnic, which has been working on growing carbon nanotubes (using CVD) at any
predetermined position on a chip and in any direction they want (mentioned in the section
on production methods). This is claimed to have potential for composite materials in that
nanotubes can first be grown on a substrate, creating a skeleton around which a polymer
can be poured, producing a composite with a very high density of carbon nanotubes and
overcoming mixing problems. This has been proved in principle using thin-film
technologies to grow a layer of loosely packed, vertically oriented carbon nanotubes all
over the surface of a silicon substrate. The researchers then poured a melted polymer into
the spaces in between the nanotubes to create a bulk composite material that is as strong as
steel, but thinner than paper. Although the approach may produce some of the best, and
thinnest, composites, it is likely to prove more intricate, and thus expensive, than an
approach based on making polymers and bulk SWNTs mix (for example the new dipping
approach from Oklahoma State University covered earlier).
When considering competition for carbon nanotube composites, it mustn't be forgotten that
the properties of carbon nanotubes are highly anisotropic, i.e. they are very direction© Científica 2003
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dependant. Nanotubes have great tensile strength but are far less impressive when
subjected to compressive forces. Thus the application of composites has to be considered
carefully (note that functionalization of carbon nanotubes so that cross-links are created in
composites can reduce the level of anisotropy in the resulting material, but
functionalization can also reduce the valuable qualities of the nanotubes that you are trying
to capitalize on).
Some of the most interesting contenders in terms of future applications are also based on
carbon. Carbon foams offer physical properties that are the same in any direction
(isotropic). The current market is relatively small (around $19 million in 2002, according
to BCC) but growing fast.
Buckyballs, and other roughly spherical relatives of the nanotube (fullerenes), offer great
resistance to compression with low density and thus may prove more appropriate in certain
applications. One of these is a replacement for carbon black in car tires (a very large
market), an application that has also been suggested for MWNTs and nanofibers. The
ability of the more spherical fullerenes to retain their structural integrity under great
compressive and tensile stress should make them a favorite, but considerations of bonding
with the matrix may suggest that a combination of fullerenes and MWNTs or nanofibers
might be best for the combination of compressive and stretching forces that car tires are
subjected to.
Nanoclay composites are already being used in areas where SWNT composites may one
day displace them. The maximum strength they offer is way below the potential of SWNT
composites, but the price is also much lower and will remain so for some time.
There is no reason, of course, that combinations of these materials could not be used in
composites and it is very likely that this will happen in some applications. Additionally, the
matrix need not be a plastic. Concretes containing nanoparticles are already hitting the
market and researchers at the University of California, Davis, recently (early 2003)
demonstrated a SWNT-reinforced alumina ceramic material with three times the toughness
(specifically, fracture resistance) of the unfilled ceramic. Key to this technique was
lowering processing temperatures by the use of sintering (causing particles to coalesce at
temperatures below the melting point), something that may also be applied at some point to
metal composites.
Other types of nanotubes, such as boron nitride, although as yet still at the pure research
stage, may have potential in composite materials as they offer some of the strength of
carbon nanotubes but greater resistance to chemical attack and high temperatures. The
latter property would be desirable in certain aerospace applications (to withstand the heat
of re-entry, for example). As yet, though, there is little material suggesting commercial
promise.
Carbon nanotube manufacturers aiming at bulk composite applications will likely end up
supplying either the raw product or a pre-mixed polymer (master batch) to established
composite manufacturers. Composite applications represent the main market for those
looking to make money out of the raw material (opportunities for such groups were
discussed in the introduction to the opportunities section). The area in composites that
seems to offer the most opportunities for newcomers is in mixing, especially for SWNTs
(progress with MWNTs is quite advanced, as the sale of pre-mixed master batches
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testifies), representing the second link in the value chain towards nanotube composite
products. Techniques such as extruding polymers containing nanotubes to align them in the
composite have already been patented by plastics manufacturers. Approaches such as
chemically or physically modifying nanotubes to enhance their action in a polymer may
offer some scope for the owner of the intellectual property on this process taking some
shared ownership, with a composite manufacturer, in the resulting composite material.
Licensing the technology to a plastics manufacturer would still, however, be the likeliest
scenario. A parallel illustrates this. Nanocor developed processes for coating silicate
nanoparticles to facilitate use in composites, but have largely ended up supplying bulk
material to various plastics manufacturers, such as Honeywell, who end up owning the
final product. The recent teaming up of CNI and DSM could be seen as similar. However,
the developer of a good new technology for creating a composite out of raw material could
team up with one of the promising, but still small, SWNT manufacturers, both having
strong IP, and end up leaving only the forming of the polymer (or ceramic, concrete, or
metal) into a final product to the traditional manufacturers of bulk materials. Thus there is
a large part of the value chain for structural materials that might be captured by newcomers
over the next decade or so. Depending on how active acquisition is, this could make for
some very large companies that today are very small or don't yet exist.
An advantage of using nanotubes in composites that is rarely quoted is the effect their high
thermal conductivity can have on setting of polymers. A researcher at Shinshu University
in Japan claimed to make the world's smallest gears by mixing nanotubes with molten
nylon before inserting into a mold. The nanotubes avoided the outer skin cooling first by
conducting heat so that the nylon hardened uniformly, which led to a much better fitting to
the mold than would otherwise be expected.
Cables and fibers

Theoretically you don't need to mix carbon nanotubes with another material. If you want to
make super-strong cables, for example, the ideal solution would be to use bundles of
sufficiently long nanotubes with little or no other material added—carbon nanotubes can in
theory be as long as you like. In practice, products would likely be composites but with
nanotubes the predominant structural material rather than a filler.
The development of the ability to spin nanotubes, like thread, of unlimited length would be
one development that could rapidly lead to the creation of super-strong cables and the
developer could reasonably expect to capture the market through the whole value chain
from manufacture to final product (taking the final product to be a cable), especially if they
had strong IP on the process. Such a technology would have applications from textiles (the
US military is in fact investigating the use of nanotubes for bullet-proof vests) to anywhere
steel cables are currently used, and even power transmission. One of the wildest
applications for such a cable would be the 'space elevator'. The space elevator concept,
which sounds like something straight out of science fiction (it was, in fact, popularized by
Arthur C. Clarke) involves anchoring one end of a huge cable to the earth and another to an
object in space. The taut cable so produced could then support an elevator that would take
passengers and cargo into orbit for a fraction of the cost of the rockets used today. NASA
has declared the prospect to be feasible in principle, given a material as strong as SWNTs,
but the engineering challenges are enormous. However, HighLift Systems, a company
created to develop the space elevator, suggests it should be possible to have one
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operational in 15 years. Additionally, NASA is funding research into the idea to the tune of
$700, 000. This relatively small sum is a good indication of the speculative nature of this
project.
Much more mundane would be the use of such cables in applications from bridges to
elevators to buildings to the machines used to make them. Think of anywhere that a rope,
cable, belt, or similar is used and there may be an application, though the extra strength
available must obviously be something worth paying for (a fan belt in a car is not a likely
candidate, for example). To give an idea of the sort of strength offered, a SWNT cable half
the width of a pencil could support more than 40,000 kilograms, or about the weight of 20
large cars.
The year 2002 saw some interesting developments on the road to creating nanotube cables,
most notably work at Rensselaer Polytechnic Institute. Early in 2002, researchers there
reported in the journal Science that they had produced the world's longest nanotubes—the
SWNTs strands were claimed to be as long as 20 cm. Later in the year, the same group
made strands of SWNTs as long as 160 cm, but the precise make-up of these strands has
not yet been made clear. Potential applications cited by the researchers include microcables
for electrical devices or actuators for artificial muscles.
Spinning ultra-long nanotubes may be the best way to make a cable of unbeatable strength,
but even with the Rensselaer work it is not easy to say when such a product might be
created and it may be that a less perfect, but still very useful, alternative will be developed
first. A research group at Tsinghua University in China found, purely by accident, that
packs of relatively short (several hundred micrometers) carbon nanotubes can be drawn out
into a bundle of fibers, making a thread only 0.2 millimeters in diameter but up to 30
centimeters long (reported in the October 24, 2002 issue of Nature). The joins between the
nanotubes in this thread represent a weakness, being held together only by weak Van der
Waals forces. But heating the thread, by using it as the filament in a simple incandescent
light bulb, was found to increase the tensile strength by more than six times, presumably as
a result of a welding effect (a hypothesis supported by a 13% reduction in resistance).
The thickness of the thread depends on the size of the tip of the tool used to pull the
nanotubes, with larger tips yielding thicker thread, but there is a limit to how long the
threads can be made. The researchers have suggested that the thread could be ready for
practical applications in five to ten years.
Other approaches to leveraging the strength of nanotubes include extruding dispersed
nanotubes in a polymer solution, which leads to some alignment along the direction of the
extruded thread. The process is highly scalable.
The strength of nanotubes also offers possibilities in textiles. As mentioned in the
nanofibers section, it is possible to include them in polymer nanofibers. The US army has
been investigating their use in bulletproof vests.
Although nanotube use in textiles does give the opportunity for manufacturers to retain
involvement higher up the value chain towards consumer end-products, because the
nanofiber market itself is in an early stage of evolution and thus has no powerful
incumbents, this market is likely to be more specialized and quite small, though still not
insignificant if there is sufficient demand for high-strength textiles beyond bullet-proof
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vests. Certain applications can indeed be expected, for instance in the transport and
handling of heavy materials, and there is always the possibility of surprise applications, but
it is hard to see the value of ultra-strong materials in the huge clothing market, apart from
niche applications such as hiking and camping gear. Nanotubes could also make fibers in
clothing conducting, which may find some application in the military. Ideas popular with
the press such as 'smart' clothing have so far been less than compelling.

Nanotubes in electronics and optoelectronics
According to the company Metal Carbon Composition Ltd, in the US in 1998 there were
approximately 1.6 billion consumer electronics products in use in America, a figure that
has no doubt increased substantially since then. As an example of possible markets for
nanotubes in consumer electronics, they pointed out that if 1 gram of the new material is
used for each of these devices at a price of $4 per gram, this represents $6.4 billion sales of
the new material in the US alone in 1998. This is an arbitrary calculation, but does give
some idea of the potential.
There are significant obstacles to using nanotubes in electronic circuitry. Commercial
nanotube-based processors are still a long way off—estimates generally range from ten to
fifteen years, or even more, even though basic logic elements have been created. The major
obstacles here are the same as those faced by other forms of molecular electronics: the
need to develop appropriate mass-production techniques capable of bringing down unit
cost, and the connectivity issue—it is one thing to make nanotube-based circuit elements, it
is another to connect such small structures up into larger-scale integrated circuits. This is
why the hybrid approach, of integrating nanotubes with traditional CMOS technology, is
the area where penetration is likely to be seen first, if indeed nanotubes do prove superior
to alternatives such as molecular electronics. The latter has some distinct advantages at this
stage in that materials can be engineered to be atomically exact, something that is not yet
possible with nanotubes, and also adapted for self-assembly more easily than nanotubes.
The excellent electrical and thermal properties of nanotubes do promise the best in an ideal
world, but getting there could prove very difficult, partly because of the challenge of
creating complex circuitry, but also because nanotube production techniques produce a mix
of nanotubes with quite different physical and electrical properties. Progress is certainly
being seen on the latter, as discussed earlier, but there is still a way to go on this challenge
alone.
Computer memory does not entail the same complexity as processors and indeed, around
the same time that a group in Delft demonstrated basic logic circuits made out of carbon
nanotubes, the company Nantero surprised the world by announcing that they expect to
build nanotube-based non-volatile memory (called NRAM) with a potential capacity of 1
terabyte in a few years (a CMOS-compatible, and thus hybrid, approach). Note that this
would give random access memory significantly more storage capacity than is currently
available from standard hard drives. Huge computer memories (around a hundred times
greater in capacity than what you probably have in your machine now) could, in theory,
put a lot of the $40 billion magnetic disk industry out of business, apart from gaining a
share of the memory market, estimated at $25 billion in 2001 by the In-Stat Group.
Nantero hopes to have a 1 gigabyte commercial prototype out in 2003.
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The Nantero approach is based on physical movement of nanotubes, which are bent by
electrostatic forces to touch another nanotube, where they are held in place by Van der
Waals forces. Reversing the process leaves the tubes not touching and too far away for Van
der Waals forces to pull them back, making for a bistable system.
Computer memory is a highly aggressive market and margins are very low (or even
negative, at times) but clearly massive-capacity RAM that has the advantage of being nonvolatile would command a premium. There are, however, competitors in this market. The
main competitor for NRAM is molecular memory, which several companies are working
on and which has seen similar forecasts in terms of properties (density, capacity, nonvolatility) and commercialization time. Additionally there are other forms of non-volatile
memory that could hit the market at the same time or even sooner, including approaches
based on various forms of scanning probe microscopes (where the likely first market will
be the space currently occupied by flash memory) and magnetic RAM. The latter does not
offer the density of the other approaches but promises to be very cheap. A number of other
approaches have been suggested and demonstrated in the lab but are not currently on path
for commercialization. It should not be assumed, incidentally, that magnetic disks will
become a thing of the past in PCs since nanotechnology offers several approaches to
improving their capacity substantially.
What sort of share of the market and what particular applications these various approaches
will find, if they reach commercialization at all, is very difficult to say at the moment,
though clearly some approaches are better suited to certain applications than others.
Economics will be the ultimate arbiter but with all these technologies in the wings, it seems
to be a pretty safe bet that there will be significant disruption in the data storage industry.
Whether nanotubes will play a part of any note remains to be seen. Nantero predicts that its
memory chips will be similar to today's chips but be twice as fast, up to 10 times the
density, consuming less power, and non-volatile. Given that current chip costs are expected
to continue to halve every 18-24 months, as they have done for many years, the value
equation is not simple.

Computer simulation of nanotube-based memory element. The nanotube holds a
C60 molecule inside. The C60 carries a net charge because it contains an alkali
atom in the hollow cage. The C60 can be shifted from one end to the other by
applying an electric field between the ends of the capsule. The two energy minima
of this system, with the C60 bonded to either end of the capsule, can be associated
with bit 0 and bit 1. Courtesy of David Tomanek, Michigan State University.
http://www.pa.msu.edu/~tomanek/

Nanotubes may also find use in electronics as connectors or in heat sinks, owing to,
respectively, their high current capacity and high, and directional, thermal conductivity. As
mentioned in the table on development in CVD nanotube production, Infineon is
investigating the use of nanotubes as contact bridges in integrated circuits. These
nanotubes would be grown on silicon, again representing a hybrid technology.
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The creation, in late 2002, of photonic crystals out of carbon nanotubes was mentioned in
the table on achievements using the CVD approach. Obviously this is very early stage and
there is no particular reason that this approach should prove superior to other approaches.
Additionally, the organic nanotubes created at Purdue (also covered earlier) can be tuned
for optical properties but there is again as yet no compelling reason to see such work as
having any special commercial potential. Photonics is certainly a burgeoning field and
some predict great things for it, though there are skeptical voices about the degree to which
it will ever penetrate the silicon-dominated electronics market. Certainly there will be
significant impact in areas that are already optical, e.g. data transmission. Nanotubes do
not currently feature in photonics as a contender of any great significance but do offer
some other optical applications, such as diffraction gratings, arrays of tubes for which are
already on sale.

Nanotubes as field emission devices
Field emission (essentially the emission of beams of electrons) represents the hottest area
of applications for nanotubes at the moment. The most widely-touted application for field
emitting devices (FEDs) is in a next-generation flat-panel display technology and many
companies are working on making commercial versions of this. In these devices, a separate
region of field emission is used to stimulate individual pixels in displays, unlike cathode
ray tubes where a single electron beam is made to scan over the pixels. Prototypes have
already been created and Samsung has predicted it will have a nanotube-FED-based flat
panel display on the market by the end of 2003, but it is hardly the only runner in the race.
This is a highly-competitive market (think of the number of bulky television screens and
computer monitors in the world that might be replaced by slimline versions that could be
hung on a wall) with many technologies vying for their slice, including a variety of
approaches to field emission (recently nanoporous silicon was shown to be a potential
player) and organic LEDs, with many groups looking at novel properties such as flexibility
(e-paper being a product much sought after in this space). However, the prospects certainly
do look good for nanotube FEDs getting a decent slice, if one looks at the number of
companies pursuing that route and claiming, like Samsung, to be close to market. The total
display market is worth around $60 billion, with flat panel displays making up half of this
but with their market growing more rapidly than that of the traditional cathode ray tube
(17.6% compared to 6.3%, according to BCC, but this could change very rapidly with the
introduction of new technologies, which, if the price is right, could rapidly take over a
significant chunk of the cathode ray tube market).
Field emission has been pursued for flat panel displays for some time, but originally using
pointed microstructures called Spindt tips. Most companies following this approach have
dropped out because of technical hurdles but carbon nanotubes have reawakened interest in
FED displays. Nanotubes can be screen printed—a straightforward process compared to
the creation of Spindt tips. However, at least one company in the UK is pursuing a nonnanotube screen printing FED approach that looks like a strong contender for large (20 to
40 inch) hang-on-the-wall TVs. Aiming for the same market but using nanotubes is Ise
Electronics, who described, but did not demonstrate, a prototype 40 inch display in early
2002 (based on technology licensed from Applied Nanotech). Applied Nanotech itself was
once aiming for massive 150 inch hang-on-the-wall TVs but has dropped plans to produce
these screens itself and is concentrating on partnering. In the very-large-screen (60-120
inch) market the company is partnering with Futaba on a field emission display. Applied
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Nanotech also signed a deal with Canon late in 2002 to develop flat screen displays. As the
examples just given suggest, FED displays are expected to hit the market for larger
displays, with organic LEDs being a favorite for the smaller displays of the future, such as
those found in PDAs.
Research continues to throw up new possibilities for field emission from non-nanotube
sources, which could become competitors, though the advanced stage of development of
current approaches suggests that new approaches will need to offer an extra significant
something to justify the work required to reach commercialization. In May 2002, a team of
Chinese researchers at the Zhongshan University and the Hong Kong University of Science
and Technology grew arrays of crystalline copper sulfide nanowires that proved to be
effective field emitters. Also, in late 2002, researchers at Kochi University of Technology
demonstrated field emission from silicon nanocones while, around the same time,
researchers at Tokyo University demonstrated field emission from nanocrystalline porous
silicon.
Another recent development, based on nanotubes, comes from the company NKK, which
has developed nanotubes in the form of tape that it believes has applications in flat panel
displays. Purity of the product is near 100%.
The intense research on flat panel displays by large corporations would seem to make for
an environment with little opportunity for newcomers unless they have a winning process
and strong IP. The number of research discoveries over recent years that bear on this space
does, however, offer newcomers a chance to be a part of things. Even in this case, since
development costs can be very high, especially when there is a race on to
commercialization, licensing to a major corporation would be the likeliest outcome. This
situation is exactly what has been seen. There are quite a few new companies working on
parts of the display market, most notably in areas with the highest concentration of new
technology (e.g. flexible screens involving plastic electronics, organic LEDs etc.). There is
also one notable case of a company with strong IP that is making no attempt (any more) to
develop its own product but pursuing instead licensing with large multinationals already
established in the sector. This is SI Diamond, through its subsidiary Applied Nanotech.
The company claims to dominate IP on nanotubes for FEDs. Whether this is true or not
remains to be seen but the claim is backed up by 80 granted patents and another 80
outstanding in this area, and a large number of collaborative agreements already signed
(see later). The company is not purely relying on licensing, however, but trying to capture
a little bit more of the value chain by selling nanotube composites for field emission
applications.
For developers of field-emission displays, double-walled nanotubes are of particular
interest because of their proficiency in emitting electrons (double-walled nanotubes can
emit electrons 2-10 times more effectively than single-walled nanotubes).
A production method was developed by Mitsubishi Corp. in collaboration with Nagoya
University, to selectively make double-walled nanotubes of uniform shape and with purity
higher than 95%. Mitsubishi then announced in November 2002 plans to establish a joint
venture, called Tailored Material Corp., along with Material & Electrochemical Research,
for mass production of these nanotubes. The location will be MER's research facility in
Arizona. Two years is expected to get to mass production.
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Displays are not the only potential application of carbon nanotube FEDs. Electron beam
lithography, which is a method of producing nanoscale patterns in materials, may become
considerably cheaper thanks to the field emission properties of carbon nanotubes. There is
potential for making electron beam lithography equipment from arrays of nanotube FEDs,
offering parallelism that electron beam machines currently lack. Parallelism translates to
increased throughput and scaling to mass production. Electron beams can create features
well below the limit of the photolithographic processes used in the semiconductor industry.
However, new techniques such as nanoprinting offer similar resolution and already look
very scalable.
Another potential application of nanotube FEDs is in lighting systems—prototypes have
already been made with lighting performance comparable with fluorescent lights. Such
systems would offer more flexibility in lighting design (e.g. flat panels).
Two companies, confusingly with very similar names (Applied Nanotech and Applied
Nanotechnologies), were in the news in the latter half of 2002 for work on using nanotube
FEDs to generate X-rays, representing the first significant change in X-ray technology in a
century. The latter company demonstrated a prototype cold cathode X-ray device that can
do away with the heavy equipment and high temperature associated with traditional
machines, making portable machines possible. A product is expected on the market around
the end of 2004, with earliest applications likely being in screening at airports or industrial
inspections, with medical applications to follow later. It should be possible to make image
resolution significantly better than with existing machines.
Applied Nanotech, the SI Diamond subsidiary, is working with MediRad and Oxford
Instruments on an X-ray machine that can be swallowed. Well, almost—the current
specification is for a device length of 35 mm and a diameter of 9 mm, though X-ray tubes
as narrow as 4 mm will be possible. The device could take images inside the body or be
used for therapeutic purposes.

Sensors
A large number of groups are pursuing commercial sensors (mainly chemical /
biochemical) based on nanotubes as this is seen as a significant near-market opportunity,
with potential that has increased substantially since the September 11th attack. The market
is worth around $2 billion, according to Molecular Nanosystems, who plan to launch a
nanotube-based gas sensor in 2003. Nanomix also plans to launch its first sensor in 2003
for detecting vapors in petroleum production, a solution that will be cheaper and smaller
than current technology and thus allow greater coverage of refineries. A wide variety of
companies are at least paying lip-service to nanotube-based sensors, and some groups, such
as NASA and Boeing, are creating market pull by starting with applications they want and
looking to nanotubes as a possible solution.
Some recent developments in research include work at Stanford University by Hongjie
Dai, who has built a device that can detect glucose with a single carbon nanotube. Such a
device might be made into an implantable glucose sensor for diabetics. Dai is the founder
of Molecular Nanosystems, which would no doubt be the organ used to commercialize the
technology. The same group also (in late 2002) grew nanotubes between electrodes, which
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could be one approach to using them as sensors to measure pressure or strain, and thus also
acceleration, this being an area currently dominated by microelectromechanical systems.
Researchers at Duke University have adapted nanotubes for use as chemical sensors by
dressing them in 'skirts' and attaching conducting polymers, in a two-stage process assisted
by an atomic force microscope and avoiding chemical bonding to the nanotubes, which
would destroy their conductivity.
Nanotube chemical sensors face stiff competition from other quarters, most notably from
nanowires. Other approaches to high-sensitivity sensors might be based on cantilevers
(with microscale versions already demonstrated as sensors but nanoscale versions required
for high sensitivity), dendrimers, the rosette nanotubes from Purdue, other molecular
approaches (the key with these being to integrate with electronics), and the wide variety of
nanotubes that are created at the University of Florida (see section on non-carbon
nanotubes).
One sensor application for carbon nanotubes has entered the Guinness Book of Records as
being the smallest thermometer ever made. The device was constructed by the National
Institute for Materials Science in Japan in early 2002. A nanotube is filled with gallium and
can measure temperatures between 18 and 490 degrees centigrade with a 0.25 degree
notch. It has potential in medicine and electronics, but the device needs to be read with an
electron microscope.
In June 2002, TRW Inc. (now part of Northrop Grumman) was assigned a patent for an
infrared detector based on carbon nanotubes. There has been no news other than the patent,
however.

Nanodevices
The word device tends to conjure up ideas of relative complexity, but a lot of complexity
in nanoscale devices is unlikely to be seen for some years. Some very simple devices can
certainly be very useful, however. Nanotubes show considerable promise in some of these,
and also figure prominently in many of the more futuristic nanodevices that are sometimes
postulated. The nanoscale presents a variety of problems for machinery that are not
encountered at the macroscale, including different degrees of friction, stiction and
electrostatic interactions, and possibly even quantum-mechanical restrictions on positions
that components may take.
Carbon nanotubes are already used as resilient tips for scanning probe microscopes
(SPMs), with quite a few atomic force microscope probe manufacturers offering probes
tipped with them. Apart from their resilience, nanotubes offer the possibility of attaching
chosen chemical groups (much work has been done on this with buckyballs, for which the
chemistry is similar), making an SPM tip with specific chemical affinities and thus
enabling the creation of a combined topographical and chemical image. Nanotube tips are
also useful for imaging relatively deep features.
More sophisticated nanodevices using nanotubes are certainly something that could be
seen on the market within a few years. The Stanford work mentioned under the previous
section on sensors could, for example, lead to an accelerometer that could compete with
the current microelectromechanical ones that are famously used to trigger air bags and
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often quoted as the great MEMS success story. They could also have application as
transducers, to convert sound, pressure, light, or chemical change into electrical signals.
However, to penetrate anything other than limited markets such as space technology, costs
would have to be very low in comparison with MEMS technology, and there is currently
little to suggest that that will be achieved soon, with the exception of transducers for
chemical change, where sensitivity demands a premium.
New application spaces might open up, though, for actuators (devices that create
movement), where manipulation is required on the nanoscale. These are likely to be
limited largely to research applications and a variety of nanomanipulation tools already
exist that do not require the whole system to work on the nanoscale, but just the final
'touching' part. The variety of scanning probe microscopes is a prime example and they are
relatively cheap to manufacture. However, these are relatively large systems (the smallest
being about the size of a computer mouse) and some applications, especially bio-related
(e.g. lab-on-a-chip applications) may well prove interesting applications areas for a device
based on nanotubes, which can be made to resonate or flex.
The use of nanotube-based resonators in communication devices, such as cell phones, has
been suggested many times, but the gulf between laboratory work and mass production is
such that this shouldn't be expected any time soon. Nevertheless, progress is being made.
Researchers at the University of Lyon, in late 2002, developed a technique for tuning the
resonant frequencies of nanotubes by varying a static voltage between the nanotubes and a
counter electrode.
Nanotubes could also be used as part of MEMS systems. It has been found that mats of
tangled nanotubes can be made to contract and relax under the application of a voltage,
leading to potential use as an artificial muscle—the forces generated are three times those
produced by human skeletal muscle. This is early research and no near-term applications
can currently be anticipated, but since such constructions could be used in the micro realm,
where we already have significant manufacturing capabilities, commercialization timelines
should be less than for NEMS devices, given an application with sufficient market
potential. Note, however, that there are approaches to creating relatively complex
nanoscale systems that are looking to be easily scalable to mass production, notably the
variety of nanoprinting techniques, which have made great strides in recent years.
In fact, this flexing property of nanotubes might be applied on the macroscale. It has been
suggested by NASA that the effect might be used to make wings for aircraft that lack flaps,
possessing instead the ability to bend to achieve the same effect. Such a material would
also be lighter than traditional wing structures.
Controlling movement in NEMS is an issue and, in April 2002, researchers at Harvard
University and the Weizmann Science Institute came up with a novel way of controlling
the movement of carbon nanotubes. They used laser light to set nanotubes spinning at very
high frequencies. Oak Ridge National Laboratory had years earlier simulated a nanomotor
based on just this principle.
To enter more speculative territory, nanotubes may one day be used as nanoscale needles
that can inject substances into, or sample substances from, individual cells, or they could
be used as appendages for miniature machines (the tubes in multi-walled nanotubes slide
over each other like graphite, but have preferred locations that they tend to spring back to).
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Nanotubes in fuel cells and batteries
Nanotubes and nanohorns are being investigated widely for their potential to hold
hydrogen and hydrocarbons for use in fuel cells. The US's Department of Energy has set
6.5% by weight as the target at which hydrogen-based fuel cells will be practical for use in
vehicles. Claims of figures above 1.5% have often been hotly contested. Predictions of
significant commercial use of hydrogen-based fuel cells in cars also vary wildly, from
2005 to 2015. Nanomix, which has fuel cells as a long-term target, using hydrogen as a
fuel, believes it will be able to produce systems holding 5-6 kg of hydrogen for under
$1,000 per vehicle.
The number of governments around the world running or planning pilot projects with fleet
vehicles suggests that progress will either be fast or hit major snags in the next few years.
The Icelandic government is not only planning to move to hydrogen power for its boats,
buses and, eventually, cars, but has the ambition of becoming a hydrogen exporter.
The biggest problem in establishing feasibility is the low volume of nanotubes being
produced. These are often too small for the application of some analysis techniques and too
small to establish whether separate samples from the same source are consistent in makeup. This situation is improving rapidly.
It is by no means certain that nanotubes will ultimately become the favored storage
medium behind a hydrogen economy as there are a number of alternatives. Most recently,
BASF entered the scene with the announcement of 'nanocubes' (which aren't in fact
nanoscale) for hydrogen storage. Scalability and production economics look promising, but
it's early days. The first target market is personal electronics, although hydrogen is less
attractive here when compared to methanol than in high-emissions areas such as
automobiles.
The first widespread application of fuel cells looks set to be in the area of portable
electronics, using methanol as the fuel. NEC predicts that it will have a commercial
nanohorn-based fuel cell running on methanol in 2005. Nanohorns are relatively easy to
produce with high purity compared to nanotubes, offering lower production costs. The
company announced, in mid-2002, plans to mass produce carbon nanohorns as early as
2004.
NEC envisage initial use in portable devices as an alternative to batteries—fuel cells have
been estimated to have the potential to hold ten times the energy held in current lithiumbased batteries of equivalent volume, a very attractive proposition.
Ultimately, the market for fuel cells, especially if hydrogen is used as a fuel, is huge,
including cars (pollution in cities could virtually disappear) and domestic energy
production (traditional power stations are less efficient than even internal combustion
engines, even without allowing for electrical transmission losses, which can run up to
15%). If nanotubes and their relatives end up playing a significant part in this, and they
certainly seem to be the front runner at the moment, if only just, then the market for raw
materials alone will be substantial, and will come with opportunities higher up the value
chain that are currently still wide open.
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When considering fuel cells as a potential replacement for batteries, one must also be
aware of developments in that area. The use of nanoparticles has been shown to achieve
much greater charge and discharge rates, and moderate increase in capacity. Nanotubes,
however, have recently shown potential to double the capacity of rechargeable lithium
batteries when used in place of graphite (research published by Otto Zhou and colleagues
at the University of North Carolina, Chapel Hill, in January 2002). A number of groups are
active in pursuing the potential of nanotubes in batteries, including NASA.
Supercapacitors (devices that can store large amounts of charge and which are being
investigated for use in electric vehicles) may also be improved using nanotubes.

Other nanotube applications
Recent research (early 2002, by Emmanouil Kymakis and others at the University of
Cambridge in the UK) has suggested that SWNTs may also help improve the efficiency of
solar (photovoltaic) cells by considerably enhancing electron mobility in a polymer
composite layer. The fabrication of the composite layer is cheap and straightforward. There
are a number of other materials that hold such promise, though, including MWNTs and
fullerenes.
The high surface area of nanotubes, especially uncapped, offers potential in catalysis,
particularly as supports, and adsorption, e.g. for removing toxic gases.
Nanotube coatings are already being investigated as alternatives to the traditional materials
used in touch screens (e.g. in PDAs).
On the biological front, the antibacterial properties of cyclic peptides that self-assemble
inside a bacterium, forming nanotubes that puncture the cell membrane and kill the
organism, were mentioned previously. Given the problems with bacterial resistance to
antibiotics, such approaches have at least the potential of finding a significant market.
There are also the heat shock protein nanotubes mentioned before that may also have
biomedical applications. This area can currently be considered speculative, if interesting.
A little more mundane, Rensselaer Polytechnic researchers have used carbon nanotubes to
deliver electricity to bone-forming rat cells deposited on a piece of polymer.
Nanotubes have also been suggested as materials for inks in very-fine-detail ink-jet
printing (a technology promising new markets in the form of 'printed' electronics). They
also hold some promise in nanofiltration.
Companies working with nanotubes and carbon nanofibers
Company_name

Country

URL/Contact

Agere

USA

www.agere.com

Agilent Technologies

USA

www.agilent.com

Applied Nanomaterials

USA

www.apnano.com

Applied Nanotech

USA

www.sidiamond.com/ani

Applied Nanotechnologies

USA

www.applied-nanotech.com

Applied Sciences Inc.

USA

www.apsci.com

Atofina

France

www.atofina.com

© Científica 2003

Page 163 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
Boeing

USA

www.boeing.com

Canon

Japan

www.canon.jp/top.html

Carbolex

USA

www.carbolex.com

Carbon Fiber

China

www.shenzhencarbon.com

Carbon Nanotech Research Institute (CNRI)

Japan

www.xnri.com/english/about/about_cnri.html

Carbon Nanotechnologies Inc. (CNI)

USA

www.cnanotech.com

Carbon Solutions

USA

www.carbonsolution.com

Catalytic Materials

USA

www.catalyticmaterials.com

Cetek Technologies

USA

www.cetektechnologies.com

ConocoPhillips

USA

www.conocophillips.com

Deal International

USA

ManishDamani@msn.com

DSM

Netherlands

www.dsm.com

DuPont

USA

www.dupont.com

Eikos

USA

www.eikos.com

Electronics Research and Service Organization Taiwan
(ERSO)

www.erso.itri.org.tw/ersoweb/index.asp

Electrovac

Austria

www.electrovac.com

Frontier Carbon

Japan

www.f-carbon.com

Fujitsu

Japan

www.fujitsu.com

Futaba

Japan

www.futaba.com

General Electric

USA

www.ge.com

General Hydrogen

USA

www.generalhydrogen.com

General Motors

USA

www.gm.com

GSI Creos.

Japan

www.gsi.co.jp

Guangzhou Yorkpoint New Energy

China

www.gzenergy.com

Gunze Ltd

Japan

www.gunze.co.jp

HighLift Systems

USA

www.highliftsystems.com

Honda

Japan

www.honda.com

Honeywell

USA

www.honeywell.com

Honjo Chemical

Japan

www.honjo-chem.co.jp

Hyperion Catalysis

USA

www.fibrils.com

IBM

USA

www.ibm.com

Iljin Nanotech

Korea

www.iljinnanotech.co.kr

Imaging Systems Technology

USA

www.teamist.com

IMR

China

http://carbon.imr.ac.cn

IMS Nanofabrication

Austria

www.ims.co.at

Infineon Technologies

Germany

www.infineon.com

Institut National Polytechnique de Toulouse

France

www.inp-toulouse.fr/srdi/nouveautes/nouveautes.shtml

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Integrated Nanosystems

USA

www.intnano.com

ISE Electronics

Japan

www.itron-ise.co.jp

Japan Fine Ceramics

Japan

www.japan-fc.co.jp/e

Kimoga Material Technology

Taiwan

KnowmTech

USA

Lead Sangyo

Japan
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Material Methods

USA

Materials and Electrochemical Research (MER) USA

www.mercorp.com

Medirad

Israel

medirad@netvision.net.il

Metal Carbon Composition

Israel

www.cmc-nanotech.com/company/index.htm

Microtechnano

USA

www.microtechnano.com

Microwave Bonding Instruments

USA

www.microwavebonding.com

Mitsubishi

Japan

www.mitsubishi.co.jp

Mitsui

Japan

www.mitsui.co.jp

Molecular Nanosystems

USA

www.monano.com

Motorola

USA

www.motorola.com

Nanfeng Chemical Industry Group

China

Nano Fuel

Canada

NanoCarbLab

Russia

www.nanocarblab.com

Nanocs

USA

www.nanocs.com

Nanocyl

Belgium

www.nanocyl.com

Nanodevices

USA

www.nanodevices.com

Nanographite Materials

USA

Nanolab

USA

www.nano-lab.com

Nanoledge

France

www.nanoledge.com

Nanomix

USA

www.nano.com

Nanosys

USA

www.nanosysinc.com

Nantero

USA

www.nantero.com

NEC

Japan

www.nec.com

Nikkiso

USA

www.npoint.com

NKK

Japan

www.nkk.co.jp

Noritake Itron

Japan

www.noritake-itron.jp

Northrop Grumman

USA

www.northgrum.com

nPoint

USA

www.npoint.com

Oxford Instruments

UK

www.oxfordxtg.com

Philips

Netherlands

www.philips.com

Physical Sciences

USA

www.psicorp.com

Pyrograf Products

USA

www.apsci.com/ppi-about.html

Reade

USA

www.reade.com

Rosseter Holdings

Cyprus

www.e-nanoscience.com

Samsung

Korea

www.samsung.com

SES Research

USA

www.sesres.com

Shaanxi Nanfeng Chemical Industry Group
Shareholdings

China

Shanghai Vacuum Electron Devices

China

Showa Denko

Japan

www.sdk.co.jp

SI Diamond Technology

USA

www.carbontech.net

Southwest Nanotechnologies

USA

www.swnano.com

Sun Nanotech

China

www.sunnano.com

Sunraynano Advanced Science

China

www.sunraynano.com

Supertex

USA

www.supertex.com
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Tailored Material

USA

Thales

France

www.thalesgroup.com

Tokai Carbon

Japan

www.tokaicarbon.co.jp/english/etop.html

Toray Industries

Japan

www.toray.co.jp

UHV Technologies

USA

www.uhvtech.com

Versilant Nanotechnologies

USA

www.versilant.com

VTM

Italy

Wah Lee Industrial

Taiwan

www.wahlee.com

Xidex

USA

www.xidex.com

Nanotubes further reading
http://jcrystal.com/steffenweber/JAVA/jnano/jnano.html allows you to build images of
nanotubes, cones and sheets from carbon, boron and nitrogen, and to move them around in
space.
A fairly technical overview of fullerenes, nanotubes and graphite-like materials can be
found at http://membres.tripod.fr/thomaslaude/intro.htm.
A good fairly recent overview of the debate on how much hydrogen nanotubes can store
can be found at http://pubs.acs.org/cen/coverstory/8002/8002hydrogen.html.
Chirality of single-walled carbon nanotubes: X. F. Zhang et al, Journal of Crystal growth,
130, 368, 1993.
Meyya Meyyappan, Encyclopedia of Nanoscience and Nanotechnology, American
Scientific Publishers, 2003.
R. Saito, G. Dresselhaus, and M. S. Dresselhaus, Physical Properties of Carbon
Nanotubes, Imperial College Press (London) 1998.
M. Meyyappan and D. Srivastava, Carbon Nanotubes, in Handbook of Nanoscience,
Engineering, and Technology, CRC Press LLC (2003).
M.S. Dresselhaus, G. Dresselhaus and Ph. Avouris, Ed. Carbon Nanotubes, Springer
(2001).

Nanosprings
In August 2001, a group at the University of Idaho grew nanosprings, 20 nm wide, out of
boron carbide, which is the third hardest material known. The most obvious suggested
application is as conventional, if tiny, springs in nanomachines. Other suggestions have
included uses as pressure and magnetic sensors. A more near-term application might be in
composite materials if yields can be increased. This is new research with too many
uncertainties at this stage for useful comment on opportunities.

Nanobelts
In early 2001 a group at Georgia Institute of Technology created nanobelts, i.e. thin,
ribbon-like structures, out of a variety of semiconducting metal oxides. With obvious
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applications in nanoelectronics, these materials, though lacking the physical strength of
carbon nanotubes, are much easier to produce in high yields with high purity. The
conductivity of the belts changes when molecules attach to their surface so they have
potential as sensors. They are also transparent, which suggests applications in flat panel
displays. Uses in "smart" windows that can change their transmission of light and heat
have also been suggested.
Despite the broad list of potential applications, useful comment on potential opportunities
needs to wait until more research has been done on these structures.

Dendrimers
Summary
Dendrimers have been around for some time (the term "dendrimer" was first coined by
Donald Tomalia and the Dow Chemical Company in the early 1980s) and constitute one of
those areas that have moved under the nanotechnology umbrella despite existing happily
for some time outside it. Much work on dendrimers will never mention the word
nanotechnology and many would still classify such work simply as polymer chemistry or
macromolecular chemistry (a macromolecule is basically a very large molecule, such as a
protein or many polymers). However, even if one doesn't consider the synthesis of
dendrimers as nanotechnology, some of the uses to which they can be put certainly are.
Precisely-defined and engineered macromolecules like dendrimers hold great promise as
building-blocks for complex supramolecular structures with specifically designed
functions—they can be considered as versatile nanoscale components that can be used to
build nanoscale structures, or even 'devices'. In terms of mankind's nascent, but growing,
capabilities in molecular engineering, dendrimers represent the state of the art.
This molecular construction potential constitutes one of the most intriguing aspects of
dendrimers and an application space where they have great strengths, but there are many
somewhat less glamorous applications, most of which find dendrimers up against other
nanotechnologies, although in many cases they can be complementary.
They can be used as nanoscale carrier molecules, in applications where nanoparticles and
nanocapsules are seeing increasing use, such as drug delivery or imaging of living
material. They also offer potential as sensitive biodetectors. (Life science applications are
currently the most promising area for dendrimers.) They can be, and are being, used in
traditional technologies such as coatings, plastic additives, lubricants, dyes and inks. They
also hold promise in several applications in electronics and optoelectronics, in lasers, and
as scavengers in environmental remediation.
One of the attractions of dendrimers over some of the competing technologies in certain
applications (e.g. biodetection) is that the production of any dendrimer should be relatively
easily scalable to mass production.
Dendrimers have been around for 20 years. During the first 10 years, they were just an
academic curiosity (and a beautiful toy for chemists). During the last 10 years applications
have been the main focus of research. Given that in many applications there are
competitive technologies, often more developed than dendrimers, the next 5 years will
likely serve as a good indication of the degree of large-scale market penetration they will
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achieve—a proving period, in effect. However, their versatility should at least lead to a
steady stream of niche-market applications for years to come and suggests that they are an
area of technology one should always keep an eye on.

Introduction to dendrimers

Dendrimer structure. Courtesy of Dendritech

Dendrimers are large and complex molecules with very well-defined chemical structures.
From a polymer chemistry point of view, dendrimers are nearly perfect monodisperse
(basically meaning of a consistent size and form) macromolecules with a regular and
highly branched three-dimensional architecture. They consist of three major architectural
components: core, branches, and end groups.
Dendrimers are produced in an iterative sequence of reaction steps, in which each
additional iteration leads to a higher generation dendrimer. The creation of dendrimers,
using specifically-designed chemical reactions, is one of the best examples of controlled
hierarchical synthesis, an approach that allows the 'bottom-up' creation of complex
systems. Each new layer creates a new 'generation', with double the number of active sites
(called end groups) and approximately double the molecular weight of the previous
generation. One of the most appealing aspects of technologies based on dendrimers is that
it is relatively easy to control their size, composition and chemical reactivity very
precisely.
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Divergent and convergent methods for dendrimer synthesis
It has been suggested that the need to repeat reaction steps many times could lead to high
manufacturing costs and thus hinder commercialization. However, the synthesis is, in most
cases, just the iterative sequence of two straightforward chemical reactions, the reactants
are normally cheap chemicals, and with each step the product practically doubles its
weight. Consequently, the manufacture of dendrimers can be a cost-effective process and
large-scale production is, in general, technically and economically viable. PPI and
PAMAM dendrimers (explained later) are already being produced on a large scale by
companies such as DSM and Dendritech, and can be ordered through the Sigma-Aldrich
catalog, like any other common chemical compound.
Derivatives of the classical well-defined dendrimers are currently being evaluated as
potential alternatives offering lower production costs. Dow Corning Corporation, in
collaboration with the Michigan Molecular Institute, has developed a new class of
dendrimers, which contain PAMAM (see later) interiors and organosilicon (OS) exteriors.
These nanobuilding blocks can form films, membranes and coatings with controlled
hydrophilic (water-loving) and hydrophobic (water-hating) domains. They can be applied
to the preparation of printed wire boards, sensors, catalysts, and drug delivery systems.
Hyperbranched structures are built in a similar way to dendrimers and they have a similar
structure, but their architecture is not as precisely controlled (not all the molecules in a
batch look the same: they miss branches; there are more holes in the structure and fewer
active chemical groups at the surface of the molecule). To make these 'imperfect'
molecules, a far less rigorous optimization of the production process is needed (less care is
required in ensuring that the synthesis steps have been completed). In some cases far fewer
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steps are necessary to produce hyperbranched structures, which leads to reduced
production costs.
For many applications dendrimers do not have to be perfect to be useful and it is important
to remember that hyperbranched structures could replace dendrimers in many such cases.
Think, for example, of additives for lowering viscosity (where the requirement is simply
for globular structures) or decontamination agents (where larger holes could even be an
advantage for binding larger molecules). On the contrary, if multivalency (a large number
of active chemical groups located at the surface of the dendrimer) and well-defined
structure are needed, as is the case for biomedical applications, dendrimers are much better
candidates.
The cavities present in dendrimers
can be used as binding sites for
small guest molecules, analogous
to the way enzymes (natural
catalysts, or promoters of chemical
reactions)
work
in
living
organisms.
The potential of dendrimers as
hosts (containers) for small
molecules
was
strikingly
demonstrated in 1994 by Bert
Meijer, chemistry professor at
Eindhoven
University
of
Technology in the Netherlands.
The 'dendritic box' was constructed
by building a hard shell around the
Dendritic box. Courtesy of the Eindhoven University soft-core dendrimer once a small
'probe' molecule was encapsulated
of Technology, the Netherlands
into the dendrimer. This structure
yielded a molecular container of nanoscopic dimensions.
Dendrimers are generally roughly spherical molecules with very well defined size and
shape. This physical characteristic, combined with their thermally decomposable organic
nature, makes them especially suitable for use as porogen (a pore-generating material).
This can be applied in the creation of foams with optimized nanoscale pore sizes and
distributions, such as synthetic zeolites for catalysis or low dielectric constant materials (in
simple terms, good insulators) for use in ever-shrinking integrated circuits. They have also
been used as templates to obtain larger structures with particular characteristics. Recently,
the first example of the formation of amorphous calcium carbonate by artificial methods
was reported. The structures created used dendrimers as an organic template in an attempt
to imitate nature in the way it constructs shells and bones (an example of the power of this
sort of nanostructuring is nacre, or mother-of-pearl, which is extremely tough despite being
largely made of the same material as chalk). However, the process is not yet completely
understood and applications in the manufacture of artificial bone currently look remote,
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with other approaches a lot closer to market, such as the coating of artificial joints with
nanograins of hydroxyapatite.
Dendrimers can also be grown around a template (acting as the core) and then cross-linked
to fix the structure. The core can then be removed to create a cavity that selectively binds
to the original template. This creates a structure that is imprinted at the molecular level and
that has a specific binding site (like an artificial antibody) that can separate enantiomers
(mirror image versions of a molecule, only one of which usually has the desired function),
remove pollutants or catalyze reactions.
The fact that dendrimers are generally depicted as spherical molecules can be misleading.
Dendrimers generally have a globular shape when they are held in a good solvent, or in a
bulk material, or when the end groups are so bulky that they get in the way of each other's
ability to move around, making the structure rigid (this is known as steric hindrance).
However, 'bare' dendrimers are very flexible structures. When secondary interactions are
introduced into the system (for example, those based on the affinity of the end groups for a
particular surface or hydrophobic (water-hating) interactions that can lead to selfassembly), dendrimers have the ability to completely change their conformation to form
layers or even self-assembled lipid-like structures. They can transform their shape from
spherical to almost completely flat, if the interactions with the surface are adequate.
Self-organization, or self-assembly, is an approach to the construction of new
nanomaterials, such as coatings, non-linear optic materials, polymer electronics, etc., that
is receiving a lot of attention. The paradigm is being explored extensively in areas such as
sol–gel chemistry and self-assembled monolayers. Many such applications are geared
toward creating bulk materials, coatings being a predominant example. The self-assembly
paradigm, however, also offers the possibility of creating discrete functional
nanostructures, or even nanodevices, rather than bulk materials. The creation of
nanocapsules or quantum dots in liquid phase (as opposed to creating them on a surface),
for example, holds great promise for applications such as drug delivery or bioanalysis.
Central to many of these approaches is the use of amphiphilic substances, which have
hydrophobic (water-hating) and hydrophilic (water-loving) regions that cause them to
spontaneously form nanostructures such as capsules, by virtue of one part of the molecule
being repelled by the surrounding medium and another part being attracted by it.
Dendrimers can be amphiphilic (see glossary) and thus can be persuaded to self-organize
into nanoscale structures but have the added advantage that they can be designed with a
very wide variety of chemical and physical properties. These can be leveraged to produce
self-assembled complex multifunctional units that really start to warrant the description of
a nanodevice. Some examples will be given later.
Some of the most interesting applications for dendrimers, in a technical and commercial
sense, are in the pharmaceutical and biomedical area. Dendrimers can be created that are
biologically active or inert, and one of the attractions is that they can be designed for such
properties from the bottom up. The molecules are small enough to pass into cells and can
be used to deliver substances such as drugs, genetic material or chemical markers right into
the cell. James Baker of the University of Michigan in Ann Arbor has built multi-purpose
dendrimers that can deliver a drug, document that the drug is there and report back on the
cell's response. This is a real example of a multifunctional nanodevice.
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On a slightly simpler level, the ability to engineer all sorts of behavior into dendrimers
holds promise for a number of biotechnology and medical applications. For example,
dendrimers have been deployed as transfection agents (carrying and incorporating foreign
genetic material into cells), for mediating transport across cell membranes, or for binding
particles to inhibit an immune response.

Types of dendrimers
This section is quite technical in nature.
Thanks to recent advances in synthetic chemistry and characterization techniques, a rapid
development of this new kind of polymer has been possible and a variety of dendritic
scaffolds has become accessible with defined nanoscopic dimensions (3-5 nm for high
generations) and discrete numbers of functional end groups.
The first example of an iterative synthetic procedure towards well-defined branched
structures was reported by Vögtle in 1978, who named this procedure a 'cascade synthesis'.
In the early 1980s, Denkewalter patented the synthesis of L-lysine-based dendrimers. The
patents describe structures up to high generations. However, no detailed characteristics of
the materials were given.
The first dendritic structures that were exhaustively investigated and that received
widespread attention were Tomalia's PAMAM (poly(amidoamine)) dendrimers and
Newkome's 'arborol' systems.
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Poly(amidoamine), or, PAMAM dendrimer. Trade name: StarburstTM
PAMAM dendrimers are synthesized by the divergent method starting from ammonia or
ethylenediamine initiator core reagents. They are constructed using a reiterative sequence
consisting of (a) a double Michael addition of methyl acrylate to a primary amino group
followed by (b) amidation of the resulting carbomethoxy intermediate with a large excess
of ethylenediamine. Products up to generation 10 (a molecular weight of over 930,000
g/mol) have been obtained (by comparison, an atom of carbon weighs 12 g/mol, the
molecular weight of human hemoglobin is approximately 65,000 g/mol).
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Newkome's arborol didendros
In 1993, based on the original work of Vögtle, divergently produced (from the core to the
periphery) poly(propylene imine) dendrimers were created by Meijer at DSM of the
Netherlands. Today, these PPI dendrimers are synthesized in large quantities by DSM and
are commercially available.

core

-dendr-(end groups)n

Polypropylenimine dendrimers , or, PPI dendrimers. Trade name: AstramolTM
PPI dendrimers are synthesized by the divergent method starting from 1,4-diaminobutane.
They are grown by a reiterative sequence consisting of (a) a double Michael addition of
acrylonitrile to the primary amino groups followed by (b) hydrogenation under pressure in
the presence of Raney cobalt. Products are made up to generation 5. DSM uses its own
designation to describe its dendrimers: where the core is diaminobutane, dendr indicates
the interior dendritic branch cell; and n is the number of end groups.
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In 1990, Fréchet introduced the convergent
approach to create dendrimers. In convergent
synthesis, the procedure is started at the
periphery and elaborated to the core.
Fréchet's aromatic polyether dendrimers are
easily accessible and have been studied
frequently by various researchers.
In the early 1990's, phenylacetylene
dendrimers were created by Jeffrey Moore
using the convergent method.

Fréchet’s aromatic polyether dendrimer

In the last 5 years, many other types of
interesting dendritic systems have appeared,
although they have been less widely
investigated and many have not left the lab.

Opportunities for dendrimers
The versatility of dendrimers, in terms of variety of structures and chemical and physical
properties, makes them potentially suitable for a huge number of applications. Many of
these applications represent considerable markets. To give an indication of the potential,
the following is a selection of some recent (late 2001 - late 2002) market statistics for the
areas where dendrimers are being used or may be used.
•
•

•
•
•
•
•

•
•

According to Andreas Leson of the Fraunhofer Institute of Materials and Beam
Technology, the DNA biochip market is expected to reach at least $700 million a
year in 2004.
According to a report by Rob Ellis, an analyst with Front Line Strategic Consulting
Inc., the DNA microarray market will reach $3.6 billion by 2006, with several
segments such as the scanner and arrayer markets growing at a compound annual
rate of 44%.
Chad Mirkin (of Northwestern University, Nanosphere, NanoInk) puts the
biodiagnostics sector at between $4 billion and $15 billion annually.
Nanoplex put the market for chips containing DNA information used in testing
gene function at $1 billion.
Altair Nanotechnologies Inc. put the global pigment market at $9 billion.
US Global Aerospace quoted estimates for the barrier films and coatings market at
$5 billion or more.
BRG Townsend Inc.'s study, Plastic Additives 2002, put the size of the plastic
additives industry, in terms of mass, at 17.6 billion lbs (1 lb = 0.45 kg). Of this,
they estimated that 5 million lbs of nanocomposite materials will go into both rigid
and flexible packaging within the next five years.
According to Semiconductor Business News, the market for low-k dielectric
materials will generate $16 million in 2002, but sales are expected to be at $400
million in 2006.
The market opportunity for 'printed' transistors (i.e. plastic electronics, inkjet
approaches) was estimated by Motorola at around $300 billion, including "e-
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•

novelties" (like product packaging with animated features), displays, tracking tags,
and security applications.
The Business Communications Company Displays Industry Review estimated the
value of worldwide shipments of electronic displays at approximately $64 billion in
2001, expected to grow to $114.8 billion by 2006. Of this, traditional cathode ray
tube shipments were valued at $33.1 billion in 2001 and flat panel displays at $31
billion. However, the latter were predicted to grow at 17.6%, compared to 6.3% for
the former.

Commercial interest in dendrimers has grown without interruption since they were first
created. The number of US patents on dendrimers has gone from 2 in 1985 to more than a
thousand granted in total by the end of 2001. Dow Chemical obtained most of the early
dendrimer patents but by the mid-1990s many other companies began patenting them as
well. The growth in dendrimer patents has been exponential, and correlates with an
equivalent increase in scientific publications on the subject.
Intellectual property issues are somewhat unusual when it comes to dendrimers, with some
very broad patents on a number of basic structures having proven their staying power
already over the years. This leaves more recent patents to focus on novel dendrimer
structures (e.g. those based on DNA) or specific applications. The latter case is typified by
the University of Michigan, which holds a number of application-related patents, which are
licensed to NanoBio.
Dendrimers can be used as additives in plastics and polymer resins, for changing their
viscosity or to improve dying of plastic fibers, for adhesives, inks, surfactants (which
reduce surface tension in liquids and thus aid mixing and wetting), and as cross-linking
agents. Hyperbranched molecules are also very suitable for most of these applications.
Dendrimers also offer potential in the creation of new microscale or macroscale materials,
such as nanocomposites or coatings. For instance, they can be used as a starting material in
self-assembled monolayers to produce thin, organic coatings with a particular
functionality.
Dendrimers can also act as scavengers of metal ions, offering potential for environmental
clean-up operations because their size allows them to be filtered out with ultrafiltration
techniques. Changing the acidity of a medium can then cause the dendrimers to release the
metal ions and be re-used. In the same way, dendrimer-encapsulated catalysts can be
separated from reaction products and recycled.
Dendrimers have been experimented with in dye lasers and have been shown to improve
water resistance and adhesion of inks to a variety of surfaces. Their tree-like structure
allows the design of molecules that act as energy-funneling structures directing light
energy from the shell to a dye core. Dendritic structures that harvest and channel light
energy, imitating the natural process of photosynthesis, have been widely covered in
publications, although no real commercial application has been reported so far. The use of
dendrimers for electro-optical devices and detection has also been widely investigated and
is yielding some promising results.
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Medical applications is an area where dendrimers offer particular potential because they
can be built pretty much with atomic precision, which allows interaction with biological
systems at the most fundamental, molecular, level. The relative ease with which they can
be tailored with specific chemicals to target certain cells makes them a strong contender in
the targeted delivery market, which holds great promise for improved cancer treatments
with reduced side effects. There are competitive nanotechnologies in the targeted drug
delivery market using nanoparticles and nanocapsules but these are rather crude
technologies in comparison with dendrimers, which means that though they might compete
for simpler applications, they will compete less well for more sophisticated applications,
for example ones using both targeted delivery and detection. Some approaches to using
nanoparticles for drug delivery have suffered from difficulty in functionalizing the
particles for targeting, while nanocapsule approaches, for example those based on
microemulsions (aqueous solution of spheres—micelles—formed by surfactants and
containing nanoscopic droplets of drug) have issues such as the surfactants not providing
the needed stability (the micelles are broken before they reach their target in the body).
Polymeric surfactants offer a better alternative in this respect, although they are more
sophisticated systems and therefore more difficult to produce and to handle. There is no
reason, of course, why any two of these three approaches cannot be combined.
The same tailoring makes dendrimers good candidates for chemical or biochemical
detectors. Research is being done into using dendrimers to shield silver, which is toxic to
both bacteria and human tissue, inside the human body until the dendrimer is ingested by
bacteria and the silver is released.
Recently, biodegradable dendrimers have been investigated for use in implants and tissue
engineering material in a project financed by Johnson & Johnson. The advantage of
dendrimers compared with normal linear polymers is that they are easily dissolved and
flow easily. Solidification rates can be controlled by a laser beam. These are important
material properties especially in the case of corneal repair surgery.
Dendrimers can have drugs attached to their surface or placed in the voids inside them and
serve as controlled release delivery mechanisms. In this area nanoparticles, or larger
particles created out of nanoporous materials, such as silicon, is a competing technology.
Dendrimers have even been suggested as useful agents for sustained release of perfumes.
While the most promising opportunities for dendrimers are in the life sciences, they would
probably also be the most expensive ones. In most cases, it would be necessary to produce
a specially designed and modified dendrimer for any particular application. But since
margins are traditionally good in these markets, if the added value is high enough then the
investment would pay off. Many years of academic research have yielded a good body of
expertise in dendrimer synthesis and modification methods. Some spin-out companies, like
SyMO-Chem, offer contract research to produce dendrimers "à la carte". Large-scale
production can be optimized to lower production costs once the right dendrimer structure
has been found for a particular application.

Dendrimers in therapeutics
A variety of nanotechnologies are showing promise in the therapeutics arena, and there is a
great deal of commercial activity, with a few products hitting the market now and many
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more likely to come soon—the number of approaches in clinical and pre-clinical trials
suggests we will start to see a wave of new therapeutic technologies beginning to hit the
market in a year or two and growing rapidly from then on.
The major competitors for dendrimers in the area of drug-related therapies are based
around nanoparticles, nanocapsules and nanoporous materials, with fullerenes also looking
likely to generate quite a few new therapies (including for AIDS, an area that is also being
tackled using dendrimers, by Starpharma). Approaches using dendrimers lag in this area
but the relative crudeness of other approaches when compared with the molecular
perfection that can be achieved with dendrimers suggests that more sophisticated delivery
technologies, especially using components that are designed to be multifunctional, will be
better tackled with dendrimers. The potential for dendrimers in drug delivery certainly
remains substantial.
New biomaterials are being created, based on nanofibers, nanocrystalline metals,
nanoporous silicon and new composites. Applications range from new implant materials to
support matrices for growing new tissue, including nerve tissue. Here dendrimers are
currently looking to be a minor player but their compatibility with other technologies,
especially composites, does hold promise.
The University of Michigan's Center for Biologic Nanotechnology, headed by Dr. James
Baker, is leading a multidisciplinary project working towards the development of new
therapeutics for cancer, based on dendrimers. Researchers at the Center are currently
creating a library of biologically active nanocomponents that will serve as building blocks
for complex nanodevices called "tectodendrimers."
They
have
identified
five
biomonitoring operations they would
like their nanodevices to perform:
diseased-cell recognition, diagnosis of
disease states, drug delivery, location
reporting, and reporting the outcome
of therapy (see picture; apoptosis
means cell death and is the desired
therapeutic outcome in the case of
cancer). The project has yielded
proof-of-concept prototypes for four
of these functions. The nanodevices
have
been
constructed
and
successfully tested in vitro. In vivo
experiments are still underway.
The tectodendrimer would consist of a
very complex molecule containing
five distinct molecular parts, or
moieties, with very specific functions.
One of the functional groups would bind to the receptor molecules of a specific target
(cancer cell, virus, etc.). A second would contain a marker that fluoresces when it finds a
genetic mutation or protein associated with the disease (cancer, infection, radiation
Representation of a tectodendrimer. Source:
Center for Biologic Nanotechnology,
University of Michigan.
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damage). A third group would contain a metal atom that can be detected by X-ray imaging
or MRI, allowing localization of cells. The fourth group would carry a drug that can be
released when needed and the fifth group would contain a signal molecule that is activated
only when cell death occurs.
NASA is financing a 3-year project to develop dendrimer-based fluorescent particles that
monitor human cell damage from radiation. The method would consist of implanting
optically active nanoparticles inside lymphocytes (a type of white blood cell). Fluorescent
dyes would be attached at the dendrimer surface. The molecules would be delivered into
the bloodstream where they would enter lymphocytes and emit light when apoptosis
proteins are present, i.e. to indicate that the cell is dying. The team also plans to develop a
laser-based retinal scanner to detect the fluorescence from the dying lymphocytes as they
pass through the retinal capillaries (where they pass in single file). This system would
permit an astronaut to detect the effects of radiation exposure at a very early stage, before
the damage provoked any signs of illness.
Previous work of the Center for Biologic Nanotechnology in collaboration with the US
National Cancer Institute proved it was possible to develop intracellular dendrimers to
detect the pre-cancerous changes of living cells before they turn malignant. The ultimate
goal is to deliver a deadly dose of an anticancer drug to just the cancerous cells, while
leaving normal cells undamaged. In vitro experiments have so far yielded very
encouraging results.
Furthermore, the idea could be extended to cells that have been infected by a virus. Most
infected cells are in theory easy to recognize, since they have non-human viral proteins on
their surfaces (this is the way the immune system recognizes infected cells). A library of
viral protein recognition dendrimers could be prepared. Then it would be possible to build
any particular antiviral tectodendrimer by coupling the appropriate targeting dendrimer
from the library to the standard tectodendrimer. The same therapy could be applied to
parasites, such as malaria, which also have unique, non-human, surface proteins.
The most important drawback of present therapies for cancer is the lack of selectivity—
healthy cells are killed along with the sick ones, provoking severe side effects and thus
limiting the effectiveness of the therapy. Selectivity can be achieved by two main
mechanisms: recognition at the membrane level and selective diffusion into the target cell
(i.e. only infected cells are recognized and penetrated); or just selective release of a drug
(all cells are penetrated, but the drug is released only in sick cells). Clearly, selective
penetration is the preferred mechanism, since it leaves healthy cells undisturbed.
The potential healing power of this target-selective approach is enormous. However it is
important to remember that the synthesis of protein recognition groups can be a very
complex task. An additional drawback is that the design and synthesis of the proteinrecognizing groups would have to be repeated for each kind of disorder. However, a
significant advantage is that a wide variety of agents that have been proved to be effective
in treating a disease have been shelved because their toxicity is too high for systemic
(whole body) use. Targeted delivery opens up the possibility of making use of such
substances.
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Qiagen, a genomics company, has developed a new activated dendrimer reagent for gene
delivery based on degraded PAMAM dendrimers. Gene therapy involves the use of genetic
material (fragments or strands of DNA) to, for example, disturb the reproductive
mechanisms of a virus or the division of cancerous cells, stopping their proliferation.
Alternatively, it can be used to provide a gene that is lacking or aberrant in certain
individuals, probably the most publicized example of this being the successful treatment of
so-called 'bubble boys', whose immune systems do not function because of the lack of one
specific gene (the therapy has been put on hold in some countries because of an increased
risk of leukemia, but this risk was, in fact, known from the start).
Gene therapy has been shown to be a very efficient approach for fighting cancerous cells,
yet the delivery of the genetic material into the nucleus of the cell is still a major obstacle.
Transfection efficiencies of DNA into a broad range of different cell types in vitro using
dendrimers as a vehicle have been promisingly high. The positively charged (through
amino groups) dendrimer interacts with negatively charged phosphate groups in the amino
acids making up the DNA to be inserted, creating a complex in the form of a compact
structure that binds to the cell surface and is taken up by the cell by endocytosis. The
precise size and shape of the dendrimer guarantees DNA-complex formation and
reproducibility of the transfection results.
The Australian company Starpharma commercializes pharmaceutically active compounds
based on dendrimers. The group has exclusive world rights to the dendrimer molecule
technology discovered at Melbourne's Biomolecular Research Institute. Starpharma's
patents specifically claim that their dendrimers are "drugs in their own right" and not
carrier molecules that deliver drugs to target sites in the body. Starpharma was recently
granted a patent for dendrimer-based antimicrobial or antiparasitic compositions.
The principle behind such treatments is to use the polyvalency of dendrimers, i.e. the large
number of active sites at the end-groups, to interact with biological receptors (sites on the
surface of the virus or the cells). Although there are no commercially available products
yet, Starpharma has two projects in the pre-clinical development phase: antiviral
compounds to prevent sexually transmitted diseases, and anticancer treatment using
dendrimers as angiogenesis inhibitors. Angiogenesis is the development of new blood
vessels from pre-existing blood vessels and is associated with cancer since an abnormal
growth of new blood vessels occurs in tumors (or in the bone marrow, in the case of
leukemia). Starpharma's dendrimer-based drugs have shown potential as active compounds
against toxins, HIV-related viruses, hepatitis B virus and related liver cancer, malaria,
respiratory viruses and some exotic viral diseases.
Starpharma also finances the start-up Dendritic Nanotechnologies Limited, a US company
also developing products using dendrimer nanotechnology. They focus on research into
dendrimer-based pharmaceutical applications and on developing a low-cost, high-quality,
dendrimer production technology. Other potential applications they are looking at are in
electronics and material sciences.
SyMO-Chem, a spin-out from Meijer's group in the Netherlands, has considerable
expertise in the chemical modification of poly(propylene imine) dendrimers, which DSM
is making on a large scale. It has been demonstrated that relatively small chemical changes
in the dendrimer structure (especially the outer shell) yield dendrimers with completely
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different features, making them suitable for all kinds of applications. The development of
non-toxic drug delivery systems is of prime interest for this company. They are working in
partnership (as a contract research company) with a major pharmaceutical company on the
development of non-viral gene delivery systems based on dendrimer / DNA hosts. Several
structures have been obtained and are currently being tested in vivo.
Immunomedics, a biopharmaceutical company based in the US, uses dendrimers for
delivery of diagnostic or therapeutic drugs to a target site, usually to cells that have been
damaged owing to a cancer or an infection. The multiple binding sites of the dendrimer are
useful for amplifying the amount of detection or therapeutic agent at the targeted site.
Novartis Pharma AG is investigating the use of dendrimers as nanoparticles to prevent an
immune response in response to the transplanting of organs of animal origin. The dominant
human immunoglobulin (a kind of protein, also called an antibody, that recognizes foreign
particles, like bacteria and viruses, by binding to the proteins on their surface, triggering an
immune response) involved in the rejection of pig organs is very difficult to inhibit because
it binds to several carbohydrate molecules (called Gal) present on the surface of the
animal cells at once The multifunctional nature of dendrimers offered the possibility of
creating a molecule with many Gal groups on the outer layer. These dendrimers form large
aggregates that concentrate even more Gal groups on their surfaces. The first in vivo
studies have demonstrated that these nanoparticles are very potent immunoglobulin
inhibitors and that these dynamic aggregates are probably optimized in situ (in terms of
size and binding sites) in the presence of the antibodies.

Dendrimers in biological / chemical detection and Bioanalysis
Biological and chemical detection technologies, especially biological, represent one of the
most dynamic areas in nanotechnology. Many companies that have technologies that can
be turned to a variety of applications have chosen to focus on this area in the belief that it
offers the fastest path to commercialization and good returns on investment. There are a
wide variety of applications, from exquisitely sensitive biodetectors at a reasonably high
price (e.g. for detection of biological and chemical warfare agents) to products aimed at the
pharmaceutical sector where massive parallelism (the ability to detect a wide variety of
substances) is a major driver, to intermediate technologies, such as point-of-care diagnostic
systems for doctors (dendrimers are already in use for the detection of chemical markers
for heart attacks). Microtechnology, including microfluidics, is already developing rapidly
in this space. Nanotechnology offers some advantages, which can be shown by a collection
of technologies that are currently being pursued quite aggressively.
In the area of extremely high sensitivity, approaches using nanowires or nanotubes, or even
tiny cantilevers that bend in the presence of a certain molecule (a technology being pursued
both at the micro level, in MEMS systems, and also at the nano level, in NEMS systems,
where higher unit production costs may be justified by increased sensitivity) offer the sort
of sensitivity sought after where detection of trace amounts of a substance is needed. A
topical application of such technologies is in biological and chemical warfare detection
systems, a market that many see as having the potential to grow rapidly. In these
applications, it must not be forgotten that having a sensitive detector is not enough—the
detector has to encounter the substance you want to detect. Thus a reasonable throughput
rate, in terms of material examined, must be achieved.
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In the highly parallel analysis required by pharmaceutical companies evaluating new drugs
or in genetic diagnostic systems, which many predict to be a major growth area in years to
come, front runners are systems based on quantum dots (tiny particles of semiconductor),
nanoparticles (particularly gold, as typified by the company Nanosphere) and nanobarcode
technologies (as typified by Nanoplex, a spin-off of Surromed). Additionally, there are also
entrants into the established microarray market, using atomic force microscope tips to
detect much smaller amounts of material (BioForce Nanosciences are probably the leader
in this space, with NanoInk also hoping to make an impact). The bypassing of the need to
amplify the quantity of nucleic acids (using the polymerase chain reaction), or the ability to
detect small quantities of proteins, for which amplification is not available, drives these
technologies.
In both the high-sensitivity and the high-parallelism areas, dendrimers may find use as
adjuncts to other technologies, but not always obviously so.
Where dendrimers show greater promise than competing technologies is in detection in
vivo, monitoring living systems, but they have not got the field to themselves—recently
quantum dots were encapsulated in a way that reduced their toxicity, and then used to
monitor the early development of a frog fetus, although the application was not based on
intracellular chemical detection. Here, though, it is the ease with which dendrimers can be
functionalized that may well provide an edge. The combination of detection with drug
delivery might prove particularly powerful.
The following text shows some areas where dendrimers are currently being applied or
investigated in the detection arena.
Dendrimers, in conjunction with metal ions, might soon find application as image
enhancers in magnetic resonance imaging (MRI), an area where nanoparticles and
fullerenes also show potential, making for a lot of competition in a relatively narrow
application space. However, dendrimers provide multiple bonding sites, allowing many
MRI contrast agent complexes to be attached to one dendrimer. One dendrimer molecule
can host more than 30 contrasting agent complexes, leading to a better contrast picture.
This is a clear example of the added value of the multivalency of dendrimers. A high local
concentration of metal ions drastically alters the relaxation time (freedom of movement) of
the water molecules in the solvation layer (vicinity) of the metal ions, after the magnetic
pulse has been applied, providing a far better contrast in the image than in the case of
individual metal ions. The German pharmaceutical company Schering has commercialized
a gadolinium–dendrimer complex for MRI with great success. The same company has a
patent on the use of iodine-containing dendrimers for enhancing X-ray diagnostic imaging.
Magnetically-labeled dendrimers containing iron oxide have been used to track stem cells
after they have been transplanted into the brains of living mice. Using MRI, the
transplanted cells can be located as they produce new tissue.
Dendrimers are being used in the manufacture of chemical and biological sensors. As a
consequence of the spherical structure and multiple end-groups at the periphery of
dendrimers, they are able to recognize analyte molecules through two different
mechanisms: exo- and endoreception. Endoreception, which is a consequence of the
dendrimer's globular molecular geometry, occurs when analyte molecules penetrate the
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interstices between the densely packed surface groups and are incorporated in the cavities
of the dendrimer interior. As described in the introduction (see dendritic box), dendrimers
can be used in this way to encapsulate or capture small molecules. Exoreception occurs
when molecular species interact strongly with chemical groups at the end of the dendrimer
branches (at the surface of the dendrimer).
This interaction at the molecular level can be made even more specific by using
dendrimers for molecular imprinting (making a molecular mold). The resulting synthetic
molecular shell binds to specifically shaped molecules (the ones that were used as a
template) and rejects all others, just like a natural antibody. The technique could be
applicable to many molecules and potential applications include sensors for various
pollutants and chemical warfare agents. The US Army is intensively investigating
dendrimers to enhance the performance of nanoengineered materials for sensor
applications using the imprinting technique.
The Dow Chemical Company and Neogen Corp. have shown commercial interest in a
project of the Michigan Molecular Institute on a dendrimer-based biosensor to detect
bacteria or toxins that might be present in food.
Polyprobe, a US molecular biology R&D company, patented DNA dendrimer structures
that are able to self-assemble and function as hybridization agents for the detection of
nucleic acid sequences, amplifying signals in nucleic acid blot assays. Owing to the
microscopic scale of hybridization, and the small amounts of target nucleic acid often
available for analysis, it is generally necessary to increase the signal from an array for
better detection. This signal boosting is traditionally achieved by increasing the amount of
nucleic acid to be detected by making copies using the polymerase chain reaction (PCR)
but can also be accomplished by increasing the amount of signal per unit of target nucleic
acid, thus avoiding or diminishing the PCR step, which is what is achieved with these
dendrimers. When the dendrimer is bound to the target, multiple label molecules are
bound, increasing signal output per detected molecule, thus increasing detection sensitivity
(note that the same approach could also be used for detecting other materials, such as
proteins, for which the amplification step of PCR is not available).
The novelty aspect of DNA dendrimers is that they are assembled via sequential
hybridization of designed DNA components. The molecular structure grows geometrically
with each sequential layer of hybridization. DNA dendrimers have been assembled ranging
in size from a few hundred bases (a 1-layer DNA dendrimer) to several million bases (12layer dendrimers).

Dendrimers in electronics
The electronics field has been dominated for a long time now by silicon and associated
photolithographic production technologies. The industry is typified by very high input
costs for fabrication, which are reclaimed through very high-volume production. Moore's
law, which states that the number of transistors in a chip doubles every 18 months, has
been a reliable predictor throughout this period.
However, it should be noted that Moore's law has fitted reality well only because cost per
transistor has paralleled the reduction in transistor size and (inversely) the increase in
transistor density. There are signs that this cost–density relation may be about to break
© Científica 2003

Page 183 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
down, with circuitry made using technologies such as inkjet printing or soft lithography
(nanoprinting) offering a high degree of customization, relatively low production runs, but
still acceptable costs.
Application areas for such technologies range from flat panel displays to simple custom
electronic devices, electronic tagging technologies and new, cheap, photovoltaic systems.
Organic systems have been prominent in such areas in recent years, if not quite achieving
the breakthrough that many have hoped for, and this is an area into which dendrimers
might slot quite nicely. As the market statistics at the beginning of this section show, the
rewards are potentially very great. But it is also a highly competitive market and thus highrisk.
Opsys, a company based in Oxford, UK, has developed organic light-emitting diodes
(OLEDs) based on dendritic structures for display modules for use in portable electronics
including PDAs, mobile phones and notebook computers. They recently sold this
technology to Cambridge Display Technology.
Dendrimer-based OLEDs are single-layer, exhibit very-high-efficiency phosphorescence,
and have the advantage that they can be made from solution by spin-coating, instead of the
thermal evaporation approach used to create traditional multi-layer structures. Lightemitting dendrimers are built in a modular way, that permits control of the processing and
electronic properties independently by including two functionalities in one structure: lightemitting entities and chemical groups that facilitate dissolution and therefore processing.
This is an advantage when compared to common light-emitting polymers, which suffer
detrimental effects when solubility is enhanced. The spin-coating method significantly
reduces manufacturing costs.
Dendritech, Inc. is exploring the possibility of using copper PAMAM–organosilicon
copolymer nanocomposite coatings to fabricate printed wiring boards. Dendritech's
research focus is on developing a dendrimer with a thermally degradable interior and an
outer surface that is compatible with a conventional dielectric material. Heating of the
matrix (dielectric material containing a variety of spherical dendrimers) would leave the
outer shell of the dendrimer intact, creating controlled hollowness. The result would be a
material with significantly improved insulating properties. This nanotechnology can
achieve an insulating material with a dielectric constant of almost half that of conventional
insulating materials for integrated circuits. This would offer circuit designers more
opportunity to space wires closer and thus shrink the size of integrated circuits in a variety
of consumer, industrial and military electronic devices.
Materials with extremely low dielectric constants (basically very good insulators) for
integrated circuit interconnects are also being investigated by the Michigan Molecular
Institute, in work sponsored by Dow Chemical and IBM. Good electrical insulating
properties are necessary for the new generation of integrated circuits, where the increasing
density of wires requires efficient electrical insulation to avoid leakage currents.
The Kansai Advanced Research Center in Japan is investigating the use of dendrimers to
develop optoelectronic devices by using self-assembled supramolecular systems. Properly
functionalized dendrimers have shown efficient and ultra-fast light harvesting. Such
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dendrimers can be used as efficient fluorescence-based ion sensors and as non-linear
optical materials.

Dendrimers for decontamination
This is one of the applications where dendrimers seem particularly suited when compared
to other approaches, which tend to be based on size alone (nanofiltration) or require
functionalization, something that dendrimers are better suited to than many materials.
The ability of dendrimers to capture small molecules in their cavities, or on their
appropriately modified end groups, and the large surface area that their small size
produces, makes them suitable nanoparticles for the sorption (absorption into or adsorption
onto) of biological and chemical contaminants. The US Army is evaluating the potential of
dendrimers for these applications. Dendrimers have been shown to be very effective as
reactive components in topical skin protection creams. To extend this application to
protective clothing, the dendrimer layer has to be stabilized against washing and weather
conditions. Amphiphilic dendrimers with a half dendrimer, half "tail" structure, are used to
fix the active dendrimers in the protective film.
The Center for Biologic Nanotechnology at Michigan University is planning to develop
and evaluate dendrimer-enhanced ultrafiltration (DEUF) as a novel water treatment process
for removing toxic metal ions from contaminated water.

Dendrimers as additives—composites, coatings, inks, dyes, and lubricants
Given the large number of potential permutations in dendrimer structure and chemistry,
opportunities in the area of composites and coatings alone could be considerable in both
the short and medium term. There is certainly significant competition in these areas.
In the composites space nanoparticulate clay and POSS hold great promise and are already
making inroads. Later on carbon nanotubes may also have an impact. However, the variety
of forms of dendrimer structures and the ease with which they can be functionalized (the
effective functionalization of nanoclay particles, to the point where they could be used in
composites, took about ten years to perfect; nanotubes may prove similarly difficult; POSS
is much more flexible) promise relative ease of creation of a composite based on a
particular structure and also a wider variety of properties that might be conferred by a
dendrimer filler. If nothing else, dendrimers certainly stand a chance of being the best bet
for a variety of niche applications; in some large applications, such as making stronger
composites, they may lose out on cost to alternatives.
In the coatings area, nanoparticles are already seeing significant impact but approaches
such as sol-gel and self-assembled monolayers are making inroads too, the former already
producing scratch-resistant and non-stick coatings. Dendrimers are a good complement to
these latter technologies and may even be combined with nanoparticle-based technologies.
Dutch company DSM's patents on dendrimers are mainly for their use as additives in lowcost plastics and rubbers. DSM used their extensive experience as a polymer producer to
develop a large-scale, low-cost production method for synthesizing Poly(propylene imine)
dendrimers (AstramolTM technology). Dendrimers have been shown to encapsulate dye
molecules in their cavities and, through proper functionalization (chemical modification)
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of their end groups, using total or partial alkylation, they can be made chemically
compatible with linear polymers to achieve good mixing. The role of the dendrimers would
in this case be the creation of molecular microenvironments, or 'nanoscopic pockets', in the
plastic bulk material to host the dye molecules. These dendrimers are also used as additives
in coatings, inks and adhesives. DSM has commercialized hyperbranched PPI for coatings
(paints), as additives for lowering viscosity in high-concentration solutions.
Dow Corning and the Materials Electrochemical Research Corporation have a project
funded by NASA, on plasma-deposited dendrimer coatings and dendrimer–fullerene
nanocomposites for lubrication of micro and submicro surfaces. Fullerenes on their own
have been problematic as lubricants because they are so small that they can get stuck in
tiny crevices.
Perstorp Specialty Chemicals, a company located in Sweden, uses dendrimers as additives
for high-performance engineering plastics (by acting as morphological, structural or
interfacial modifiers, adding toughness to the material without altering the processability
and thermomechanical properties of the resins). In blends and composites they can act as
compatibilizers and bonding agents between the phases. Dendritic hyperbranched
polymers have also been used as tougheners for epoxy resins. An addition of only 5% by
weight content of dendritic polymer provokes a significant increase of the toughness of the
materials. The dendritic particles are finely dispersed in the resin through a controlled
phase separation process, and the interaction is strengthened by chemical bonding of
reactive epoxy groups grafted with functional groups in the dendritic structure.
Du Pont de Nemours manufactures and uses hyperbranched structures as additives in
polymer blends to improve material processing. New materials that combine the physical
properties of glasses with the flexibility of organic materials can be obtained this way.
The Xerox Corporation has numerous patents for dendrimers as charge and stabilityenhancing additives in dry toners and inks. Hewlett-Packard also uses dendrimers to
improve stability and performance of printer toner. Ink compositions for inkjet printing
using dendrimers as hollow microspheres to stabilize the pigments are being used by
Videojet Systems International.
Tokyo Ink Manufacturing uses derivates of dendrimers as viscosity-adjusting agents for an
aqueous medium, for solvent-free coating compositions, sealing agents, and adhesive
resins.
Texaco uses dendrimers as additives in antioxidant, dispersant lubricating compositions for
the automobile industry.
Amphiphilic dendrimers are often used as additives. Bayer manufactures its own
dendrimers (carbosilane-dendrimers) for coatings.
Companies working with dendrimers
Company_name

Country

URL/Contact

Bayer

Germany

www.bayer.com

Biostar

USA

www.biostar.com

Cambridge Display Technology

UK

www.cdtltd.co.uk
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Dendritech

USA

www.dendritech.com

Dendritic Nanotechnologies

Australia

www.dnanotech.com

Dow Chemical

USA

www.dow.com

Dow Corning

USA

www.dowcorning.com

DSM

Netherlands

www.dsm.com

DuPont

USA

www.dupont.com

Hewlett-Packard

USA

www.hp.com

Immunomedics

USA

www.immunomedics.com

Johnson & Johnson

USA

www.jnj.com

Materials and Electrochemical Research (MER) USA

www.mercorp.com

NanoBio

USA

www.nanobio.com

Novartis Pharma

Germany

www.novartis.com

Opsys

UK

www.opsysdisplays.com

Panbio

Australia

www.panbio.com.au

Perstorp

Sweden

www.perstorp.se

Polyprobe

USA

www.membrane.com/philanet/probe/about.htm

Qiagen

Netherlands

www.qiagen.com

Schering

Germany

www.schering.de

Starpharma

Australia

www.starpharma.com

Symo-Chem

Netherlands

www.symo-chem.nl

TDA Research

USA

www.tda.com

Texaco

USA

www.texaco.com

Tokyo Chemical Industry

Japan

www.tokyokasei.co.jp

Tokyo Ink Manufacturing

Japan

www.toyoink.com

Videojet Technologies

USA

www.videojet.com

Xerox

USA

www.xerox.com

Dedrimers further reading and resources
Dendrimers and Dendrons: Concepts, Syntheses, Applications by G.R. Newkome, C.N.
Moorefield and F. Vögtle, Wiley-VCH, Weinheim, NY, 2001.
Dendrimers and other Dendritic Polymers by J.M. Frechet and D.A. Tomalia,
John Wiley & Sons, West Sussex, 2001.
Who's who of dendrimer research:
http://chemistry.about.com/gi/dynamic/offsite.htm?site=http://chetor3.ucsd.edu/dendrimer/
dendrimer.html
Chemists explore potential of dendritic macromolecules as functional materials:
http://chemistry.about.com/gi/dynamic/offsite.htm?site=http://pubs.acs.org/hotartcl/cenear/
960603/dend.html
Physical and chemical data on commercially available dendrimers:
PPI dendrimers (AstramolTM): http://www.oup-usa.org/pdh/PDH-205.PDF
PAMAM dendrimers (StarburstTM): http://www.oup-usa.org/pdh/PDH-200.PDF
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Aldrich catalogue: http://www.sigmaaldrich.com/img/assets/3760/al_acta34_3.pdf

Molecular electronics
Introduction to molecular electronics
There are at least three very different ways in
which molecules have been proposed and
demonstrated for computation.
The first approach can be characterized as
"chemical computing", in which a series of
chemical reactions corresponds to a computation,
with the final products of the reactions representing
the answer. The most well known example of this
is the use of DNA to compute a solution to the
traveling salesman problem (a problem that is well
Particle sensor formed with a
known for the simplicity with which it can be
broken nanotube. Courtesy of
stated, yet the exponential growth of computing
Mechanical Engineering
power required to solve successively more complex
department. Northwestern
cases). In November 2001 a group in Israel
University.
demonstrated a "computer in a test tube", based on
reactions involving DNA, that was capable of performing a number of basic computational
tasks.
The advantage of this technique is massive parallelism. The disadvantage is that each step
requires a long time, and a computation can consume a lot of very expensive chemicals.
This will probably never become a general computing procedure, but it provides
interesting insights into both computer science and chemistry.
The second approach is to use molecules as the "host" for nuclear spins that form the
qubits in a nuclear magnetic resonance-based quantum computer. This approach was
pioneered by Isaac Chuang, now at MIT. It is interesting in that it can be used to
demonstrate various quantum computing algorithms, such as the factoring of 15 by the
Shor algorithm recently demonstrated by IBM using molecules in a test tube (effectively)
acting as a 7-qubit quantum computer. However, the general consensus is that this
approach will not be able to scale up to a computationally useful number of qubits.
Finally, there is molecular electronics, which is the utilization of a molecule or group of
molecules as an electronic device in a circuit. Molecular electronics was effectively
founded by Mark Ratner and Avi Aviram in 1974, when they suggested a molecular
structure that could act as a diode, and further described the theory that explained why this
was reasonable. The field was long and slow in developing, with very little work being
done until the early 1990s when Mark Read and Jim Tour started to do some serious
experiments and also promote the idea that organic molecules could be electronic devices.
In the late 1990s, Read and Tour demonstrated a system of about 1000 molecules in a
small-diameter monolayer film that had the interesting property of a negative differential
resistance.
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The US's Defense Advanced Research Projects Agency has supported a program called
"Moletronics" since 1999 that has spurred a number of further advances. A collaboration
between the University of California at Los Angeles (UCLA) and Hewlett-Packard
demonstrated that a monolayer film of molecules between two electrodes could act as a
switch, and has since had several patents awarded that show how to build memories from
crossbar arrays of such molecular switches, how to address elements in an array
constructed from nanowires without needing nanometer positioning accuracy, and how to
take a regular crossbar array and configure it into a general circuit.
Many other groups are now actively engaged in this field. In 2001, a group from Bell Labs
reported a transistor-like structure that used a monolayer of molecules as the active
component of the device. Each group that is working in this area has demonstrated that
molecules have interesting and potentially useful electronic properties, and each is
pursuing a unique strategy to turn molecular systems into working circuits. At the moment
it is too soon to choose which strategy will win out in the end, but the fact that there are so
many promising results and options demonstrates that molecular electronics is no fantasy,
even if it is still at the fundamental research stage. After a period of further diversification
and scientific understanding, it is likely that there will be a convergence and that actual
molecular electronic circuits will incorporate aspects of many of the current approaches
that are being explored.
Ultimately, the potential is great—bit densities for molecular logic and memory
components could be on the order of a terabit/cm2 (6.5 terabits/in2). Switching speeds
could get down into the range of a few picoseconds (about 1000 times faster than current
DRAM). With such switching rates and densities, the power required to do the switching
has to be kept very low to avoid heat dissipation problems.
Opportunities in molecular electronics
The first commercial molecular electronic devices will probably be sensors or detectors,
fabricated by coating some type of nanowire (either semiconductor or a carbon nanotube)
with a molecular recognition unit and then recording the change in the resistance of the
nanowire when it is exposed to atoms or molecules that can bind to the recognition unit.
The company NanoSys has been formed around this concept.
The next level of device, in terms of complexity, will probably be some type of memory
circuit. Here, there are a couple of possibilities. One is the crossbar device mentioned
above, another could use a variant of dynamic RAM with some type of electrochemical
cell instead of a capacitor. One advantage of such a system is that there are molecules with
multiple oxidation states that could be used to store several bits of information in a single
cell (existing memories can only store one bit per memory element).
The main weakness of organic molecules for nanoelectronics in comparison with
nanotubes or nanowires is lack of hardiness in the face of environmental conditions. Some
chemicals that have shown interesting results also suffer from slow switching speeds.
Another weakness of self-assembling molecular structures is that the current results have a
much higher rate of variability (flaws) than we are accustomed to with lithographic
approaches. It is conceivable, however, that appropriate choice of reagents and design of
hierarchical processes could achieve much higher reliability. Alternatively, software can be
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designed to accommodate the imperfections through testing and selection of viable
components. The aforementioned Hewlett-Packard–UCLA group developed such an
approach in July 2001 for the self-assembled molecular circuits they created, and took out
a patent on it.
In the long term, the ability to tailor molecules to self-assemble into useful electronic
components potentially offers great economies over traditional lithographic approaches,
but there remains the issue of connecting components up into a useful whole, a problem
that is greater the more complex the structure, hence, as with other approaches to
nanoelectronics, memory structures will be achievable earlier than complex logic circuits
by virtue of their relative simplicity. The approach of hierarchical self-assembly (see
section on Self-Assembly) offers a route to building more complex structures and could
also tackle the connectivity issue—chemical bonding or other atomic scale forces might be
used to persuade molecular electronic components to connect themselves up to the
appropriate points in a larger structure, perhaps made by traditional lithographic methods.
Currently, molecular electronics remains largely in the lab, offering little opportunity for
commercialization in the near and medium term. Researchers tend to estimate ten years or
more to commercialization for molecular processors but the breadth of research activity
and the unprecedented funding in this area may indeed see some unanticipated early
breakthroughs and applications, and memory applications may arrive in the medium term.
The expected long time to commercialization does not mean investors should ignore the
field since the work can have spin-offs in other areas, most notably that of biodetection.
Companies working with molecular electronics
The application of carbon nanotubes to electronics is not included here but under the
nanotubes sections.
Company_name

Country

URL/Contact

California Molecular Electronics Corporation

USA

www.calmec.com

Coatue

USA

www.coatue.biz

Hewlett-Packard

USA

www.hp.com

IBM

USA

www.ibm.com

Lucent

USA

www.lucent.com

Molecular Electronics Corp. (MEC)

USA

www.molecularelectronics.com

Motorola

USA

www.motorola.com

Nanolayers

Germany

www.nanolayers.de

Nanosys

USA

www.nanosysinc.com

Sony

Japan

www.sony.co.jp/en/index.html

Zettacore

USA

www.zettacore.com

(CALMEC)
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Quantum dots
Introduction to quantum dots
Quantum dots sound very exotic and indeed they
are, in terms of the way they work, which is
dictated by the rules of quantum mechanics.
Effectively, a quantum dot is something capable of
confining a single electron, or a few, and in which
the electrons occupy discrete energy states just as
they would in an atom. Quantum dots have been
called artificial atoms, in fact, and the ability to
control the energy states of the electrons by
applying a voltage has led to the exotic idea of a
material whose chemical nature could be modified
at will, making it emulate different elements, such
as lead one minute then gold the next—effectively
TEM image of a quantum dot.
programmable matter. Fanciful as such ideas seem,
Copyright Quantum Dot
they are in fact quite straightforward, although the
Corporation.
precision required to make such materials is
currently beyond our reach, but only just.
There are three major fabrication methods for quantum dots.
One approach involves growing quantum dots in a beaker. This approach was pioneered by
Louis Brus in the late 1970s when he was at Bell Labs, and carried on by some of his post
docs, notably Paul Alivisatos and Moungi Bawendi. Originally, the quantum dots grown
were semiconductors such as cadmium selenide or cadmium telluride, but now people have
made quantum dots of nearly every semiconductor and also of many metals (gold, silver,
nickel, cobalt, to name a few) and insulators as well. The semiconductors have the
fascinating property that their color depends on the size of the dot, thus it is possible to use
one chemical substance and yet make structures with a wide variety of colors simply by
varying the size of the dot. The metal dots have been shown to have a range of interesting
electrical, magnetic and catalytic properties. The architecture of these chemically-grown
dots is getting very sophisticated, with onion-like structures formed by coating one
material with another becoming more common. These structures can be used to shield a
chemically- or electrically-sensitive dot from an unfriendly environment.
The
semiconducting dots are finding use in biological imaging applications (for example by the
company Quantum Dot), and magnetic metal dots show promise as recording media (being
pursued by IBM).
The two other approaches create quantum dots at or near the surface of a semiconductor
crystal. Originally, such quantum dots were formed by growing a semiconductor
heterostructure (a plane of one semiconductor sandwiched between two others). If the
sandwiched layer is thin enough, about ten nanometers or less, electrons can no longer
move vertically in a classical fashion—they are effectively trapped in that dimension. Such
a structure is called a quantum well. Quantum wells generate photons of very specific
wavelengths and can be found in lasers used in laser pointers or key rings. Imagine now
taking a thin slice through this material to create a very narrow strip of the sandwich. The
electrons are trapped in a second dimension. This is a quantum wire. Quantum wires can
© Científica 2003

Page 191 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
make lasers that are switchable at very high speeds and can be used as wave guides. Now
rotate ninety degrees and do the same again; the electrons are now constrained in all three
dimensions and you have a quantum dot. The electrons now have nowhere to go and start
to behave just as they do in an atom, where they are similarly restricted.
In the early method a lithographic process was used to create a two-dimensional structure
that could then be etched down to isolate a quantum dot. However, these quantum dots
were only nanometer scale in one dimension—the thickness of the semiconductor layer
used to trap the electrons in the dot. The other two dimensions were typically limited by
the resolution of the lithography, and could be as big as a micron. This meant that
electrical studies performed on these dots had to be carried out at extremely low
temperatures (thousandths of a degree above absolute zero), to freeze out thermal effects.
Later (the third method), researchers began to grow "self-assembled" dots by depositing a
semiconductor material with a larger lattice constant (essentially a figure representing the
distances between the atoms in an ordered crystalline structure) onto a semiconductor with
a smaller lattice constant (this is called strained epitaxial growth). Typical systems were
germanium on silicon and indium arsenide on gallium arsenide. It is these self-assembled
dots that have been used to fabricate quantum dot lasers. In January 2002 a Toshiba
research group grew indium phosphide quantum dots on a p (positive) semiconductor layer
then applied an n (negative) layer on top. The result was a device capable of generating
single photons. A similar approach was used to create a single photon detector.
Semiconductor quantum dots fluoresce at very precise frequencies, stimulated either
electrically or by a wide variety of wavelengths, so that they absorb light of one frequency
but continue to emit at the specific frequency dictated by their size. Therein lie some
potential applications (see below). The particles also reflect, refract and absorb light in
ways that can be affected by an applied voltage, offering potential in photochromic and
electrochromic materials (ones that change color with the application of light or electricity
respectively), as well as in solar cells.
Additionally, the spin of an electron in a quantum dot can be used to represent a quantum
bit, or qubit, in a quantum computer. Though there are other approaches to quantum
computing, such as that demonstrated recently by IBM (using a chain molecule with seven
atoms, the spin of which could be controlled by nuclear magnetic resonance, to perform a
basic calculation), the quantum dot approach looks the most likely to be scalable in the end
to the manufacture of quantum computers.
Opportunities for quantum dots
There are three main potential applications for quantum dots.
In the long term, they may be used in quantum computers, though there are alternatives
(such as the one mentioned above and another using light).
In the near term there are applications as lasers of very precise, chosen wavelengths.
Though the market here is significant, in telecommunications and solid-state devices, the
technical hurdle to be overcome is adequate precision in making the dots.
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The company Quantum Dot Corp. epitomizes an application that is certainly near market,
that of using the fluorescent properties of beaker-grown semiconductor quantum dots as
biological markers. By treating dots that emit different frequencies so that they attach
themselves to a particular biomolecule, it becomes theoretically possible to detect the
presence of a variety of substances in a sample simultaneously by analyzing the emitted
light. This sort of parallelism in analysis can offer greatly reduced analysis times. Note that
similar benefits are offered through a quite different approach—the use of nanowires in the
"nanobarcode" technology of Surromed. This is covered in the section on nanowires.
The use of quantum dots for bioanalysis is being pursued by several companies. An extra
bonus in this area for researchers has recently come from techniques for coating quantum
dots so that they can penetrate cells without poisoning (the semiconductors they are made
from are poisonous). This approach has been used to monitor biochemicals in living cells
as they divide.
Companies working with quantum dots
Company_name

Country

URL/Contact

Applied Nanotech

USA

www.sidiamond.com/ani

ASM International

Netherlands

www.asm.com

Biocrystal

USA

www.biocrystal.com

Crystalplex

USA

www.crystalplex.com

Evident Technologies

USA

www.evidenttech.com

Fujitsu

Japan

www.fujitsu.com

Hewlett-Packard

USA

www.hp.com

Hynix Semiconductor

Korea

www.hynix.com

Matsushita Electric Industrial

Japan

www.mei.co.jp

Motorola

USA

www.motorola.com

MP Technologies

USA

NanoCo Technologies

UK

NanoLume

USA

Nanosys

USA

www.nanosysinc.com

NEC

Japan

www.nec.com

Nippon Telegraph and Telephone

Japan

www.ntt.co.jp

Quantum Dot Corp.

USA

www.qdots.com

Quantum Logic Devices

USA

www.quantumlogicdevices.com

Samsung

Korea

www.samsung.com

SI Diamond Technology

USA

www.carbontech.net

Systine

USA

Toshiba

Japan

www.toshiba.co.jp

Wah Lee Industrial

Taiwan

www.wahlee.com

Zia Laser

USA

www.zialaser.com
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Nanoelectromechanical and nanofluidic systems
Summary
Microelectromechanical systems (MEMS) have been around for many years now, in
accelerometers used to trigger airbags in motor vehicles, control systems in ink-jet printers,
computer disk read heads, optical switches, cruise missile guidance systems, various
'intelligent' systems in cars, radio switches and filters, and lab-on-a-chip analysis systems.
Possible new large markets include non-volatile memory and display technologies.
The value of MEMS, which are largely constructed out of silicon, lies less in their size than
in the ability to leverage the massively parallel production techniques of the integrated
circuit industry, and, indeed, to be integrated with that circuitry—the dream here being to
create complete 'systems on a chip' for a variety of applications.
When considering the potential of nanoelectromechanical systems (NEMS), two things
should be remembered. Firstly, simply making a device smaller does not necessarily offer
any particular advantage. Secondly, unless a mass-production technique can be found for
NEMS then they will not compete with similar MEMS systems unless they offer
something the MEMS can't provide and that can command the high price that will be
inevitable without economies of scale. There certainly are some applications that fall into
this category, such as extremely sensitive biological and chemical analysis and detection,
but only where it provides particularly high value. This may well be the case in certain
applications in the pharmaceutical industry.
The greatest NEMS opportunities will be seen, however, when the devices can be massproduced. Wide-scale use in cheap sensors or radio frequency generators for mobile
phones could then be seen. Beyond waiting for the conventional lithographic approaches
used to make MEMS to become capable of achieving the resolution where NEMS devices
get really interesting, there are two approaches to producing nanoscale devices that do
promise real potential. One of these is the variety of techniques called nanoprinting or soft
lithography, which have shown significant advances in recent years. The other is selfassembly, which could be used to configure into large components biomolecules designed
to have particular functions. Additionally, significant advances have been seen in growing
carbon nanotubes in predetermined positions on microstructures. Nanotubes have potential
not just as nanoscale sensors (a widely-pursued application) but also as actuators (they can
be induced electrically to produce movement) or resonators.
Nanofluidics also has a larger cousin, microfluidics, in wide-scale use in a variety of
analysis applications. Soft lithographic approaches are already used here and should be
able to move down to the nanoscale relatively easily (accuracy of placement of the printing
master being a major difficulty to be overcome). More than NEMS, nanofluidics offers
some special capabilities by virtue of approaching the scale of biomolecules. It also
presents a significant number of problems as fluids can operate quite differently at this
scale.
NEMS too face obstacles that relate specifically to the smaller scale at which they operate.
Air, for example, becomes like treacle at this level and there are even suggestions that
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there might be quantum mechanical limitations on the configurations such systems could
take.
However, nature has already shown us that complex and sophisticated nanomechanical
systems can be created and it is research into the borrowing of natural molecules to create
nanodevices that maybe holds the most fascinating potential for long-term applications.
Such approaches may one day be used to create complex molecular machinery.
In the near term, however, only a trickle of NEMS and nanofluidics applications will be
seen. In the medium term, as we become capable of mass-producing such devices, a flood
of new applications can be expected, as will be outlined below.

Introduction to NEMS and nanofluidic systems
MEMS-based mechanical devices are shrinking in thickness and width to reduce mass,
increase resonant frequency (for example in oscillators), and decrease forces involved in
the systems. New methods for creating and detecting motion at the nanoscale are
emerging. As with much nanotechnology, developing features smaller than the wavelength
of light causes new properties to emerge. Arrays of nanoscale ridges can create a
diffraction grating that makes the material refract (bend) light in a different way from the
bulk material.
Making nanoscale mechanical objects move, or detecting their movement, presents new
challenges. Optical interference or deflection of a laser beam are classic ways of detecting
motion. Quantum tunneling currents have also been used. Electric fields can be used to
create and control motion (the creation of movement is called actuation and resulting
devices designed to move things are called actuators). Tips of scanning tunneling
microscopes have also been used to induce motion and may provide the means to create
tunable oscillators.
Microfluidics is already a well-established discipline and used in lab-on-a-chip systems. In
microfluidic systems fluids are transported in channels with lengths of tens to a few
hundreds of micrometers. The equivalent distances in nanofluidic systems will likely be a
few to a few hundred nanometers. These dimensions will be down to levels corresponding
to typical distances involved in natural phenomena in fluids such as diffusion and
electrostatic effects of ionic fluids (any fluid containing salts is ionic, and this includes all
biological fluids). Biomolecules are also measured on these scales. These factors present
both new challenges and opportunities when comparing with microfluidics. Design of
nanofluidic systems needs to be approached quite differently from that of microfluidic
systems.
Fabricating valves and pumps at the nanoscale represents a real challenge since at this level
biological or other macromolecules will tend to obstruct these mechanical components.
Researchers have encountered several difficulties pumping fluids through the tiny passages
inside nanoscale devices. Fluids start to behave differently at the nanoscale, with the
replacement of turbulent systems by laminar flow.
Researchers at the Ohio State University have reported that a very small amount of
electrical current may facilitate flow in nanochannels. The technique was proven effective
in tests with actual nanometer-sized channels where electrical potentials as small as one
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volt were able to drive saline through the channels. Engineers at iMEDD were able to flush
nearly 0.5 nanoliters of saline per minute through a channel only 7 nm wide. The principle
is based on the fact that when a fluid is positively or negatively charged, and a like charge
is applied to the inner surfaces of a channel, the charges will repel each other and the fluid
will flow down the channel.
This technique could have applications in implants for sustained drug release or
automatically controlled (on demand) drug delivery to target sites of disease in the body,
such as tumors.
An alternative pumping method has been investigated by researchers at Arizona State
University. The technique relies on photocapillarity rather than on mechanical parts. Lightresponsive molecules can be synthesized and attached to a surface, forming a monolayer.
When a light beam is directed at them, they become hygroscopic (attract water) and cause
water to advance along the surface.
The fact that channel sizes in nanofluidic systems can approach the scale of biomolecules
presents both issues of maintaining flow and opportunities, such as potential sorting of
molecules based only upon their characteristic thermal vibration and size. Current work on
developing ways of rapidly sequencing DNA or proteins using a nanopore (covered in the
section on nanoporous materials) also suggests functions that may be built into nanofluidic
systems.
Large polymeric molecules behave quite differently at the nanofluidic level than at the
micro level. This is problematic when trying to analyze DNA molecules. The analysis is
usually hindered by the molecule's globular shape in solution (bound proteins can be
hidden inside the globule formed by the DNA and thus be shielded from detection).
Researchers are therefore investigating different techniques for straightening the DNA
chains and making them flow though a nanochannel. One inherent difficulty in doing this
lies in the additional energy that needs to be added to the system to overcome the entropy
barrier (the random coil conformation of the molecule is the most energetically stable; to
straighten the molecule this energy barrier has to be overcome).
If the DNA molecules were driven towards an array of channels a few nanometers across
simply by fluid flow, the globules would just block the openings. To make the change of
entropy smoother, and therefore easier to overcome, researchers have designed different
arrays of channels going gradually from micro to nano dimensions.
Scientists at Princeton University use an array where the gaps between rows of micrometer
columns are gradually decreased, allowing the DNA molecules to flow between the pillars
and comb out little by little so that they are more able to fit into the nanoscale channels at
the end of the array.
At Cornell University, researchers use similar energetic barriers as an alternative to gel
electrophoresis for separating large polymeric molecules (such as DNA). The scientists use
a 30 µm wide channel with repeated, alternating regions of different depths (typically ~ 90
nm and ~ 1400 nm). Every time a globular molecule has to enter a thin gap, it has to
overcome an energetic barrier (due to deformation of the molecule) that depends on the
size of the molecule, leading to a sorting effect that correlates reasonably with different
molecular lengths.
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The most common method used to make the arrays and channels for nanofluidic systems is
the same as that currently used with MEMS and is often called micromachining. A pattern
is made on a surface using lithography, sections etched out, and then the layer is undercut
to separate it from the base and make the remaining sections of the pattern into
freestanding structures. Freestanding objects can be created, in silicon and other materials,
down to about 20 nanometers, using serial lithographic techniques based on electron beams
or ion beams, for example. Parallel lithographic techniques have a larger limit, still around
100 nanometers, at least those implemented commercially. Prototype next-generation
systems can create smaller structures, but systems capable of mass-production with
features comparable to those achievable with e-beam or ion beam approaches are a long
way off. This has serious implications for the commercial viability of applications of
NEMS or nanofluidic systems.
However, there is another technology that is already used to make microfluidic systems
and that has resolutions equivalent to those of electron beam lithography (20 nm or less).
This is the variety of approaches collectively called soft lithography, or nanoprinting, that
offers the potential of scaling to mass-production. These approaches are covered in the
section on top-down production techniques.
Other techniques can be used to create nanoscale channels. One such technique consists of
making a nanowire with a coating, and then dissolving the wire, leaving a tube. The
smallest to date using this approach has used silicon nitride and silicon dioxide.
Although silicon tends to be the chosen material for MEMS, interesting work has been
done on using softer materials, specifically elastomers, which often suit fluid-based
applications better and are also well suited to fabrication using soft lithography techniques.
Researchers from Cornell University have developed a method of making flexible
polymeric tubes. With diameters of 100 nm, the tubes are ten times narrower than those
currently available in microfluidic applications. In fluidic systems, the material's greater
flexibility makes much more sense for elements such as interconnected networks and
valves. Elastomers can also be made into optical components, such as diffraction gratings
and wave guides.
Bottom-up techniques, for example using biomolecules as building blocks in
microelectronic circuitry, are likely to see increasing use in the future compared to current
top-down techniques such as lithography, etching, and soldering methods. A fusion of topdown approaches and self-assembly may hold the greatest promise for many tasks and
quite a lot of research has been done on making nanostructures using such combinations
but, as yet, not too much within NEMS and nanofluidics. The light-operated pumping
system mentioned earlier is, though, one such example.
However, when it comes to the basic components of NEMS, i.e. the basic components of
any device, such as levers, pumps, resonators, pulleys, biomolecules seem to hold
considerable potential and are seeing significant research. Nature provides the most
beautiful and impressive examples of molecular engineering known. Every part of a living
organism is formed by extremely complex systems that work in a smooth and efficient way
to perform the multiple tasks needed to maintain life. These systems have long served as a
source of inspiration for scientists working on the design of nanomechanical devices. More
than this, though, scientists are looking at taking the basic components nature provides and
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modifying or recombining them to create nanodevices. Despite such work being at a very
early stage, some very interesting results have been reported. Primitive tools and
machinery have been manufactured by several researchers. Even though these tools are
still extremely rudimentary when compared with biological systems, they represent notable
scientific achievements and are the first steps towards a deeper understanding of the way
nature's toolbox works and of how to exploit it to develop artificial nanodevices.
Molecular motors have been investigated as a source of power for NEMS. In general,
molecular motors work on the principle of conversion of chemical energy, provided by the
hydrolysis of ATP molecules (adenosine triphosphate) into ADP (adenosine diphosphate),
into mechanical energy. Many proteins can change their shape using this energy, which
results in some kind of motion, depending on the type of protein.
Many molecular motors in biological systems appear to be driven by Brownian motion, in
which thermal fluctuations at the molecular scale are responsible for continuous random
changes in the conformation of molecules. Molecular interactions (mainly of an
electrostatic nature) can create a force that induces order in the chaotic Brownian
movements simply by favoring movements in one direction and inhibiting them in others,
thus turning random motion into motion in a specific direction.
An example of this movement is the migration of kinesin molecules along microtubules
(25 nm diameter polymers found in all the cells of multicellular organisms). This is
responsible for transport of membrane organelles and nucleic acids within the cells.
Although the ability of cells to move their internal contents has fascinated biologists for
many years, the exact mechanism is still not completely understood, but the
kinesin/microtubule combination has already been leveraged in the laboratory, notably for
an imaging application.
The following list gives some of the recent research developments in the investigation of
biological molecular motors, and other components, and their use in fabricating
nanodevices.
Date
1998

Development
First DNA motor. DNA is a versatile molecule. Its ability to selfassemble makes it a good building block for molecular machinery.
Scientists at New York University assembled DNA strands into cubes
and sheets of interlinked rings. The following year they made a
nanomotor in which a DNA rod repeatedly twisted between a C and an
S shape, pulling its free ends apart

1999

Using a biological motor (based on the ATP synthase molecule), a
group of researchers at Cornell University was able to fabricate the first
ATP-powered nanodevice—rotating microspheres on a metal substrate.

2000

The same group attached nickel micropropellers to ATP synthase that
were able to rotate continuously for several hours with high efficiency
(up to 80%).
Through clever design of complementary DNA strands, researchers at
Lucent Technologies' Bell Labs and the University of Oxford in
England managed to create a DNA motor that changes from a rigid rod-
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like form to a soft string form.
2001

A team of biophysicists at the University of California, Berkeley, and
the University of Minnesota unveiled one of the most remarkable
examples of molecular motors known, the biomolecular device
responsible for DNA packing inside a bacteriophage T4 virus. This
system is one of the most powerful molecular motors ever observed,
able to compact the DNA of the viral genome into a space nearly 6,000
times below its normal volume, reaching a final pressure inside the
virus of almost 60 bars (870 psi). To achieve this, the motor has to
overcome DNA's resistance to bending, the electrostatic forces of
repulsion encountered when pushing charged atoms close together, and
the forces of entropy that continually urge the DNA to adopt its usual
larger form. The stored energy inside the capsid of the virus is released
when a bacterium is infected through cell puncturing, which contributes
to rapid DNA injection into the bacterium.

2002

An international group of researchers described for the first time how
the bacteriophage T4 virus uses a needle-like, biochemical puncturing
device to invade its host, the E. Coli bacterium. Understanding the
exact mechanism used by viruses to enter cells is significant. This
information could be used to develop drugs to prevent viral infections,
as well as to create 'designer viruses' that could become the antibiotics
of the future.
Angela Belcher and colleagues at the University of Texas engineered
long, thin viruses to have a peptide sequence at one of their ends that
binds semiconductor nanoparticles (quantum dots). The viruses then
aligned themselves, forming a liquid crystal film so strong that it
looked like a thin plastic-like film. Such a regular array of quantum
dots could form the basis for new kinds of displays. Using other
nanoparticles, the approach could be used to create a very dense
magnetic memory.
Researchers at the University of North Carolina at Chapel Hill and coworkers made frayed wires from single strands of DNA bundled into
clusters about 2 nm wide and between 5 and 200 nm long. The wires
can be linked together into networks through complementary strands of
DNA.
At the University of Florida scientists built a molecular motor from
DNA that extends and contracts "like an inchworm".
Researchers at the University of Arizona started exploring ways to
'grow' microchips, using microtubules from living cells. Microtubules
are long strings of proteins, uniform in size, and with the ability to selfassemble. These tiny tubes can have aspect ratios up to 1,000
(length/diameter), which makes them a good candidate for
manufacturing extremely small connectors.

January 2003
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and that open and close like scissors.
March 2003

Bell Labs researchers improved their DNA motor and managed to keep
it running continuously.

Opportunities for NEMS and nanofluidic systems
As mentioned in the introduction to this section, MEMS already have many applications
and a large and growing market. Cahners In-Stat Group predicts it will reach $7.1 billion in
2004, while Systems Planning Corporation (SPC) predicts $6.5 to $11 billion for 2003.
One of the sectors likely to grow most rapidly in the near future is in radio components, in
mobile phones, for example. Cahners predicts that sales of radio frequency MEMS
switches and relays will increase from $1 million in 2001 to almost $350 million in 2006.
The Defense Advanced Research Projects Agency (DARPA) estimates that the greatest
promise is in the microfluidics and chemical testing/processing market (typical products in
this area are gene chips, lab-on-a-chip systems, chemical sensors, flow controllers,
micronozzles, microvalves, etc.). DARPA estimates this market will reach $3,000-$4,450
million by the end of 2003.
Pressure sensors for automotive, medical, and industrial applications also represent a large
market, with an estimated value of $1,100 to $2,150 for 2003.
According to Frost and Sullivan, the MEMS sensor market alone could grow to nearly $70
billion by 2005.
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MEMS market and industry study by the Defense Advanced Research Projects Agency.
Source: MEMS 2003 and Beyond, http://mems.nist.gov/Seminars/MEMS2003.pdf

It should be noted that it has taken 15 to 20 years for MEMS to become mainstream. This
should not be forgotten when considering commercialization opportunities for NEMS.
In many of the current applications there is little incentive to make the components
smaller, far more important being the economics of mass-production and integration with
electronics. However some companies are working hard to develop new technologies
based on nanodevices with the potential to become revolutionary. An area of significant
activity is that of data storage, a large but fiercely competitive market. Various approaches
to data storage using arrays of scanning probe microscope tips are being pursued, with
IBM's Millipede having earned the most publicity. These systems are MEMS with
nanoscale elements, these being the parts that do the reading and writing.
Another system, which really does seem to warrant being described as NEMS and which
promises the same features, such as extremely high density and non-volatility (i.e. the data
remains when the power is switched off), is the nanotube-based memory, or NRAM, from
Nantero. The company is aiming to demonstrate a gigabyte prototype before the end of
2003 and claims that terabyte memories should be possible. The technology is based on an
array of carbon nanotubes grown on silicon. The tubes are perpendicularly aligned to each
other with a slight gap between each pair. To store information (a single bit), electrical
current is applied through each tube. Opposite charges (positive/negative) cause the tubes
to attract and touch, creating an 'on' state, and equal charges (e.g., positive/positive) cause
the tubes to repel, for an 'off' state. Because the tubes are so small, strong and flexible they
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can be cycled on and off billions of times without degradation. Due to the extremely low
mass of carbon nanotubes, they can move extremely fast, yielding faster chips with lower
power consumption.
Owing to their flexibility, excellent conductivity, and strength, carbon nanotubes are very
well suited for use as components in NEMS in a variety of functions, such as actuators,
resonators, stress/pressure sensors, etc. At Cornell University, researchers are investigating
the changes in electrical conductivity induced in nanotubes when they are stretched. This
phenomenon could make them suitable as transducers (converting physical change into
electrical signals). Changes in electrical properties have previously been observed in
nanotubes that were bent or compressed. Researchers at Stanford University have grown
nanotubes between electrodes, or between a silicon cantilever and a solid surface. This
approach could be used to produce several types of electronic components with
applications in chemical sensors, strain gauges, electromechanical transducers, and highfrequency mechanical resonators for telecommunications applications such as cell phones.
Commercialization of this work is likely to be through the Stanford spin-out, Molecular
Nanosystems.
Shrinking some electromechanical systems offers some new opportunities. NEMS
structures may provide oscillators for wireless communications or for detecting minute
magnetic fields. It has been suggested that they may allow for magnetic resonance imaging
with molecular resolution. NEMS are very interesting systems for chemical- and masssensing applications. Currently, the detection of the mass of a single bacterium (about one
picogram, or trillionth of a gram) is possible and greater sensitivity should be achievable.
Oscillators are a clear case where size reduction has value: as generators of radio waves,
higher frequencies can be obtained; as detectors, smaller, lighter, particles can be detected.
The quality of the generated signal at present tends to be slightly lower for NEMS
oscillators, largely because of the increased influence of surface effects. Furthermore, at
the high resonant frequencies at which they will operate (the operational frequency of any
mechanically resonant structure depends inversely on its mass), the viscosity of air can be
a serious problem. For radio applications, signal quality will need to be improved and
frequencies increased (these are typically around 400 megahertz for devices created so far).
The adsorption of molecules onto the surface of a cantilever can be detected because the
mass change causes variations of the resonant frequency of the structure. But when
operated in air, damping losses caused by viscous friction cause a major reduction in
sensitivity. Researchers at Cornell University have found a way to overcome this problem
by enhancing the vibrations using an amplification technique based on coupling the
mechanical vibrations of the cantilever with the thermal energy from a laser. Using this
technique, they were able to operate such a nanomechanical device in air for the first time.
MEMS-based oscillators are already in use in cars, for example, performing one function
of a gyroscope, i.e. detecting rotation. NEMS-based oscillators offer greater sensitivity,
though one must not forget that such structures can at present only be created by serial
techniques and thus are not yet scalable to mass-production.
Tiny sensors will in the near future be everywhere around us, built into anything of any
value that you buy and into the structure of offices and homes themselves, detecting
temperature, pressure, location, etc. and communicating this to other systems. The sensors
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will be MEMS-based, the radio functions being handled by MEMS filters and oscillators,
but they will evolve to NEMS only as low-cost mass-production techniques move to that
scale. Eventually these sensors may be a millimeter cubed or smaller, which has led to the
use of the term 'smart dust' to describe them.
Another interesting area is in biosensors and medical diagnostics as mechanical feature
sizes enter the realm of biomolecules.
New possibilities offered by nanofluidics systems will be single molecule separation,
detection and analysis, adding a new tool to the arsenal of the molecular biologist and the
most sensitive detection systems possible (one cannot detect less than the presence of a
single molecule of a substance). There are other potential ways to detect the presence of
single molecules, such as the use of quantum dots, but the analysis of the shape and
structure of single molecules, currently only achievable with tools such as scanning probe
microscopes, will be a capability especially suited to nanofluidics.
Given the approaches to making these systems, i.e. lithography and soft lithography,
integrating them into larger systems is technologically relatively straightforward, offering
new capabilities in lab-on-a-chip systems. Soft lithography additionally offers massproduction potential. Some commercial applications of nanofluidics can be expected in the
short term, with some specialist applications for NEMS not far behind. Large-scale NEMS
applications will not appear until mass-production technologies can create nanoscale
structures—standard lithographic techniques are just now moving below 100 nanometers.
It is questionable whether this should suddenly lead to reclassification of devices as NEMS
instead of MEMS. It is preferable to reserve the NEMS qualifier for qualitatively different
devices, particularly in any estimate of market sizes.
Unlike computer memory and processors, the market for lab-on-a-chip systems supports
relatively low volumes at relatively high unit cost, at least in some applications, and
scaling problems faced by such linear processes as electron beam lithography are not
necessarily an obstacle to commercialization. Detection systems have potentially much
larger markets and opportunities for any approach that can be scaled to mass-production
are considerable. Soft lithography offers this potential.
Note that soft lithography is a relatively straightforward technique, making for low
technological barriers to entry and opening the way for new, small players, although IP on
some of the existing techniques is probably quite strong. The same is to some extent true
for low-volume, high-value analysis systems created using electron beam lithography,
although equipment costs are higher.
Elastomers, as covered in the introduction, seem to offer great potential in fluidics systems
as an alternative to harder materials such as silicon, not least because of their suitability for
soft lithography. Since soft lithography offers both feature sizes well below current massproduction lithographic techniques, and also the potential to scale to mass-production,
these softer materials offer attractive near-term potential and low technological barriers to
entry. The materials are around 50 times cheaper than silicon (though this doesn't count for
that much at the scales we are considering here), are more naturally suited to certain
fluidics applications, such as valves, and could also be used in hybrid systems with more
traditional materials—elastomers form tight seals with silicon and glass.
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Researchers from Cornell University have discovered a method of making flexible
polymeric tubes. With diameters of 100 nm, the tubes are ten times narrower than those
currently available in microfluidic applications.
Elastomers can also be fashioned into optical components, such as wave guides, lenses and
beam splitters. It should not be forgotten that many bioanalysis techniques have an optical
element, such as fluorescence.
In the medium term, interfacing of nanofluidic systems with biological molecules may see
new applications. With current microscale systems surface chemistry can be altered to
achieve desired functionality but structural control of nanoscale systems increases
functional possibilities. In the longer term we may even see nanofluidic systems interfaced
with natural biological motors.
The approach based on making use of the elegant molecular creations of nature is gaining
more and more adherents among scientists. Million of years of evolution have yielded the
most beautiful, efficient and complex nanodevices known. Trying to design crude
imitations atom by atom might seem like an arduous path to follow when advances in
biosciences and nanotechnology will soon permit us to borrow such structures (pumps,
valves, connectors, etc.) directly from natural systems and incorporate them into artificial
functional devices such as sensors, electronic circuitry, etc. The use of self-assembly in
such systems even offers the potential of scalability to mass-production.

Companies working with NEMS and nanofluidic systems
Included in the following list are companies that are currently involved in MEMS
(including sensors) and/or microfluidics and who are also working on nanotechnology.
Company_name

Country

URL/Contact

Ambri

Australia

www.ambri.com.au

Applied Gene Technologies

USA

www.appliedgene.com

Bigbangwidth

Canada

www.bigbangwidth.com

Biotrove

USA

www.biotrove.com

Broadley-James

USA

www.broadleyjames.com

Fries Research & Technology

Germany

www.nanoparc.de

Gnothis

Switzerland

www.gnothis.com

Honeywell

USA

www.honeywell.com

iMEDD

USA

www.imeddinc.com

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Molecular Nanosystems

USA

www.monano.com

Motorola

USA

www.motorola.com

Nanofluidics

USA

www.nanofluidics.com

Nanoproduktor

Sweden

goran.langstedt@softcenter.se

Neokismet

USA

Samsung

Korea

www.samsung.com

Surface Logix

USA

www.surfacelogix.com

US Genomics

USA

www.usgenomics.com
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Xidex

USA

www.xidex.com

Tools
This section is effectively about our ability to view and manipulate the world on the
nanoscale. It revolves primarily around microscopy techniques that already have some
history and a significant and growing market, i.e. atomic force microscopy (AFM) and
scanning tunneling microscopy (STM). These techniques and their variants are grouped
under the term scanning probe microscopy (SPM). There are quite a few variations on
these approaches, from magnetic force microscopes to AFM tips with nanotubes attached
that can be functionalized (modified to perform a specific function, usually in a chemical
sense). SPMs can also manipulate matter on the atomic scale. They can move individual
atoms or be used to make kinks in a nanotube.
The tools market is riddled with acronyms, which are necessary given the long names of
many of the tools. We will use these acronyms below but always introduce them first.
Introduction to tools
Most techniques can achieve nanometer precision
in one or two dimensions, very few in three. What
would be useful would be a way of getting
elemental or preferably chemical information in
three
nanometer-sized
dimensions.
Many
techniques do not achieve nanometer resolution,
most others are limited on the types of material
they can analyze. Older techniques, such as
electron microscopy, require preparation, which
can modify the sample, losing valuable
information, and often need to work in a vacuum.
They also generally require samples to be
immobilized, though some new techniques are
offering new views of living systems in real time.
Electron microscopy can almost give real-time
images, though sample preparation requirements
usually mean that the sample study is far removed
from the real world process or system from which
the sample was derived. Atomic force microscopes
Atomic Force Microscope Tip.
are too slow at acquiring data to give real-time
Courtesy of MikroMasch
information. What is really required is 30 frames
per second, not 30 per hour. These issues are being tackled and there will no doubt be new
devices springing up with new capabilities. Modification of existing devices is very active.

Scanning probe microscopes (SPMs)
Scanning probe microscopes (SPMs) are a range of imaging technologies offering atomiclevel resolution. The three main kinds of SPM are the atomic force microscope (AFM), the
scanning tunneling microscope (STM), and the near-field scanning optical microscope
(SNOM or NSOM). These all operate by using a tip (the probe) to scan very closely across
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a surface, at a distance of a few tenths of a nanometer to a few nanometers. Contributing to
the versatility of these devices is that they can operate in a variety of environments: in a
vacuum, air or liquid. Apart from imaging, SPMs show promise in the areas of digital data
storage, advanced lithography and bioanalysis.
Since the STM was invented in 1981, the number in use has roughly doubled each year.
The AFM has become popular as a standard surface analysis tool, outstripping sales of
STMs because it can image non-conducting samples (however, in late 2001, researchers at
the Université Paris-Sud in France developed a technique for imaging diamond, an
insulator, with an STM, a technique that may be applicable to other insulators). Most SPM
manufacturers now offer semi-automatic AFMs for semiconductor wafer analysis.
On the R&D front, SPMs are widely used. They can be applied in the investigation of
electrochemical and catalytic processes at the nanometer level. They are used to investigate
and characterize new materials, whether polymers, ceramic, composites, alloys, etc. They
are used to probe the electrical, magnetic and optical properties of thin films and to
investigate lubrication and friction at the nanometer scale, which has particular application
in the development of nanoelectromechanical systems (NEMS). They can probe the
reasons for failure of electronic devices and study biological systems.
A particularly interesting use of atomic force microscopes is in dip-pen nanolithography.
This uses an AFM tip, or an array of tips, and an "ink" to write lines on a surface, creating
the world's smallest pen. The lines can be as narrow as 10 nm but 15 nm is more common.
Invented at Northwestern University, dip-pen nanolithography is based upon the transport
of a chemically reactive material or "ink" from the tip of a conventional atomic force
microscope (AFM) to the surface of interest or "paper." The process takes advantage of a
tiny droplet of water that naturally forms between the AFM tip and surface of interest, and
serves as the ink transport medium. Adjusting scan rate and relative humidity can control
line widths.
Dip-pen nanolithography is a direct-write nanolithographic process where one can pattern
and image with the same tool. These capabilities set the technique apart from almost all
other nanolithographic methods and should allow one to construct "multi-ink"
nanostructures and incorporate multiple chemical functionalities on a single nanochip. The
method is flexible and easy to use and uses low-cost instrumentation.
Note that the method is serial in nature and this not naturally geared up to mass production.
However, the use of arrays of AFM tips, as with the aforementioned storage technologies,
can potentially offer a substantial degree of parallelism. Tips with holes in that can be
filled with fluids are also being looked at as a way of creating patterns and prototypes with
some degree of parallelism have already been developed at the Swiss Center for
Electronics and Microtechnology (CSEM).
Similarly, the STM can be used in a technique similar to dip-pen lithography, by having
the tip catalyze a reaction where it contacts a surface.
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Near-field scanning optical microscope (SNOM or NSOM)

This microscope allows the study of the optical properties of the sample surface with a
resolution better than the wavelength of the light. By scanning the optical probe at very
small distances from the sample (a few nanometers) "evanescent waves" from the surface
are detected by the probe. The use of evanescent waves allows bypassing of the
wavelength limitation of traditional optical techniques (the traditional limit of resolution
being half the wavelength in use). Resolution is in the tens of nanometers range. The
SNOM can be used to image a variety of samples, including biological, as well as
performing optical nanophotolithography. The main obstacle at the moment to large-scale
production of these machines is manufacturing the probes reliably, the requirement for a
very small hole through which the light passes being problematic.
Scanning tunneling microscope

Invented in 1981 by Heinrich Rohrer and Gerd Karl Binnig (who were awarded the Nobel
Prize five years later) the STM works by detecting small currents flowing between the
microscope tip and the sample being observed (the current flows because of quantum
mechanical tunneling). It can be used to image and manipulate individual atoms.
Atomic force microscope

Invented in 1986, the atomic force microscope (AFM) has similar capabilities to the
scanning tunneling microscope. Instead of detecting a tunneling current, it detects the force
between the tip and the sample under observation. It has a tiny probe on the end of a
cantilever (like a springboard), which travels over the surface of the sample and is
deflected by the variations in the surface topography (shape, essentially), causing the
cantilever to bend. The bending of the cantilever is detected by measuring the deflection of
a laser beam produced by a laser diode. The simplest and most common use of an AFM is
to map the topography of the sample surface, however it has a wide range of applications
including imaging at a nanometer scale the friction and adhesion properties of the surface,
as well as mapping the electrostatic or magnetic variations in the sample. For the latter two
applications there are AFM variants called the magnetic force microscope (MFM) and the
electrostatic force microscope (EFM). Depending on the application and the conditions of
operation, the AFM can achieve true atomic resolution or on the order of nanometers. It
can work well in vacuum, air or in liquid and can be used for very different samples:
semiconducting, conducting, biological, etc. Apart from imaging, it can be used for sample
manipulation at atomic or nanometer scale, as well as for nanolithographic processes.
Significant work has been done on attaching carbon nanotubes and other materials to AFM
tips. Carbon nanotube tips show promise for inspection of semiconductors and are
especially good at imaging of surfaces with a strong 3D aspect (i.e. significant vertical
variation). Carbon nanotubes can also be "functionalized" to have specific chemical
affinities. Other nanotubes, such as those made from tungsten compounds or boron nitride,
have greater stiffness than carbon nanotubes and may prove useful in creating
nanostructures such as trenches. Silicon "whiskers" can also be grown on AFM tips.
Note that as AFM manufacturing is a mature industry, there is a wide variety of companies
providing cantilevers, accessories, add-ons, software etc.
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Electrostatic force microscope (EFM)

The EFM uses a metal-coated tip to measure the electrostatic interaction between tip and
sample. This allows imaging of the electrostatic properties of the sample. It can be used to
characterize electronic devices at a nanometer scale, for example at the development stage
or for failure control processes.
Magnetic force microscope (MFM)

The MFM uses a ferromagnetic probe to pick up magnetic fields close to the specimen's
surface. It is particularly useful for imaging magnetic surfaces such as those in magnetic
storage media.

Field-ion microscope (FIM)
Field ion microscopy (FIM) was introduced in 1951 by Dr. Erwin Mueller, who had
previously invented the field emission microscope (FEM) in 1936. At the time of its
introduction, the FIM was the only experimental method capable of atomic resolution, and
remained such for quite some time. The technique has been largely supplanted by
techniques such as transmission electron microscopy and atomic force microscopy.
FIM uses a sharp tip, which is placed in a vacuum chamber and pointed towards a
fluorescent screen. An imaging gas is released into the chamber and a high electric field
around the tip is created. As the image gas atoms approach the tip they are ionized and
accelerated towards the fluorescent screen, where they form an image representative of the
surface of the tip.

Electron microscopy
Early electron microscopes were first built as long ago as 1934, with the first
commercially-available machine appearing in Germany in 1939. The key to their value
over earlier forms of microscopy was that electrons have a much shorter wavelength than
visible light, and therefore higher resolution can be achieved. In all electron microscopes, a
beam of electrons is accelerated towards a sample, and focused down to a very small spot,
usually of the order of a few nanometers. This electron beam is scanned across the sample
and a picture is built up of either the secondary electrons generated by the incident beam
(scanning electron microscope—SEM) or transmitted through the sample (transmission
electron microscope—TEM).
A major drawback of either technique is that, to achieve high resolution, the sample must
be placed in a vacuum, and requires several preparation steps.
TEM has sub-nanometer resolution, but requires the sample to be thinned to a point where
it becomes electron transparent—usually around 100 nm. Producing these thin slivers of
material divorces the imaging process from the real world sample, and sample preparation
can take weeks. Current instruments can achieve 0.1 nm resolution, and a wide range of
accessories is available to allow the acquisition of chemical or crystallographic information
on the nanometer scale.
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A far more rapid turnaround can be achieved by SEM, the main requirement being that the
sample is made conducting. This is usually achieved by coating the sample with a very thin
layer of gold, which may, in itself, introduce nanometer scale artifacts into the sample.
Current state-of-the-art SEMs can achieve resolutions as good as 1 nm. Uncoated samples
can be imaged by either using a field-emission-based electron column, allowing low
accelerating voltages to be used and avoiding sample charging, or by introducing gas into
the microscope chamber. Both of these methods degrade imaging resolution. Elemental
information can be acquired, although due to the physical process involved resolution of
less than one micron is difficult to achieve.
The 50-year history of electron microscopy has built up a huge body of knowledge on the
properties and manipulation of electron beams, allowing major advances in electron beam
lithography. Most SEMs can be converted from imaging to electron beam lithography
instruments by the addition of suitable hardware and software.

Focused ion beam milling (FIB)
FIB instruments use a finely-focused beam of ions, usually gallium, accelerated to between
30 and 50 KeV (thousand electron volts), to physically remove material by a process
known as sputtering. This is a direct write method of fabrication whereby each structure
must be individually etched in the instrument (as opposed to conventional
photolithographic techniques where a mask may be produced in one instrument and
processing carried out in a variety of instruments). A variety of gases can be added to the
vacuum system in order to selectively enhance the milling of one element over another.
As current instruments can achieve beam diameters of less than 5 nm, FIB is a useful
technique for the controlled removal of material with high accuracy in all three
dimensions. The major drawback of FIB in microtechnology is its slow rate of material
removal, especially at small spot sizes. Given the small material volumes required to be
removed in the nanoscale, this may be less of a problem. The chief obstacle to the use of
FIB for large-scale production is that each structure must be individually created within the
FIB instrument, leading to serial rather than parallel production though work has been done
on using scanning ion beams with a mask and resist, similar to the use of electron beams in
electron projection lithography.
While commercial instruments are gallium-based and primarily used for semiconductor
failure analysis, academic groups have been working on much higher voltages and a wider
range of ion species.

New interferometry techniques
Interferometry, which is using interference of light beams to measure small changes in
distance, has been around for a long time but recent developments offer much improved
resolution. A group at the University of Stuttgart reported late 2001 on a technique that
gets around the half-wavelength limit that bedevils several optical technologies (see the
Near-Field Scanning Optical Microscope) by sending a laser beam in at an angle into a
narrow gap between two parallel mirrors, one fixed and one movable. The beam separates
into several "modes"—waves that bounce off the mirrors a different number of times as
they travel down the long gap. The modes recombine to produce an output beam whose
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intensity depends on the exact distance between the mirrors. The more reflections that
occur, the smaller the shifts of the movable mirror required to change output intensity. The
researchers were able to detect movements as small as one-ninth of a wavelength, roughly
70 nanometers, but think a thousandth of a wavelength or smaller might be achievable if
the mirrors could be made sufficiently flat.

Nuclear magnetic resonance spectroscopy (NMR)
Nuclear magnetic resonance (NMR) detects the response of nuclei to a magnetic field and
radio waves. This response (the resonation) varies according to the cumulative effect of the
spins of protons and neutrons in the nucleus, the net of which may be zero spin for the
nucleus, meaning NMR will not produce a response. Since the applied fields normally
affect quite a large sample of matter, the resulting resonation is from a collection of nuclei,
including information on their neighborhood, and quite sophisticated techniques are
required to get useful information out of this. Ultimately, though, the information provided
comes from the nuclei of individual atoms so this technique does offer information at the
atomic level.
Magnetic resonance imaging (MRI) uses NMR to map the density of an atom (usually
hydrogen) in a sample and thus produce an image. It can be used on living tissue, and has
been used for many years now in medical scanners, most notably in brain imaging. NMR
generally gives a lower-resolution structure than X-ray crystallography, but it does not
require crystallization.

Positron annihilation
In this technique positrons are implanted into a material where they annihilate with one of
the electrons of the medium, producing photons. Measurements of the angular and energy
distributions of these photons lead to information about the material. The presence of
defects in a solid produces annihilation characteristics that provide atomic-scale signatures
of the defects. Such information is not accessible from traditional techniques such as
electron microscopy.
The technique can detect void-type defects (i.e. holes) in polymers, metals, ceramics and
glasses, and has been used to detect nanometer-sized holes in paint surfaces.

Surface plasmon resonance
This is a phenomenon that occurs when light is reflected off thin metal films and a small
amount interacts with electrons in the film, reducing the light intensity. The refractive
index of the materials sandwiching the film dictates the angle at which the light reduction
(essentially a shadow) occurs. Substances that interact with one of the refractive surfaces
can change the refractive index and thus the direction in which the shadow is cast, allowing
imaging of the interaction. The interaction of biomolecules can be detected in real time,
offering applications largely for observing biological systems in action on a very small
scale, but also with potential for biosensors. Surface plasmons in general were the subject
of some interesting general research in late 2002 and early 2003. There is still a lot to be
learned in this field, and consuquences for imaging systems are probably to be expected.
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Opportunities in tools

This field already has strong incumbents, the most dominant of which is Veeco, whose
policy of acquisition has kept them in their leading position. Newcomers with new
techniques (areas such as surface plasmon resonance or new interferometry techniques
show promise) would need to expect that, if successful, acquisition may be the final result
of their endeavors. This is, of course, an exit that is quite popular with funding groups and
the key is to maximize your value before acquisition. The research markets are very quick
at taking up new technologies so penetration can be quite rapid, depending on cost. A
developer of a new microscopy or analysis technique has to be very aware of the budgetary
constraints of the two target markets—the academic world and industrial R&D
departments. Development costs in such systems also tend to be quite high.
The size of the markets is considerable and can be expected to grow rapidly as nanoscience
develops in general. Deutsche Bank put the world market for "ultraprecision technology" at
about $13 billion during 2001 and the market for "analysis systems" at about $5 billion.
The Analytical Instrument Industry Report (www.aiireport.com) puts the current SPM
market at $150 million to $170 million and thinks it could double within the next five years
as SPM technology becomes more tightly integrated into semiconductor measuring
equipment and applications broaden into the life sciences arena. The Commonwealth
Scientific and Industrial Research Organisation puts the current worldwide market for
AFMs at an estimated $250 million. A look at the revenues of a couple of major players is
informative. Veeco netted about $400 million in 2001, while FEI netted around $280
million.`
Given the limited, but not insubstantial, market, generally high development costs, quite
rapid progression to market saturation, and the likelihood of an early buy-out, return on
investment in a new tools company cannot be expected to be spectacular, but timescales
might at least be quite good. However, there is still considerable scope for improving our
ability to see and manipulate matter on the nanoscale, so new companies with new
technologies can be expected to arise. There is at least a safety element in investment in
tools—no matter which particular nanotechnology is taking off, the researchers are always
going to need tools.
Companies involved in tools

Major tools manufacturers are included in this list, but service companies, which are
numerous, are generally not. Equally, the mere use of these widespread tools does not
qualify. Bioanalysis techniques, such as those using quantum dots, are also not included
here (they are under the Medical and Pharmaceutical section). Involvement in next
generation photolithography, i.e. extreme UV / X-ray or electron projection approaches, is
not, on its own, a qualification (reasons for excluding the development of traditional
photolithographic techniques into the sub-100 nanometer realm have been outlined
elsewhere).
Company_name

Country

URL/Contact

3rdTech

USA

www.3rdtech.com

Accurion

USA

www.accurion.com

Adept Technology

USA

www.adept.com
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Advanced Nano Technologies (ANT)

Australia

www.ant-powders.com

Advantest

Japan

www.advantest.co.jp

AMO

Germany

www.amo.de

Angstrovision

USA

smize@best.com

Applied Physics Technologies

USA

Arryx

USA

www.arryx.com

Asahi Kasei

Japan

www.asahi-kasei.co.jp

ASM Lithography

Netherlands

www.asml.com

ASMEC

Germany

www.asmec.de

Asylum Research

USA

www.asylumresearch.com

Atomic Force F&E

Germany

www.af-fe.de

Atos

Germany

www.atos-online.de/index.html

Attocube Systems

Germany

www.attocube.de

Bioforce Nanosciences

USA

www.bioforcelab.com

Bio-Products & Bio-Engineering

Austria

bio@bio.co.at

Biostar

USA

www.biostar.com

Böhlerit

Germany

www.boehlerit.com

Buhler

Switzerland

www.buhlergroup.com

Burleigh

USA

www.burleigh.com

Cameca

France

www.cameca.fr

Camscan Electron Optics

UK

www.camscan.com

Canon

Japan

www.canon.jp/top.html

Danish Micro Engineering (DME)

Denmark

www.dme-spm.dk

Digital Instruments

USA

www.di.com

Evotec Biosystems

Germany

www.evotec.de

FEI Company

USA

www.feicompany.com

Focus

Germany

www.focus-gmbh.com

Fries Research & Technology

Germany

www.nanoparc.de

General Nanotechnology

USA

www.gennano.com

Hitachi

Japan

www.hitachi.com

Hitachi Scientific Instruments

Japan

www.nissei.com/nsa_sci_inst/p_elec.html

Hysitron

USA

www.hysitron.com

Image Metrology

Denmark

www.imagemet.com

Imago Scientific Instruments

USA

www.imago.com

IMS Nanofabrication

Austria

www.ims.co.at

Independent Research Engineering Group

Russia

www.mtu-net.ru/nanoscan

Infinitesima

UK

www.infinitesima.com

Integrated Nanosystems

USA

www.intnano.com

ION-TOF

Germany

www.ion-tof.com

Jasco Corporation

Japan

www.jasco.co.jp

JC Nabity Lithography Systems

USA

www.jcnabity.com

Jenoptik Laser, Optik, Systeme Gmbh

Germany

www.jenoptik-los.de

Jeol

Japan

www.jeol.co.jp/index-e.htm

JMAR Technologies

USA

www.jmar.com
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JPK Instruments

Germany

www.jpk.com

Kelvin Nanotechnology

UK

www.elec.gla.ac.uk/knt

Kleindiek Nanotechnik

Germany

www.nanotechnik.com

K-Tek International

USA

www.ktekintl.com

Leo Electron Microscopy

UK

www.leo-em.co.uk

Mad City Labs

USA

www.madcitylabs.com

Mapper Lithography

Netherlands

http://mapperlithography.com

Matsushita Electric Industrial

Japan

www.mei.co.jp

Medirad

Israel

medirad@netvision.net.il

Micro Materials

UK

http://freespace.virgin.net/micro.materials

Microcosm

USA

www.microcosm.com

Mikromasch

Estonia

www.spmtips.com

Minus K

USA

www.minusk.com

Molecular Devices And Tools For
Nanotechnology (NT-MDT)

Russia

www.ntmdt.ru

Molecular Imaging

USA

www.molec.com

Molecular Imprints

USA

willson@che.utexas.edu

Molecular Nanosystems

USA

www.monano.com

Molecular Robotics

USA

www.molecular-robotics.com

Mound Laser And Photonics Center

USA

www.mlpc.com

MTS Systems

USA

www.mts.com

Nanoanalytics

Germany

www.nanoanalytics.de

Nanocrystal Imaging Corporation (NIC)

USA

www.nanocrystals.com

Nanodevices

USA

www.nanodevices.com

Nanofab

USA

www.nanofab.com

Nanofactory Instruments

Sweden

www.nanofactory.com

Nanofilm

Germany

www.nanofilm.de

NanoInk

USA

www.nanoink.net

Nanomagnetics Instruments Ltd

UK

www.nanomagnetics-inst.com

NanoMatrix

USA

www.nanomatrix.com

Nanomechanics

USA

www.nanomechanics.com

Nanometrics

USA

www.nanometrics.com

Nanomotion

Israel

www.nanomotion.net

Nanonics Imaging

Israel

www.nanonics.co.il

Nanosensors

Germany

www.nanosensors.com

Nanosurf

Switzerland

www.nanosurf.com

Nanotec Electronica

Spain

www.nanotec.es

Nanotek

USA

www.nanotek2000.com

Nanotools

Germany

www.nano-tools.com

Nanotype

Germany

www.nanotype.de

Nanowave

USA

www.nanowave.com

NEC

Japan

www.nec.com

Neolim

Israel

www.amshav.co.il

Nikon

Japan

www.nikon.co.jp/main/index.htm

Nippon Telegraph and Telephone

Japan

www.ntt.co.jp
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Norsam

USA

www.norsam.com

nPoint

USA

www.npoint.com

Obducat

Sweden

www.obducat.com

Olympus

Japan

www.olympus.com

Omicron

Germany

www.omicron-instruments.com

Orsay Physics

France

www.orsayphysics.com

Pacific Scanning Corporation

USA

www.pacificscanning.com

Philips

Netherlands

www.philips.com

Photometrics

USA

www.photometrics.net

Physical Electronics

USA

www.phi.com

Positron Systems

USA

www.positronsystems.com

Potentia Pharmaceuticals

USA

sternson@slsiris.harvard.edu

PSIA

Korea

www.psia.co.kr

Quantiscript

Canada

www.quantiscript.com

Queensgate (Sifam Instruments Ltd)

USA

www.nanopositioning.com

Quesant Instrument Corp.

USA

www.quesant.com

Raith

Germany

www.raith.de

Rave

USA

www.ravellc.com

RHK Technology

USA

www.rhk-tech.com

Seiko Instruments

Japan

www.sii.co.jp

Semzyme

USA

hu@ece.ucsb.edu

Sodick

Japan

www.sodick.co.jp

Spinelix

France

www.spinelix.com

Sumitomo Electric Industries

Japan

www.sei.co.jp

Surface Imaging Systems

Germany

www.sis-gmbh.com

Technoorg Linda

Hungary

www.technoorg.hu

Triple-O Microscopy

Germany

www.triple-o.de

TSI

USA

www.tsi.com

UHV Technologies

USA

www.uhvtech.com

Veeco

USA

www.veeco.com

Virus Tracing Group

Germany

www.single-virus-tracing.com

Visitec

Germany

home.t-online.de

VLSI Standards

USA

www.vlsistd.com

Witec

Germany

www.witec.de

Xantec

Germany,

www.xantec.com

Zeiss

Germany

www.zeiss.de

Zygo

USA

www.zygo.com

Software
Introduction to software

Nanoscience operates in the realm where both classical and quantum physics are used to
study behavior (a realm often referred to as the mesoscale). As our understanding of
interactions on this scale improves, so does our ability to build computer models that will
reliably predict the behavior of atoms, molecules and bulk materials. Computer modeling
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has already led experimentation in many cases and can be expected to do so even more in
the future.
Many of the models currently used to study nanostructures have been developed in the
fields of chemistry and materials science, covering such classic fields as surface science,
which have been active areas for computer modeling for many years. Models are generally
separated into classical and quantum mechanical, with many hybrid programs using
approximations. These are often referred to as semi-empirical. Generally, the more atoms
are involved in the model, the more likely it is to be on the classical end of the scale
(modeling even simple nanosystems rapidly becomes untenable using only quantum
mechanical models) but great use is made of approximations of quantum mechanical
behavior to simplify computation. Models incorporating approximations of quantum
mechanical behavior have been successful in modeling properties of semiconductor
surfaces, quantum dots and nanotubes.
The most fundamental modeling is limited in scope, in terms of the size and complexity of
systems it can cover, but provides the best results for more basic systems. These are "first
principle" or "ab initio" models. Such models tend to be required for effectively predicting
the behavior or even structure of parts of biomolecules, such as DNA or proteins (hence
the enormous computing power currently demanded in the field of proteomics).
Note that the fact that nanotechnology impacts on computer technology will have a
multiplying effect on computer modeling of nanoscale phenomena. With far more
powerful computers simulation and prediction of nanoscale phenomena will be more
readily achievable.
Opportunities for software

Computer modeling is gaining increasing importance in nanoscience as models become
more sophisticated and reliable and as greater computing power becomes available.
In the latter half of 2001 computer models have been used to predict that water will diffuse
into carbon nanotubes, which was not expected; to model a mechanism for the production
of boron carbide nanosprings, the predictions from which were then confirmed by
experiment; and to model the behavior of cellular structures with models tracking millions
of atoms. They are used to understand the nature of tip–surface interactions in scanning
tunneling microscopy, the behavior of photonic crystals, and the analysis of modified
fullerenes as parts of gear assemblies.
Computer models have also been extensively used by the proponents of molecular
nanotechnology to demonstrate the feasibility, in principle, of some quite exotic molecular
machinery, such as bearings or pumps that can selectively pass a specific molecule, such as
nitrogen, through a membrane.
Most computer models are created in academic institutions and government labs, but
companies such as Accelrys and Tripos have demonstrated success at gathering, licensing
and repackaging this information into convenient software modules. Software from such
providers is generally presented in the form of a workbench, with independentlypurchasable modules for different models. Since a lot of the basic algorithms are either
published or available from the source academic institutions under appropriate cooperative
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agreements, the market for such modules tends to be predominantly in industry, where
rapid implementation and ease of use are worth paying for. These companies do develop
their own models, but by far the majority are still created in academic institutions and
government labs.
There is a great deal of work going on in academic institutions around the world in
computer modeling and the major opportunity lies in licensing such models to existing
vendors. The market for the software itself, however, will see an increase in industrial
customers as they attempt to design and develop new materials, and not just exotic ones in
the laboratory—a workshop on nanostructures in composite materials held in Nottingham
in the UK late in 2001 (partly funded by the US Army) judged that "perhaps the most
urgent need is for fundamental understanding of materials interactions at the nanometer
scale. This requires developments in both characterization and modeling techniques".
Software companies

This list does not include the wide number of companies producing support software for
tools such as scanning probe microscopes but focuses on companies involved in software
relating to nanoscale modeling and computation. Users of such software are only included
if they have a special focus on such approaches since use of modeling software is also
extremely widespread. Though much computer modeling activity is aimed at drug
discovery, there is considerable overlap with software with more general molecular
modeling application. Exclusive use for medical / biological applications is not included.
Company_name

Country

URL/Contact

Accelrys

USA

www.accelrys.com

Asahi Glass Co.

Japan

www.agc.co.jp/index_e.htm

ASMEC

Germany

www.asmec.de

Celestry

USA

www.celestry.com

Edison Polymer Innovation Corp. (EPIC)

USA

www.epicpoly.org

General Nanotechnology

USA

www.gennano.com

Hypercube

USA

www.hyper.com

Kelvin Nanotechnology

UK

www.elec.gla.ac.uk/knt

Microtechnano

USA

www.microtechnano.com

Nanologic

USA

www.nanologicinc.com

Nanomechanics

USA

www.nanomechanics.com

Nanotitan

USA

www.nanotitan.com

Numerical Technologies

USA

www.numeritech.com

Wavefunction

UK

www.wavefun.com

Zyvex

USA

www.zyvex.com

Top-down production techniques
The distinction between bottom-up and top-down production techniques is often made in
writings on nanotechnology. Top-down techniques take a bulk material and form and
modify it into the desired product. This often, but not always, involves removing some
material in the form of wastage. An example would be the machining of a metal engine
component or the nanostructuring of metals through deformation (the latter not involving
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wastage). Bottom-up techniques build something from more basic materials. An example
would be the building of an engine out of the component parts. In general there is less
likely to be wastage with bottom-up approaches, but this is not necessarily true (a
component in a self-assembling system, for example, might need a co-component to assist
the self-assembly process but which is not wanted in the resulting product and would need
discarding).

Lithography
Introduction to lithography

Resist-based approaches
The mask-based lithographic tools and techniques
used in the traditional semiconductor industry have
also entered the nano realm (sub-100 nm) and can
be expected to contribute to nanotechnological
development, especially in the area of
nanoelectromechanical systems (NEMS) and for
provision of the larger-scale supporting and
connecting structures for other developments, such
as molecular electronics and lab-on-a-chip systems.
As an established technology they will only be
briefly described here. Note that the fact that this
technology is approaching fundamental limits is
one of the major drivers for research into other
approaches for building electronic devices.
The process behind the production of current
integrated circuits involves shining light through a
mask onto a photosensitive polymer (photoresist)
SEM micrograph of a top view of
on a silicon surface, then subsequently removing
60nm deep holes imprinted into
the exposed areas. The wavelength of light limits
PMMA which have a 10 nm
the minimum feature size obtainable by these
minimum diameter. Courtesy
methods and the main drive to taking this
Nanostructure Laboratory,
technology to 70nm feature sizes and below is
Department of Electrical
focusing
on
using
smaller
wavelength
Engineering, University of
electromagnetic
radiation,
i.e.
extreme
ultraviolet
or
Minnesota.
X-rays, or electrons, as in electron projection
lithography, which uses a scanning electron beam in place of light, but still uses the
principle of a mask casting a shadow on a resist. Both these approaches are presenting
formidable technical obstacles that will contribute to yet higher costs for the fabrication
facilities for next-generation integrated circuits, which already run into billions of dollars.
Various tricks have been developed to improve the resolution of traditional lithographic
techniques, such as off-axis illumination and optical proximity correction. One promising
approach, offering potential feature sizes down to 25 nm, is the MAPPER technique being
developed by Dutch start-up Mapper Lithography.
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Electron beam nanolithography
As distinct from the electron projection lithography approach that parallels existing maskbased lithographic techniques, electron beams can be used to write directly onto a substrate
(a "maskless" approach), creating lines typically 30 nm in width, though 7nm lines have
been produced. This approach is excellent for creating one-off nanostructures in the
laboratory, and is the best-established technique for nanofabrication at the moment, but is
not appropriate for mass production since each machine can only create one structure at a
time (i.e. it is a serial approach) and the machines are expensive. However, the approach is
certainly useful for making masters for soft lithography, which are in turn used multiple
times. The machines are widely used in nanoscale research, for example for making
patterned substrates upon which self-assembled structures can be made and investigated.
Recently, some groups have been looking into the use of carbon nanotubes for creating
nanotube-based field emission devices that might be used for electron beam lithography
and offer the parallelism required to cut costs (described under the section on nanotubes).

Ion beam nanolithography
This is similar to electron beam nanolithography in terms of applications, feature sizes and
the fact that it is a serial (direct write—no mask used) approach, but uses a beam of ions
instead of electrons. A fundamental difference is that ions are charged atomic matter that
can interact physically and chemically with, and settle into, the exposed material, and the
particles of which are many orders of magnitude more massive than electrons. This
addition of material offers the possibility of building up structures rather than just creating
structures destructively. Deep ion beam lithography is a new technique that can be used to
produce 3D nanostructures and is particularly good at creating side walls (with almost 90
degree angles) and slopes. Thicknesses of elements in the structure can be controlled by
the energy of the beam and resulting surface roughness is on the nanometer scale.
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Atom lasers

Atom lithography scheme. Courtesy Roel
Bosch, Atomic Collisions and Quantum
Electronics Group, Eindhoven University of
Technology

Developed in 1997 at MIT, the atom laser
is a beam of coherent atoms, coherence in
this case meaning that the atoms behave in
a coordinated manner rather than just being
a focused stream of particles. In mid-2001
a group at the Ludwig-Maximilians
University of Munich demonstrated lenses
and mirrors that could be used to focus
atom lasers, opening the way to building an
atom microscope. Another potential nearterm use is in lithography, in which there
are similarities to ion beam lithography,
except that atom lasers can be made to lack
the charge of ion beams. One quite fanciful
application that has been suggested is the
atom laser hologram, in which a solid
structure, rather than an image, is created.
Atom lasers may certainly one day allow
the building up of layers of material at the
nanoscale—compare this concept to the
section on 3D printing.
Opportunities for Lithography

Traditional lithographic techniques are
moving to the nanoscale (current feature sizes have just reached 130 nm, while 90 nm sizes
are expected commercially by 2004) and the major contenders for significantly lower
feature sizes, known as next-generation lithography, are extreme ultraviolet (EUV) and
electron beam projection approaches, which are aiming at the 65 nm "node" and below.
Though the 65 nm node is scheduled to reach the market in 2007 (according to the
International Technical Roadmap on Semiconductors), groups working on these
technologies are talking about shipping in 2004/5. Since these are extensions of existing
technologies they will not involve any major technology shifts or market reshaping, apart
from that resulting from massive costs for fabrication facilities (EUV tool prices run at
around $20,000-$30,000, a state-of-the-art projection printer costs about $20 million),
which are likely to lead to consolidation in this area. It must not be forgotten, however, that
these existing technologies will likely work alongside new nanotechnologies in creating
new products and architectures. It is also worth noting when comparing new technologies
that despite the huge and rising cost of traditional lithographic fabrication facilities, the
massive parallelism brings the cost per transistor down to one five-hundredth of a US cent.
Approaches commonly used in research environments to make smaller features, such as ebeam or ion beam lithography are unlikely to have mass production applications because
of their serial nature (they make one item at a time). However, certain specialist
applications, such as in lab-on-a-chip systems for the pharmaceutical industry may make
for some small markets and apps and it must be remembered that where a nanoscale
structure offers unique properties that may have commercial values (this might apply in
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some nanoelectromechanical systems, especially for resonators for wireless applications),
these approaches are currently the only tools we have for making such structures.
An area where e-beam lithography is already used widely is for making master molds for
soft lithography, which does scale to mass production. If soft lithography does fulfill its
considerable promise, then e-beam and ion beam systems will provide a solid backbone to
any commercialization.
Current costs of e-beam systems are around $6,000-$10,000, but there is some promise of
using nanotube-based field emission devices to not just bring the price down but also
provide some parallelism.

Soft lithography (nanoprinting)
Introduction to soft lithography

Soft lithography is a collection of techniques based around micro or nanostructured forms
used as molds. The rise of nanoimprinting techniques has led to a reduction in the use of
the term soft lithography, especially since the 'soft' aspect is not always present.
Nanoprinting thus serves as a more useful general term when feature sizes are nanoscale,
but should be considered interchangeable (soft lithography will continue to be used here
since many current applications are not yet nanoscale). The three main approaches are:
•

Stamping. Pressure is used to make an impression of a mold in a surface.

•

Inking. The mold is coated with an "ink", which is then transferred to a surface on
application of the mold. Also known as microcontact printing.

•

Capillary. A mold is placed on a surface and a liquid polymer flows by capillary
action into the spaces formed between the surface and relief pattern on the mold.
Often called microinjection molding in capillaries (MIMIC).

No special technology is required, and nor are the ultra-clean environments required for
existing silicon chip production. Additionally, a wide variety of materials can be used. The
approach is reminiscent of one of the most famous examples of mass production, the
printing press.
Soft lithography scales readily down to the nanoscale (depending on the variant of the
technology used, resolution can get below 10 nanometers—molecular-scale nanostructures
have already been created in the laboratory). The techniques also promise potential in the
creation of optical devices, which may in turn ultimately be used in optical computing. As
a replacement for traditional lithography for creating electronic devices, however, there is
currently a major obstacle—the technique is not well suited to making the preciselyaligned, multi-layered structures currently used in microelectronics, although researchers
are working to overcome this limitation. In this area there is promise for an approach based
on the capillary technique that is used by a group at the University of Austin in Texas, led
by Grant Willson (they have even spun out a company, Molecular Imprints). The main
issue here is accurate control over the alignment. Additionally, for stamping techniques,
there is the problem of evenly applying pressure once the mold goes above a minimum
size. This is not the case with the inking approach (microcontact printing), but here
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diffusion of the ink can blur the edge of lines. Note that the inking approach often uses
substances that form self-assembled monolayers.
Opportunities in soft lithography

Soft lithography is already used to make microfluidic systems, such as those in lab-on-achip systems, and there are few obstacles to extending the approach to nanofluidic systems.
It has already been used in the laboratory to make optical components such as diffraction
gratings, wave guides, and lasers, and structures with complex shapes, including threedimensional conducting coils and basket weave structures.
A particular area where soft lithography holds great promise is in creating nanostructures
with soft materials, such as elastomers (see Nanoelectromechanical and Nanofluidic
Systems). The combination of these materials and soft lithography offers particular
potential in nanofluidics, but electrical contacts, ultrasmall mechanical resonators, and
wires have also been created in the laboratory.
Critically important in considering the commercial potential of soft lithography is that the
molds used can be repeatedly re-used, offering potential in mass production. The initial
molds can be made with expensive techniques with a resolution of a few nanometers, such
as electron beam lithography.
The potential markets for nanoelectromechanical and nanofluidic systems are already
substantial and it is probably in the latter that the first nanoscale commercial successes for
soft lithography will be seen, most particularly in the bioanalysis field. If the obstacles to
using the technology to create electronic components can be overcome, this would open up
yet another large market for this process. There is at least one company working on this,
Molecular Imprints.
Opportunities lie largely in specific applications of soft lithography to make a specific
functional product, such as for bioanalysis, then developing this to a prototype stage and
having good intellectual property protection on the specific methods and final product—
soft lithography processes in general are widely used and general patents will be hard to
get or enforce. Thus very specific patents, combined with applications that can be taken to
market quickly, are likely to be the norm for success. The ease of use of the technology
does make for low technological and commercial barriers to entry (scaling to commercial
production is straightforward in principle), but the ease of entry will also make the field a
very competitive one.
Companies working with nanoprinting

Included are companies
nanotechnology.

commercializing

soft

lithography

Company_name

Country

URL/Contact

AMO

Germany

www.amo.de

Hewlett-Packard

USA

www.hp.com

Microresist

Germany

www.microresist.de

Molecular Imprints

USA

willson@che.utexas.edu
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NanoOpto

USA

www.nanoopto.com

Obducat

Sweden

www.obducat.com

Surface Logix

USA

www.surfacelogix.com

Bottom-up production techniques
For an introduction to the difference between bottom-up and top-down production
techniques, see the start of the Top-Down Production Techniques section.
A company listing is not providing for this section because the techniques are now
widespread and there are no companies focused primarily on bottom-up techniques rather
than applications of them.

Self-assembly
Self-assembly is a bottom-up production technique that has excited many because of the
potential economies in having products that simply "make themselves". It is, of course, not
that simple. Nor is self-assembly anything new. Biological systems are built predominantly
using self-assembly and even age-old industrial chemical reactions could be described as
self-assembly.
The aspect of self-assembly that is somewhat newer, and attracting all the interest, is our
increasing ability to control it to make structures such as layers (for coating flat surfaces or
nanoparticles, for example), nanocapsules, nanowires or even basic molecular electronics
components. Dendrimers are a classic example of relatively complex self-assembly,
although many would simply describe this as polymer chemistry.
Because of the wide variety of nanotechnologies to which self-assembly may be
applicable, it is normally dealt with in the appropriate sections elsewhere in the report, the
exception being self-assembled monolayers, covered below. However, self-assembly as a
general approach does warrant some discussion.
In nature, self-assembly is used to make some remarkably complex systems (though nature
does also have approaches other than self-assembly, such as the creation of proteins by
ribosomes, which resembles a production line). At present, our mastery of self-assembly is
limited to relatively simple systems. The trick to making more complex systems is
hierarchical self-assembly, where the products of one self-assembly step become the basis
of the next, assembling again into something more complex.
Multiple layers of self-assembled monolayers and the building of dendrimers already
require some of the planning and design of hierarchical self-assembly. Ultimately, it may
be possible to make complex structures such as computer processors only using selfassembly. The hurdle to overcome here is the design of such hierarchical processes, which
can be expected to require many stages. The undertaking is not a trivial one, but the
potential rewards are great, the promise being of the manufacture of large quantities of
complex structures simply by a sequence of steps analogous to bulk manufacture of
chemicals, such as in the pharmaceuticals industry.
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Self-assembled monolayers

Introduction to self-assembled monolayers
Self-assembled monolayers (SAMs) are produced when a substance spontaneously forms a
layer one molecule thick on a surface. Additional layers can be added, leading to laminates
where each layer is just a molecule in depth. Research in this area began in 1983 and has
seen an increasing number of published papers every year. Research into SAMs coincided
with the maturation of scanning tunneling microscopy following its invention in the early
80s.
SAMs are produced when a substrate, for example a metallic or porous surface, is placed
in contact with a solution of organic molecules, which then spontaneously align themselves
with respect to the substrate. The coated material can then in turn be the substrate for a
layer of a different compound.
Whereas various approaches to creating metallic and ceramic films are well established,
they cannot generally be applied to creating organic films because they usually involve
extreme conditions that would destroy organic molecules. SAMs, however, can now be
created under very moderate conditions and the use of organic materials is opening a new
range of possibilities (they offer improved control over charge transport for electronic
applications, improved adhesion control and greater biocompatibility). Notably, SAMs are
generally close to perfect in structure, although they don't initially form this way but
undergo a process of reorganization and become extremely well-ordered.
SAMs are one technology that can contribute to biosensors, such as DNA chips, which
consist of arrays of immobilized single-stranded DNA probes. Significant work still needs
to be done on creating the ideal film structure and composition for attachment of the DNA
probes.
SAMs are also widely used in microcontact printing, a form of soft lithography (covered in
a separate section).

Opportunities for self-assembled monolayers
An ever-widening variety of organic substances are being persuaded to form SAMs,
leading to a very wide spread of potential applications, though most work is still at the
research stage. Once the appropriate substances have been found for an application, the
production process will normally be straightforward, cheap, and scalable to commercial
levels, one of the great advantages of self-assembly.
Anywhere an organic film is wanted, SAMs offer potential—as mentioned earlier,
techniques for creating ceramic or metal films usually involve conditions that destroy
organic molecules.
Since SAMs are generally created from organic molecules, interactions of which with
other substances are often well understood, chemical and biological sensors represent the
earliest commercial applications. As mentioned in the "Introduction to ..." section,
investigation has been done on using SAMs to help create DNA chips, which offer great
parallelism in genetic analysis and biological and chemical analysis in general, resulting in
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increased analysis throughput rates and lowering costs significantly. Applications will be
found in disease detection, toxicology, forensics, industrial processing, and environmental
monitoring.
Monolayers are already used in a number of applications, from silicon chips to flat panel
displays, but using techniques such as chemical vapor deposition. SAMs offer the
possibility of displacing existing techniques in these areas because of the simplicity of the
approach.
SAMs also have potential as resists for both traditional lithography and soft lithography. In
the latter they have shown potential as an ink since the self-assembly of the material once
applied helps create a uniform layer despite imperfections in the stamping surface. SAMs
also offer potential for functionally modifying surfaces and components in
microelectronics and micro and nanoelectromechanical systems.
Other potential SAM applications are in areas such as reaction beds, liquid crystal
manufacturing, molecular wires, lubrication, synthetic analogs of biological membranes,
and protective layers, one suggestion of the latter being to protect electrode surfaces in
batteries from corrosion, thus extending their lifetime. A large part of the value of SAMs
lies in improving understanding of the chemistry and physics underlying adhesion,
lubrication, surface wetting and charge transfer. These are not benefits that lend themselves
to immediate commercialization but are well worth keeping track of because turnaround
times to commercialization can be very rapid for a relatively simple technology. One big
advantage of SAMs is the ability to leverage the existing large volume of knowledge in
organic chemistry to make a variety of surfaces with a variety of properties.
One should not think only in terms of flat surfaces. Nanoparticles can be coated with
SAMs to provide specific functionality such as resistance to certain environments (e.g.
biological ones, useful for drug-delivery applications) or affinity for other environments.
Recently such approaches have been experimented with for removing contaminants, such
as heavy metals, from water.
In sum, the potential applications for SAMs are extremely broad, though many markets
will be niche markets, and investment required to ramp up to industrial-scale processes will
not generally be excessive. This makes this an extremely fertile area for start-ups, a
situation that should continue for a long time because of all the varieties and permutations
possible. However, the field is also widely researched, making for a lot of competition, and
broad patents are unlikely to be defensible, but specific patents related to specific
applications may well be.

Sol–gel technology
Introduction to sol–gel technology

First discovered in the late 1800s, sol–gel processes started to be used extensively in the
early 1930s. More recently, processes to make gels at low temperatures and convert them
to glasses have been developed.
The sol–gel process is a versatile process for making ceramic and glass materials from
solutions or colloids (where a particle is not dissolved in a liquid but also does not settle
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out, as it does in a suspension). In general, the sol–gel process involves the transition of a
system from a liquid "sol" into a solid "gel" phase. Applying the sol–gel process, it is
possible to fabricate ceramic or glass materials in a wide variety of forms: ultrafine or
spherical powders, thin-film coatings, ceramic fibers, microporous inorganic membranes,
monolithic ceramics and glasses, or extremely porous aerogel materials.
The starting materials used in the preparation of the sol are usually inorganic metal salts or
metal organic compounds such as metal alkoxides. In a typical sol–gel process, the
precursor is subjected to a series of hydrolysis and polymerization reactions to form a
colloidal suspension, or a sol. Further processing of the sol enables one to make ceramic
materials in different forms. Thin films can be produced on a substrate by spin coating or
dip coating. When the sol is cast into a mold, a wet gel will form. With further drying and
heat treatment, the gel is converted into dense ceramic or glass articles. If the liquid in a
wet gel is removed under a supercritical condition, a highly-porous and extremely lowdensity material called an aerogel is obtained. As the viscosity of a sol is adjusted into a
desired viscosity range, ceramic fibers can be drawn from the sol. Ultrafine and uniform
ceramic powders are formed by precipitation, spray pyrolysis, or emulsion techniques.
Sol–gel processing of nanoparticles has potential for making low-cost preforms. Typically,
a mix of nanosized silica and additives are cast into molds. Drying of the wet gel is then
required, which takes some careful control to avoid cracking. The material can then be
further processed into clear glass.
Catalytic substrates have been made using salt-based routes to nanoparticulates with
ceramics (such as Al2O3 and Ni-YLaO3).
Sol–gel processes can be used to accurately control the doping of titanium or germanium
nanoparticles in sol–gel silicon dioxide films to control the refractive index of the material.
Fibers can be spun or drawn from precursor solutions or coated with thin films.
Opportunities for sol–gel technology

Some sense of the variety of materials that can be produced with sol–gel technology is
given in the previous introduction section. The sol–gel process can be used with a wide
range of materials for producing bulk materials such as specialty glasses, or thin films of
nanoparticles, or nanoparticles in general. As the more modern versions of the process are
normally performed at relatively low temperatures (i.e. close to room temperature), its use
as a low-cost method of producing bulk materials is attracting increasing industrial
attention. The wide variety of applications, and indeed process variations, point to not just
large market potential but the opportunity for newcomers to move into a niche application
rapidly and have a high chance of retaining complete or partial involvement in that
application right up the value chain to the final product.

Coatings
The applications for sol–gel-derived thin film products are numerous. One of the largest
application areas is for coatings and thin films used in electronic, optical, and electro-optic
components and devices, such as substrates, capacitors, memory devices, infrared
detectors, and wave guides. Anti-reflection coatings are also used for automotive and
architectural applications. Protective coatings (anti-scratch, easily-cleaned, anti-graffiti) are
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already on the markets and decorative coatings are under investigation. A non-stick coating
superior to Teflon has also been developed and is currently being commercialized by
Nanogate.
A potentially highly-marketable application for sol–gel is in the coating of ceramic or
metallic particles for various industrial applications. For example as: a grain growth
retardant during the high-temperature sintering of fine-grained ceramics; electrical
insulation in a conducting matrix or a conductor in an insulating matrix in magnetic or
electric applications; a well-dispersed sintering aid for low-temperature liquid sintering; a
crack reflection/absorber in performance ceramics, etc.
One of the application areas for coatings created with the sol–gel process is windows with
adjustable light transmission, prototype multilayer coatings for this purpose having already
been made. Such windows could find widespread application in the construction industry
for heat management, offering energy savings.

Composite powders and ceramics
Nanopowders composed of single or multiple materials can be made for structural,
electronic, dental, and biomedical applications. Composite powders created using the sol–
gel process have been patented for use as agrochemicals or herbicides.

Solar cells
Thick (10 mm) nanoporous films consisting of 15-35 nm-sized titanium dioxide particles,
formed using the sol–gel process, are expected to dramatically increase the efficiency of
solar cells by allowing the use of highly-transparent and conductive films on the front side
of the cells.

Catalysis
The value of nanoparticles in catalysis is covered in the nanoparticles section of the report.
The key advantage of the sol–gel route is the ease of production.

Aerogels
The use of aerogels as membranes for separation and filtration processes is being
investigated. Aerogels are a class of material with extremely high surface areas coupled
with extremely low densities. Aerogels are already used in spacecrafts to capture
interstellar dust and are being investigated as filler layers to replace the air layer in doubleglazing.

Biotechnology
More recently, biotechnology applications have been extensively studied, where
biomolecules (such as proteins, enzymes, antibodies, etc.) are incorporated into sol–gel
matrices. Applications include biochemical process monitoring, environmental testing,
food processing, and drug and biochemicals delivery for medicine or agriculture.
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Optics
As described in the "Introduction to ..." section above, optical components can be made
with the sol–gel technique. Optical fiber is made from preform cylinders, which are
initially several inches in diameter. These glass cylinders are heated and drawn down into
fiber with a diameter of typically 0.13 mm. The starting point of an optical fiber preform is
commonly a synthetic quartz tube. The cost of these materials is substantial, and
alternative manufacturing processes leading to high-quality glass are of great importance to
the optical fiber industry. In addition, sol–gel can be used to infiltrate fiber preforms to
make composites. In addition to great cost reductions in fiber manufacture, novel glass
compositions and fiber designs will likely be possible. Additionally, work is being done on
developing lenses, mirror substrates, graded-index optics, optical filters, passive and
nonlinear active wave guides, and lasers.

Deposition
Classical deposition techniques are well established and wouldn't normally be classified as
nanotechnology. However, they can indeed make nanoscale thin films, nanoparticles,
nanotubes and other structures and, though the basic technologies are old, they are finding
new applications and being revisited as a result of nanotechnology.
Though there are a variety of deposition techniques, one, chemical vapor deposition
(CVD), has recently shown particular promise in creating certain nanoscale coatings.
CVD, put simply, takes a substance in a gaseous form (usually at high temperatures and
pressures) and encourages it to deposit itself on a surface. Recently, the technique has been
used to create diamond films with good fine structure on the nanoscale, i.e. they are
particularly smooth.
The main interest in diamond is in microelectromechanical systems (MEMS), which are
normally made from silicon using traditional lithographic techniques. Diamond has a
number of advantages over silicon for MEMS—it is much more physically durable than
silicon, repels water, and is chemically and thermally very stable—it doesn't expand or
contract much with temperature changes, effects that can lock up silicon-based MEMS.
Additionally, biological systems hardly react to diamond. Diamond films have also been
investigated recently for use in field emission devices for flat panel displays.
CVD approaches to the creation of nanotubes also hold great promise. This is covered
under the section on nanotubes.

Manipulators
The scanning tunneling microscope and atomic force microscope can be used as
manipulators but are covered under the section on microscopy.

Optical tweezers
The technique of using a single focused laser beam as an atom trap was first applied in
1984 at Bell Laboratories, though trapping techniques using pairs of laser beams predate
this. Since then the use of both single and double laser beams to manipulate particles has
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been widespread. At the lower end of the scale it is possible to hold individual atoms and
then propel them at a chosen velocity with the tweezers. At the higher end of the scale, an
individual bacterium can be lifted out of a culture without damage or organelles can be
moved around within a cell. The company Arryx was created to commercialize this
technology.

Nanomanipulator
An application of the STM that stands out, at least for its potential to capture the
imagination of journalists, is the Nanomanipulator. Developed at the University of North
Carolina and commercialized by 3rd Tech, this device integrates an STM and virtual
reality-style techniques to allow researchers to "feel" individual atoms and place objects on
the atomic scale. NASA was the first customer.

3D printing
Also know as solid freeform fabrication, this is a prototyping technique that is becoming
very popular. As yet it does not operate on the nanoscale, nowhere near, in fact—currently
resolution is only sub-millimeter, but the approach is worth keeping in mind since there is
no reason that it, or something similar, will not be scaled down to the nanoscale, offering
the ability to create precisely-defined 3D nanoscale structures. Atom lasers, as covered in
the previous section, may ultimately prove capable of performing such tasks.
The technology uses ink-jet type printing approaches to build up layers of a variety of
materials, including ceramics, metals, polymers and composites, into a three-dimensional
object that can have quite complex geometries. Throughput is already pretty good,
allowing the creation of an object the size of a soda can in around twenty minutes.
Machines are around the size of a photocopier and relatively inexpensive. A good
overview can be found at the MIT 3D printing site (http://web.mit.edu/tdp/www).
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Market opportunities
Aerospace and defense
The Society of British Aerospace Companies in September 2000 put the total global sales
for aerospace and defense at greater than $400 billion, with by far the largest segment
being civil aircraft, at almost double the revenues of the defense / military aircraft sector.
In November 2001, the US Commerce Department put the size of the global space industry
at $83 billion, and growing at an annual rate of 16 percent.
Aerospace and defense have historically been a driver for technological innovations. With
ambitious objectives ranging from transporting people across oceans, securing nations
from adversaries, and traveling to distant planets, there are numerous opportunities for
technological solutions in general, and nanotechnology in particular. The range of
solutions being sought covers commercial aviation, air transport, military aircraft,
helicopters, space, unmanned aircraft, weapons systems, command, control,
communications and intelligence, naval vessels and submarines, tanks and ground combat,
equipment and logistics for soldiers, and related systems supporting the above.
Buyers for aerospace and defense technologies are mostly government agencies and prime
contractors who have big budgets and high tolerances for taking on risks from new
technologies. Spending is typically done on a "program" basis where state-of-the-art
technologies are sought to raise the standards for each new-generation application.
Examples of current aerospace and defense programs include the Airbus A380 aircraft, and
Lockheed Martin’s Joint Striker Fighter program. Priorities for spending are greatly
influenced by current events and trends. In particular, September 11th has had a massive
impact on commercial and military initiatives.
Space travel has also presented new challenges. Ambitious programs have to deal with
living in space for a longer period of time. Recirculating air and water, withstanding high
levels of radiation, improved use of energy and payloads will all contribute to successful
space missions and subsequent spin-off applications back on earth.
The major contribution of nanotechnology to the space industry in the near future is likely
to be through weight reduction, initially through lightweight composites and later through
smaller and thus lighter electronic equipment in the most common payload, a satellite.
Coatings will inevitably have applications, such as radiation protection for electronics and
heat protection for atmospheric re-entry. It is also hoped that people can be similarly
protected from radiation with a synthetic skin.

© Científica 2003

Page 229 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Image Courtesy of NASA Ames Research Center

The US's space agency,
NASA, has been very active
in funding nanotechnology
and has a center for
nanotechnology at its Ames
Research Center. In fact
NASA was one of the first US
government agencies to fund
nanotechnology.
NASA's
research funding is targeted
largely at materials and
electronics, but they also have
a computational molecular
technology project at their
Ames
Research
Center.
NASA's nanotechnology site
is
at
http://www.ipt.arc.nasa.gov.

Other space agencies around the world tend to support less research in general, partly
because of their greater separation from military programs. The European Space Agency
particularly has little involvement in nanotechnology research.
The commercial aircraft industry will see the major impact of nanotechnology in
nanocomposites offering weight savings. On a smaller scale, commercially, new display
technologies that offer weight savings would also be rapidly adopted for transatlantic
aircraft that provide a screen per passenger.
Since the commercial aviation industry might be seen by some as very separate from the
space and defense industries, and maybe having more in common with the transportation
industry, it is worth looking at the characteristics of the industry along a few dimensions.
These reveal clearly the closeness of the commercial aviation industry to the aerospace /
military industry. Note that this represents the picture in the US.
Aerospace/Military

Production

Power
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units)
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Cockpit /
User
interfaces

Design
Materials
Subcontractors

Multifunctional
displays, traditional
commercial
instrumentation, FAA
guidelines, plus
weapons
Flight models and
aerodynamics
Aerospace related

Multifunctional
displays, traditional
commercial
instrumentation, FAA
guidelines

Much less
sophisticated

Flight models and
aerodynamics
Aerospace related

Avionics, jets, etc. for
military

Avionics, jets, etc. for
commercial (typically
a different division of
military
subcontractor)
Much crossover to
military
FAA

Consumer tastes,
some aerodynamics
Polymers, alloys,
which are much less
demanding
Suspensions, brakes,
parts, etc. are all
automotive or
transportation
related
Very limited
crossover
DOT, EPA,
consumer agencies

Media

Much crossover to
commercial
Much is covered in
FAA (if any)

Regulations

The defense industry in the United States has been a major funder of nanotechnology
research through such organizations as DARPA (the Defense Advanced Research Projects
Agency). Their interests are as diverse as the potential applications. These range from
nanoelectronics for miniature surveillance systems to lighter bulletproof materials.
September 11th and the war on terrorism have placed a renewed priority for spending on
the military and on national security. Not only are there more areas of conflict in the world,
the nature of threats is different and requires new approaches to surveillance, defense,
deterrents and offensives. These include defense against chemical and biological attacks
such as anthrax, and the potential threat of nuclear attacks. Payloads for launching missiles
need to be extended, surveillance aircraft and satellites need to be less detectable, and
submarines need to be self-sustaining for a longer duration.

Structural materials
The greatest impact of nanotechnology for spacecraft and commercial aircraft, and maybe
even missile technology, will be reduced mass of structural materials, whether inside or
outside the macrostructure, in housings for internal systems, rocket engine components or
solar sails. Largely this impact is likely to be in the form of nanocomposites with improved
strength-to-weight ratios, though nanocrystalline materials are also likely to have some
impact. In the near term, there is great potential for the composites based on silicate
nanoparticles that are already making their way into cars, offering weight savings of 10 to
15%. The weight savings for spacecraft and commercial aircraft provided by these
materials will have an even bigger impact in terms of fuel savings than in the automobile
industry, offering the ability to take greater payloads into orbit and greater range for
missiles. The adoption of existing composites will happen in the near-term, the rate of
adoption being more dependent on the long development time scales inherent in these
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industries than on the material, since forms of such composites are commercially available
already.
Since up to 90% of the mass of a rocket is propellant, it might seem that improvements in
the remaining 10% might not offer great savings, but savings in this ten percent lead to
proportional savings in the fuel portion. Lighter materials could thus make an important
contribution to reducing launch costs, which run at two to three thousand dollars per pound
of payload ($4400-$6600 per kg) and above ($10,000 dollars per pound for a moon shot,
for example). They also might lead the way to finally achieving a single stage to orbit
vehicle (the latest project for such a vehicle, the X-33, was abandoned in March 2001,
although a number of groups are working on approaches ranging from rocket-enhanced
helicopters to the use of ground-based energy sources such as very high power lasers).
Because of the overriding importance of mass in the cost of rocket launches, lighter,
stronger materials will become economically viable in the space industry at a higher cost
than in, say, the automotive industry.
In the medium term, if the potential of nanotubes in composite materials can be realized,
they will offer yet another improvement, probably a substantial one, in strength-to-weight
ratios. Given the low volumes of nanotubes still being produced and limited visible
research on leveraging their properties in composites, a timescale of five to ten years can
be expected. However, while the new silicate nanocomposites offer a few tens of a percent
in improvement in strength-to-weight ratio, it seems fair to expect improvements of 100%
and more from nanotube-based composites. The rate at which the price of such materials
falls will dictate whether they are first used in aerospace or the automobile industry. Since
the aerospace industry gets a greater return on weight reduction, it can adopt new materials
at a higher price. If the prices fall fast then adoption will be quicker by the automobile
industry, as with silicate nanocomposites, because of the faster product development cycle.
For reusable space vehicles, heat resistance is another valuable commodity because of the
temperatures created during re-entry. This is an area where ceramic-based nanocomposites
hold promise, as do carbon nanotubes, by virtue of their high thermal conductivity.
However, carbon nanotubes cannot themselves tolerate extreme temperatures. Boron
nitride nanotubes offer much higher resistance to temperature and may ultimately prove a
better material for such applications, although research on creating these is still at a very
early stage.
Heat management is not just an issue for re-entry of reusable vehicles—temperatures in
space fluctuate wildly between extremes. The gold-colored material seen on most satellites
is blankets of silver/kapton layers to conduct heat.
Note that dealing with high temperatures can be done with bulk materials or coatings (next
section), and by developing heat-tolerant materials, or reducing temperatures by
conducting heat away rapidly.
Nanocomposites may also offer improved resistance to damage from radiation or atomic
oxygen—a common cause of failure in many materials.
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In military applications composites may also offer improved ways of shielding sensitive
electronics from radiation and other properties such as radar invisibility.
Aerogels, mentioned under the technology section on sol–gel processes are already used to
protect satellites from interstellar dust.
One particularly speculative idea dependent on the development of stronger structural
materials is that of the space elevator, which goes back a long time, at least in science
fiction. The idea is to tether a satellite or space station in orbit directly to the earth and use
the tether as a means to carry people and cargo up to the orbiting structure. In mid-2001
NASA published some research showing that the tensile strength and low mass of carbon
nanotubes are sufficient to at least make such an idea feasible in principle. Though there
would be substantial technical hurdles to overcome and such a project is not about to be
embarked upon in the foreseeable future, a space elevator could significantly reduce the
costs of taking material into space.
In the commercial aircraft industry, the adoption of lighter composites will be driven by
fuel savings. There is every reason to believe that the long-term trend for aviation fuel
costs is up and this is already one of the major operating costs in the industry. Even a
relatively expensive composite material that saves some weight will likely pay back quite
quickly. Such composites will likely find their way into everything from the aircraft
fuselage to seating and maybe even the materials the headphones or food trays are made of.
In military aircraft and missiles, cost is not a strong driving factor but performance is.
Stronger and lighter composite materials will certainly be of interest for fighter aircraft and
especially unmanned aircraft and missiles where g forces can exceed those tolerable by the
human body.

Coatings
Improved coating technologies, such as those based on ceramic nanoparticles, can lead to
improved heat resistance, offering applications similar to those outlined in the previous
section for composite materials with higher heat resistance. Similarly, they may be an
alternative approach to using bulk composites for properties such as shielding electronics
from radiation (metallic nanocomposites) or reducing radar reflectivity for stealth aircraft,
an area where carbon nanotubes also show some potential.

Fuel
Nanoparticulate aluminum is being evaluated for its use as a component in rocket fuel.
Micrometer-sized aluminum particles have long been used in rocket propellants. For
instance, nearly 500,000 pounds of aluminum powder is used to fuel the launch of the US
Space Shuttle. Because nanosized particles provide much higher burn rates and more
uniform combustion, nanosized aluminum particles are being considered as a replacement
for micron-sized aluminum in current rocket motor designs. Also, the high surface area of
nanoparticles of aluminum may allow them to be used as an additive to conventional jet
fuels, enhancing the fuel octane rating and increasing the mileage that a jet can travel with
a given volume of fuel.
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Nanoporous silicon, which can be highly explosive, has also been suggested as a contender
in this field.

Electronics and electromechanical systems
The drive towards miniaturization of instrumentation in the space industry will be driven
largely by weight savings. Though the weight savings achievable by miniaturizing current
electronics systems would not be hugely significant, developments in intelligent systems
do make much greater demands on computing power. It is in these areas where significant
weight reductions through miniaturization may make their impact, especially for such
projects as exploring Mars, where significantly more intelligent systems could extend
considerably the potential of unmanned missions.
Similarly, weight savings in instruments such as accelerometers and gyroscopic systems
would be likely to be adopted in this industry. In missile technology, robustness in
electronic and electromechanical systems is more important, which may drive the use of
different materials from counterparts outside the defense industry.
Increased intelligence is also a major driver in electronics research for the defense industry.
The largest application area here is likely to be in surveillance (see below) but the accuracy
and reliability of missile delivery systems can also benefit.
The other major incentive for the space industry to move to nanoelectronics is in reduced
power consumption. Additionally, radiation hardness is a factor. Magnetic RAM
technologies, for example, offer both low power consumption and radiation hardness but at
the moment don't do so well on the weight factor.
Improvements in solar cell technology will be welcomed for satellites, especially any that
offer weight reduction or superior mechanical properties. The impact of nanotechnology on
solar cells is covered under the section on energy and power distribution.

Weapons
Though nanotechnology may have some impact on the development of weapons in the
form of new explosives, new materials for making armor-piercing shells, non-lethal
weaponry such as immobilizing polymers, or new methods of dispersing chemicals or
biological weapons (note that chemical weapons can also be non-lethal in nature), the
major impact is likely to be defensive. This is reflected in a significant number of research
projects backed by the US defense agency on chemical and biological detection and
neutralizing such agents. The basic technologies behind this area are also applicable in the
medical and pharmaceutical areas and more information will be found there, in the sections
on Antimicrobial, Antiviral and Antifungal Agents; and Detection, Analysis and
Discovery.

Surveillance
The recent military exercises in Afghanistan have highlighted the importance of
surveillance systems. Satellite surveillance is well established and its potential clear. Less
obvious is the value of unmanned surveillance systems that can venture into hostile
territory. Currently such systems are restricted to fairly large-scale drones but many
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researchers over the last few years have been borrowing from nature and developing
devices comparable to insects in size, using visual systems akin to those of a fly or
dragonfly.
There is enormous potential military value in being able to produce thousands of devices,
at low cost, that could be scattered over enemy territory, fitted with basic detection and
intelligence capabilities (the ability, for instance, to detect a human-like object and then
transmit a visual image of the scene). The cave complexes of Afghanistan present an
obvious opportunity for such systems.
The nanotechnologies that will have the greatest impact on the development of such
systems are nanoelectronics / optoelectronics, optical systems, and micro and
nanomechanical systems, along with developments in lightweight, high-strength materials
(some natural structural materials still have physical properties that we have not yet
matched). However, software development for such systems is also a limiting factor and is
an area that has historically resisted our attempts to match the capability of even basic
natural systems. Recently progress has been made in emulating the visual, navigational and
maneuvering systems of insects, such as dragonflies. It is thus conceivable that by the time
we can fabricate processors using components such as organic molecules or nanotubes (see
sections on Molecular Electronics and Nanotubes), everything else may be in place to be
able to create and deploy large numbers of bug-like drones with significant capabilities in
detection and communication and even a very basic intelligence.
Note that the application of such systems extends beyond military operations and could
have a large impact on such issues as privacy.
Following predicted timescales for the development of commercial molecular electronics,
such systems may be ten to fifteen years away—close enough for the far-sighted investor
to at least want to keep track of developments in the field.

Smart uniforms
The US Army is currently creating The Institute for Soldier Nanotechnologies and in the
remit are smart uniforms, incorporating nanotechnology. However, the technologies
mentioned are largely detection technologies, for which microtechnology may be suitable.
The one area where nanotechnology has been touted as playing a part is in the rather
mundane requirement to create lighter bulletproof vests, for which carbon nanotubes are
seen to hold promise.

Life support and environmental
The major impact of nanotechnology here is likely to be in smaller and improved
monitoring and control systems. Nanofluidics is likely to offer not just less weight but also
improved monitoring of space environments, and such developments could be seen in the
near term.
The effects of long stays in space on the human body are still being studied and are far
from understood. Miniature medical analysis systems will aid in the understanding of the
effects of such exposure and the development of monitoring systems to assess the health of
astronauts. The uptake of such systems by the space industry is likely neither to lead nor
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lag their use in the medical and pharmaceutical industry as a whole. However, implantable
telemetric medical monitoring systems may find early use in space because of the absence
of medical facilities and staff taken for granted on earth.

Companies focused on applying nanotechnology to aerospace and
defense
Clearly very many companies serve the aerospace and defense market in one way or
another, and some of these may be involved in nanotechnology. This listing is focused on
companies specifically applying nanotechnology to the aerospace and defense market.
Company_name

Country

URL/Contact

Boeing

USA

www.boeing.com

Cyrano Sciences

USA

www.cyranosciences.com

EnviroSystems

USA

www.ecotru.com

HighLift Systems

USA

www.highliftsystems.com

Hybrid Plastics

USA

www.hybridplastics.com

InMat

USA

www.inmat.com

Integran

Canada

www.integran.com

Mach I

USA

www.machichemicals.com

NanoBio

USA

www.nanobio.com

Northrop Grumman

USA

www.northgrum.com

Shanxi Four High Nanotechnology

China

www.fhnm.com

Technanogy

USA

www.technanogy.net

Tolemac

USA

www.tolemacllc.com

US Global Aerospace

USA

www.usglobalaero.com

Versilant Nanotechnologies

USA

www.versilant.com

Automotive and transportation
The total revenues of the automotive industry are in excess of a trillion dollars (e.g.
General Motors, who had a market share of 15.1% in 2001, had revenues in that year of
$177.3 billion).
The automotive and transportation sector has some of the same characteristics and systems
as aerospace, but with less demanding requirements and an ingrained aversion to risk
taking. As a result there is a lag time for leading-edge aerospace technologies, such as
electromechanical systems for replacing hydraulics, to make their way into cars, trucks,
railroads, subways and ships.
Buying patterns for new vehicles are linked to the global economy. Under the current
recession, economic factors such as lower fuel consumption and alternative fuels have an
increasing importance. With a global production overcapacity, narrowing profit margins,
and declining customer loyalty, automobile and transportation manufacturers are more
willing than ever to consider process and product improvements.
Certain characteristics of the automotive industry make it a very fertile market for the
introduction of nanotechnology. The market is very large, has a rapid development time for
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new products (at least when compared to other products of similar complexity), is subject
to market and regulatory pressures in terms of fuel economy and safety and is also quite
heavily influenced by fashion and subject to consumer pressures relating to style and
branding, which encourages the introduction of novel technologies. Cars, like clothing, are
not just essential commodities to many, but also a means of expressing status and lifestyle
values.
The size of the market dictates that even if an improvement over existing materials is
slight, the economic pressures in the industry are such that a new material will often
completely displace an existing material quite rapidly, offering developers of new
materials a rapid path to profit.
Because of the function of the automobile as a status symbol, the industry often provides a
first point of entry for technologies that are more novelty than utility. Electrochromic
window coatings, allowing glass to be darkened at will or automatically, are one potential
application of nanotechnology that is likely to find a home in the higher end of the
automobile industry before penetrating other markets such as the construction industry.
In the last decade, microelectronics has become an integral and important part of the
automotive industry. Here, though, it should not be assumed that nanoelectronics offers
any great advantage. Processing tasks in cars remain relatively simple and the components
used to perform these duties don't suggest any compelling argument for further
miniaturization. Alternative non-nanoscale technologies that offer cost improvements and
greater levels of customization without any reduction in component size are more likely to
make an impact in this area.
Finally, the automobile industry is the home of the most commercially successful of
developments in microelectromechanical systems (MEMS), this being the MEMS-based
accelerometer used to trigger airbags. This particular success should not necessarily be
seen as an indication of future market potential in this sector for MEMS or their nanoscale
counterparts, NEMS, even when the latter can eventually be mass produced. However,
sensors are increasingly finding their way into cars, ranging in applications from simply
detecting tire pressures to detecting slip in wheels to feedback into active control systems.
This will thus continue to be an active area of development but probably adequately
satisfied by MEMS technology for some time to come.

Structural materials and coatings
Silicate nanoparticle composites are already entering commercial production in cars—in
2001 both General Motors and Toyota announced the commencement of production with
such materials. The gains here are improvements in strength and reductions in weight, the
latter in turn leading to fuel savings. The extent to which fuel savings are a driver for
incorporation of lighter composite materials varies geographically. In the US, where fuel
costs are low, recent years have in fact seen a trend towards larger vehicles that consume
more fuel. In Europe, where fuel costs are several times higher, fuel economy is a
significant driver. Safety considerations could be a driver for the adoption of stronger
structural materials but historically very few manufacturers have placed this high on their
agenda.
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Motor vehicles in fact offer a range of possibilities for new structural materials developed
from nanotechnology. The use of carbon black in tires has often been mentioned as an
application of nanotechnology predating the common use of the term. It has been
suggested that buckyballs, if production costs dropped enough, might offer improvements
in resilience. From axles to shock absorbers, improved mechanical properties offer
opportunities. In the internal combustion engine there are opportunities for variations of
the alloys currently used that exploit the properties conferred by nanocrystalline structures
(greater strength and temperature tolerance).
The introduction of stronger, lighter and corrosion-resistant materials into cars can be
expected to continue to develop rapidly as composites improve. However, although
composites based on silicate nanoparticles are fairly new and thus far from mature, it is
hard to see an immediate competitor to this technology, which is already dominated by
traditional plastics manufacturers relying on a handful of relatively new nanoparticle
suppliers such as Nanocor and Southern Clay Products.
It may well be that there will be no great developments in the larger structural materials for
some time to come. Silicate nanocomposites offer 10-15% weight reduction and may get
up to about 25%, but after that there are no technologies in the near term that are promising
better. One must also consider the improvement in nanocrystalline materials. New
nanocrystalline steels have been created also offering significant improvements in strengthto-weight ratios, which might prevent the displacement of the use of steel by polymer
composites that would give quite a boost to the composites industry (and make quite a dent
in the steel industry).
The next revolutionary change in the use of composites in cars will likely be the
introduction of composites based on carbon nanotubes, which could offer strength
improvements significantly greater than those of silicate nanocomposites. For more
information on nanotube composites see the Aerospace and Defense section and the
Nanotubes section. For adoption in the automotive industry, costs of such composites will
need to be lower than for the aerospace industry because of the lower return in terms of
fuel savings (the energy required to lift a mass into orbit is astronomically higher than that
required to accelerate it horizontally to a hundred kilometers an hour, though cars are
required to do the latter very many times).
Carbon nanotube composites will also likely be conducting, a feature of composites
already used, by way of a carbon fiber filler, to simplify painting by attracting a charged
mist of paint electrostatically. Carbon fibrils, larger than nanotubes but smaller than carbon
fibers, already show potential to penetrate this market (see Nanofibers section).
Nanoparticulate ceramic coatings offer improved temperature stability and wear resistance
in engine parts. This particular technological evolution has been going on for some time
and can be expected to continue incrementally, with no great revolutions.
Nanotechnology-based coating technology, whether through sol–gel processes or
nanoparticulate coatings, offers other applications that might be commercially attractive in
the automotive industry. As previously mentioned, photochromic and electrochromic
windows (i.e. windows that change color under the influence of light and electricity
respectively) are being researched and can be produced by a variety of methods based on
nanoparticles and the sol–gel process. It is an indication of the point previously made about
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the automobile industry being an early adopter of some technologies simply to achieve a
marketing edge, that most work on commercializing such windows seems to be dominated
by the auto industry, despite the fact that the potential benefits seem much greater in the
construction industry.
Nanoparticle-based coatings have also shown potential as self-cleaning materials. BMW
are looking at this with the company Creavis, although with this particular approach,
grease may kill the self-cleaning properties (note that this is not the case with the
photosensitive self-cleaning layers mentioned in the coatings section under Nanoparticles).
Outside the automobile industry, nanotechnology has already made some impact, for
example in nanoparticle-based abrasion- and corrosion-resistant coatings on boats. The
market for boats is diverse. It has seen some of the fastest uptake of fiberglass and carbonfiber-reinforced materials on the leisure side, but large ocean-going vessels are still
traditionally made of steel, although nanoparticulate coatings with anti-fouling properties
are already in use. New forms of steel, such as the aforementioned nanocrystalline version
from NKK, may well have an impact on the large-vessel industry, but weight savings of
structural components are not a significant deriving force.
Other areas of transport, such as public transport with buses or trains, are subject to similar
pressures to the automobile industry in relation to weight, and thus fuel, savings.

Sensors
There has been a proliferation of sensor technology in the automobile industry, largely for
monitoring and control of engines. Outside this area, the most famous sensor is the
MEMS-based accelerometer that triggers air bags in a collision. There is in fact little
commercial incentive to reduce these systems below their current micro scales since the
mass of the sensors is insignificant in terms of the total mass of the vehicle. Further size
reductions will thus have to come cheap. The same economics apply to electronics in cars,
an area where in fact size may increase with the development of approaches to making
small numbers of custom-designed circuits cheaply through such technologies such as inkjet printing. This technology, however, does often rely on metallic nanoparticles to make
the printed patterns conducting.

Displays
Flat panel displays, which may be based on nanotubes working as field emission devices
(FEDs) for example, certainly have applicability as instrument display panels in cars. Audi,
for example, are evaluating an FED-based flat panel display produced by the company
PixTech. New display technologies are covered in the Information Technology and
Telecommunications section.

Catalytic converters and filters
Both nanoparticles and nanoporous materials offer significant potential in catalysis in
general and there is no reason that catalytic converters should be an exception.
The use of nanoparticles in catalytic converters offers the same value as in catalysis
elsewhere—the increased surface area increases reaction rates. Nanoparticles, of
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approximately 10 nm diameter, are already being supplied for development of such
applications by companies such as Nanophase.
In terms of filtering, with diesel vehicles, particulate emissions are of particular concern
and the development of new filtering technologies (see section on Nanofibers) may have
an impact here. However, emitted particle sizes are usually on the micron level and as such
nanoscale filtering may not always prove necessary.

Power
The major potential impact of nanotechnology in providing power for automobiles and
other forms of transport is likely to come in the form of two competing technologies:
batteries and fuel cells.
Attempts to create commercially-viable vehicles relying on electric power from batteries
go back decades. Apart from fleets of short-range delivery vehicles, they have seen little
impact, although combined electric and internal combustion vehicles have shown some
commercial success recently.
The problem with battery power has been that the technology has for many years proved
stubbornly resistant to improvements in either power per unit mass (power density) or rate
of charging and discharging. Nanotechnology is now showing promise of making
improvements in both areas.
The use of nanoparticles in batteries has led to prototype lithium batteries with charge and
discharge rates 100 times greater than currently available commercially (the Swiss
company Xoliox, now owned by NTera, has made such claims for batteries using
nanoparticles provided by Altair Nanotechnologies). Recent research has suggested that
carbon nanotubes may double the capacity of batteries.
While improvements in battery technology would potentially improve the penetration of
electric vehicles into the market, the efficiency of the internal combustion engine is hard to
beat and certainly charging cars from mains electricity would be hopelessly inefficient.
Hybrid systems, where the engine provides the electricity to charge the battery, are thus
much more viable.
A major driving force in new technologies for powering cars is likely be the desire for
reduced emissions in cities around the world that are still seeing increasing problems
related to pollution from cars. As previously stated, as long as the energy is taken from the
grid, and supplied by traditional means such as fossil-fuel power stations, the economics or
pollution equations do not favor battery-only vehicles. However, if electricity can be
generated domestically by sources such as solar power, then battery-only vehicles could
indeed start to look attractive. However, many are setting their sights on fuel cells as
holding the greatest promise for drastically reducing emissions.
Potential fuels for fuel cells in motor vehicles are hydrogen (the ideal since the waste
product is water) and hydrocarbons such as methane. There is considerable debate about
the amount of hydrogen that carbon nanotubes can hold (see Nanotubes section) but
research in this area is active. The big test for the use of nanotubes for hydrogen storage
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must await significant availability of reliable quality samples for research, which will
probably be seen towards the end of 2004.
However, even if nanotubes do prove capable of storing sufficient hydrogen to prove
economical as fuel cells (the US's Department of Energy has set 6.5% by weight as the
target at which hydrogen-based fuel cells will be practical for use in vehicles, which some
researchers have claimed to have exceeded, though not consistently), there is the question
of creating national distribution networks for hydrogen, which is no small undertaking. As
with considerations for adoption of batteries to power cars, other technologies, such as
solar cells, including ones that produce hydrogen rather than electricity, may have a
bearing. The viability of both battery and fuel cell technologies for cars could be
significantly affected by changes in the energy production and distribution market in
general. Discussion of this complex dynamic is provided in the section on Energy
Production and Distribution.

Companies applying nanotechnology to the automotive industry
Clearly very many companies serve the automotive and transportation market in one way
or another, and some of these may be involved in nanotechnology. Additionally, certain
technologies, such as lightweight composites, conducting composites, and coatings are
likely to be of interest to the automotive industry. This listing is focused on companies
specifically applying nanotechnology to the automotive and transportation market.
Company_name

Country

URL/Contact

Aktina

UK

j.a.cairns@dundee.ac.uk

Apyron Technologies

USA

www.apyron.com

Basell

Netherlands www.basell.com

Degussa

Germany

www.degussa.com

Dow Chemical

USA

www.dow.com

Engelhard

USA

www.engelhard.com

General Hydrogen

USA

www.generalhydrogen.com

General Motors

USA

www.gm.com

Honda

Japan

www.honda.com

Hyperion Catalysis

USA

www.fibrils.com

Nanocor

USA

www.nanocor.com

NKK

Japan

www.nkk.co.jp

Oxonica

UK

www.oxonica.com

PPG Industries

USA

www.ppg.com

Pyrograf Products

USA

www.apsci.com/ppi-about.html

Showa Denko

Japan

www.sdk.co.jp

Southern Clay Products

USA

www.scprod.com

Sunyx Surface Nanotechnologies

Germany

www.sunyx.de

TDA Research

USA

www.tda.com

Toyota

Japan

www.toyota.co.jp
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Information technology and telecommunications
Counting all the system components, such as memory, disk, central processor,
communications, and packaging, Zyvex estimates the annual market size for computers
and networking at $200-$1000 billion.
Technological innovation from IT and telecommunications has revolutionized our daily
lives—from accessing information, to communicating with friends, improving the quality
of health care, and enabling new forms of entertainment. Virtually every recent consumer
electronic device contains a semiconductor. Examples range from PCs and cellular phones,
to appliances and automobiles. Device manufacturers compete on product improvements
and new features, which drive the need for smaller, faster chips with increased processing
power and functionality.
According to the Electronic Industries Alliance there are now more than 400 million
Internet users worldwide and over 500 million cellular subscribers. Computer shipments
increased more than tenfold from 1990 to 2000, from 24 million to 240 million. This rapid
progress is set forth in Intel founder Gordon Moore's observation that computing power
doubles every 18 months, which has held true for more than thirty years and looks to
remain relevant for at least a decade.
The future is even more interesting. Products are becoming smaller, faster, better, and less
expensive while at the same time, broadband communications will permit increased
transmission speed (throughput) and capacity (bandwidth) to send larger amounts of data at
quicker speeds. Supporting the next generation of PCs, mobile phones and home
entertainment products will be further advances in the electronics technology and Internet
backbone coming from optical switches, routers and related equipment.
IT and telecommunications seemed to have unstoppable growth in 2000 and then were hit
with a massive drop in the business cycle. While the timing of the recovery is one
challenge, many other problem areas exist including abuse of individual privacy and the
potential for cyber-attacks, greater inequalities stemming from the "digital divide", and an
increasing volume of waste electronics.

Photolithography
Traditional lithography techniques are bordering on the 100-nm level, the traditional upper
bound of the definition of nanoscale. The technology is given some coverage in the TopDown Production Techniques section and the Tools section, but is already part of an
established industry well served by publications such as the International Technology
Roadmap for Semiconductors and the Nanotechnology Roadmap for Nanoelectronics.
Even though, using the 100 nanometer rule, the first nanoelectronics will be produced by
such technologies, including the semiconductor industry under the nanotechnology
umbrella at this stage will make market size trends meaningful and detracts from the focus
on new technologies.

Electronics and optoelectronics
Electronics is often quoted as the main driver of nanotechnology. If you accept the broader
definition of nanotechnology used in this report then the potential of the materials sector
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can make a good challenge to this claim. It must be recognized, however, that the evolution
of the traditional semiconductor market towards the nanoscale has driven the tools sector
considerably and driven a lot of research into technologies that might allow Moore's law to
progress beyond the limits to current lithographic approaches that are expected to be
reached in ten to fifteen years.
We start here with a cautionary note. The spectacular growth of the electronics industry
over the last decade has been application driven, even though many of the driving
applications were not conceived of until the technology made them possible. Shrinking
size and increasing complexity of integrated circuits have been part and parcel of this
growth but unit cost of microprocessors, which have declined along the same exponential
curve, must be considered the primary facilitator of the home PC market, the evolution of
enterprise-level systems and the general data-handling structure behind the Internet. The
fact that cost and feature size have paralleled each other for so long should not lead to an
assumption that they will continue to do so, especially through a paradigm-shifting
technology change.
Certainly in the core area of computer processors, continued miniaturization, and the
resulting reduction in power consumption and cost, and increase in processing power, are
likely to continue and nanotechnology-based processors can be expected to eventually take
over from current photolithographic technologies. This should not be expected within the
next ten years, although the startling amount of recent breakthroughs in areas such as
molecular electronics, and electronics based on nanotubes and nanowires, plus the
unprecedented funding in this area, may surprise everyone and yield commercial
applications sooner than this, especially where these are compatible with photolithographic
production techniques.
However, in more specialized applications, such as the exploding number of relatively
simple processors appearing in products all around us, from cars to refrigerators, there is a
potential contender that may provide cost reductions without size reductions (breaking the
correlation that has gone on for decades) and providing the added advantage of ease of
customization. This is the development of circuits based on ink-jet printing and similar
technologies. Though these technologies are not nanotechnological in scale (but do use
nanoparticles to make the printed patterns conducting), their impact could be significant
and should not be ignored when evaluating the dynamics of the future industry for
processors. Companies are already working on commercializing these approaches and
products can be expected to start appearing within two years.
Processors

Commercial products of nanotechnology in the area of computer processors are much
farther off than for storage devices because of their greater complexity. The second half of
2001 saw a flood of results that represent the first steps towards nanoscale processors. A
group at IBM created the most basic logic element, a NOT gate, on a single nanotube; a
group at Delft in the Netherlands created a variety of basic circuit elements out of
nanotubes; a group at Bell Labs created the first independently-addressable singlemolecule transistor; and a group at Harvard created a variety of basic circuit elements out
of self-assembling nanowires. These achievements, while notable, do show what an early
stage work is at—basic elements are only now being created. The head of the IBM group
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that created the nanotube NOT gate estimated at least 15 years before the realization of any
commercial products.
Also illustrated by this recent research is the variety of technologies that might impact on
nanoelectronics. At this early stage it would be foolhardy to back one over another. This
does not mean that the technologies don't offer nearer-term potential in other areas, of
course, biodetection being a focus of companies such as Nanosys (spun-out of the
aforementioned Harvard group).
Traditional lithographic techniques are still evolving and are expected to do for some time.
The costs of fabrications facilities are increasing at the same rate as the number of
transistors on a chip, sometimes referred to as Moore's second law. For more information
on the evolution of these techniques see the technology section on lithography.
Ultimately a quite diverse set of elements may be used in nanoelectronic processors,
including carbon nanotubes, non-carbon nanotubes, nanobelts, nanowires, nanofibers and
various organic molecules. Building anything more than basic logic elements created out
of any of these remains the greatest challenge and especially in a way that has a high
enough throughput to be valid for mass production. Here, as in memory devices, the selfassembly approach offers potential but the challenges are greater because of complexity.
However, with considerable effort given to the design of self-assembly mechanisms, the
hope is that quite complex structures will ultimately be possible by a series of selfassembly processes, or hierarchical self-assembly, an approach widely used in nature.
Molecular building blocks would be designed to self-assemble into simple circuit elements.
These in turn would have been designed to self-assemble into more complex structures,
and so on. Because at each stage you have to think not just of the structure that you want to
build but also of the way you want that structure to react, and how the structure it then
forms should react, the design task is significant. If achieved, however, and if the structures
created perform adequately, the approach would be economically hard to beat since the
systems would pretty much build themselves.
Organic molecules lend themselves most naturally to self-assembly approaches. The
considerations covered under the Organic Molecular Memory section below largely apply
also to potential applications in processors, with the already-stated rider that the extra
complexity of processors presents greater challenges.
There is also some potential in an approach sometimes referred to as "nano-inside", which
involves adding nanostructures to traditionally-produced electronic devices.
An often-neglected technology for building nanoscale structures is soft lithography
(covered in the technology part of the report). This is potentially well suited to at least
moderate volume mass production and can make complex patterns with feature sizes of a
few tens of nanometers. The major obstacle to applications in nanoelectronics is the
difficulty in building up multiple layers that are precisely aligned. Nevertheless, the
simplicity of the technique argues that it may find applicability within nanoelectronics,
maybe in combination with another approach such as self-assembly of molecular
components.
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Data storage

It is very important when looking at data storage
technologies to recognize that the current market is
split into different application areas that have
evolved in part because of the available
technologies. Currently, these technologies are
largely divided between high-volume, slow access,
and non-volatile, such as magnetic hard disks, and
low-volume, fast-access, usually volatile, such as
the dynamic random access memory (DRAM) built
into every PC. Somewhere in between the two are
forms of memory like EEPROM (electrically
'Millipede.' Courtesy IBM
erasable programmable read-only memory) and
flash RAM, the latter of which is ubiquitous in such devices as mobile phones, digital
cameras, etc.
The current separation of applications of the different technologies is simply a
consequence of the technologies that have been commercially successful to date and need
not continue to be the norm in future. When looking at any new data storage technology,
its potential in both sectors and as a destroyer of the distinction between the sectors has to
be considered.
Probably the main factor maintaining the separation between the two most widely
commercialized forms of data storage, DRAM and magnetic disks, is the fact that DRAM
is volatile—the data is lost when power is switched off. Non-volatile memory of
significant capacity, which would offer PCs and other devices that take no time to boot up,
could start to blur the existing separation. The extent to which it did so would be dependant
upon memory capacity and cost and also on the speed at which data can be accessed (seek
time). Two technologies for high-capacity non-volatile RAM have been predicted to hit the
market in three to five years, one based on carbon nanotubes and the other on arrays of
scanning probe microscope tips (the latter currently seems to offer greater capacities but
lower seek times, so both applications may find their niche). The predicted capacities, if
achieved, might even make disk drives in PCs obsolete.
The data storage arena is extraordinarily dynamic in terms of contending technologies,
making it very difficult to predict the dominant technologies of the future. Though not all
these technologies are nanoscale, the trend in modern societies towards storing and
managing ever-increasing amounts of data, from on-line magazines, books and reference
information to digitized still and moving images, does argue for increasing miniaturization
(more so than for processor technologies), not so much to realize the ambition of storing
the information in the Library of Congress in a sugar cube but because smaller
technologies normally offer greater access speeds.
To recognize another risk of extrapolating from existing market and technology structures
to those of the future, it must be noted that currently a lot of data is held locally, on home
PCs and on university and enterprise servers. It has been argued convincingly that this is
not a sensible way to manage data. Given appropriate bandwidth and sufficient trust of
third parties it is far more efficient to store data in dedicated locations with reliable backup
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procedures, and to disseminate this on request to the owners of the data. This paradigm is
the basis for such ideas as network computers and the application service provider model,
both of which have to date shown only limited success. This does not negate the argument,
however, and it should not be forgotten when trying to evaluate the impact of future
storage technologies that new data-storage technologies aimed at local storage applications
may find their market eroded by improved, higher-bandwidth, Internet access.
The following sections are sometimes quite technical. This is necessary because of the vast
range of approaches to storing data. The technical details will ultimately prove crucial to
the success of one approach over another or which particular application niche a
technology may find.

Optical storage
CDs are now the preferred method of commercial companies for distributing software. The
fact that PCs these days have a CD reader has also made CDs popular among individuals in
and outside companies for holding and sending data. DVDs will no doubt continue this
trend. However, as yet, optical media have not threatened magnetic media for frequent
read-write storage. Given the rate at which magnetic storage densities are still increasing,
this is not likely to happen in the near future either.
Ultimately, data densities achievable by optical storage systems face similar limits to those
affecting optical lithography, limits dictated by the wavelength of light (a few hundred
nanometers). However, magneto-optical systems, where light is used to read but not write,
could achieve equivalent resolution to magnetic systems. Equally, other writing techniques
could be used—e-beam writing to optical disks has been investigated by Nimbus
Technology in the UK. Additionally, there are approaches, such as using very small
apertures with a write head very close to the surface that may be able to achieve data
densities of a few hundred Gbits/in2 (100 Gbits/in2 = 15 Gbits/cm2). Such technologies
exploit near-field effects that allow sub-wavelength resolution (some explanation of these
effects can be found under the Tools section on Near-Field Scanning Optical
Microscopes). The need for a mask in lithography makes exploiting this effect difficult but
this is not the case with recording media.
An approach that offers considerable storage densities by using three instead of two
dimensions is the holographic approach. As yet this does not seem to show commercial
promise and alternatives for exploiting the 3rd dimension, such as multi-layer disks, have
been investigated by groups such as Thomson in France.

Magnetic storage
Magnetic disks

Magnetic disks, first made by IBM in 1957, have been increasing their capacity in line
with Moore's law, and have even accelerated recently to a doubling every year. The current
market is around $40 billion. To give an idea of current data densities and the rate of
change, IBM's AFC technology started shipping mid-2001 with densities of 25 gigabits per
square inch (4 Gbits/cm2), but they believe this can be pushed to 100 Gbits/in2 (15
Gbits/cm2`). Fuji announced a new magnetic coating technology in November 2001 that
they claim will allow 200 Gbits/in2 (30 Gbits/cm2). As with lithographic approaches to
© Científica 2003

Page 246 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

circuit making, these densities surpass what were not long ago believed to be physical
limits. In the case of magnetic media, the limit was believed to be dictated by a point
where the effect of thermal vibrations on electron spins (which underlie the magnetism)
will make a bit of data likely to reverse its magnetization spontaneously within the
expected lifetime of the disk drive. This limit, called the superparamagnetic limit, has been
stretched by making the magnetic bits deeper, thus allowing volume to be maintained
while decreasing the area of the bit presented at the read-write surface. In mid-1999 this
limit was expected to restrict densities to 100 Gbit/in2 or less.
Data access speeds for magnetic disk drives have also been improving but not nearly at the
same rate (about 7% per year). These are dependent on the density of the data and also the
spin speed of the disk and the rate at which the read heads can move. Writing data is
another matter since it requires changing the magnetization and electrons cannot be
persuaded to change their spin instantly. This "fundamental" physical limit to write speed,
which again can be stretched by various means, has an interesting knock-on effect on disk
diameter. Since the surface underneath the write head will be moving faster farther away
from the center of the spinning disk, the outer edges of the disk will come up against the
write speed limits sooner. At least partly for this reason, disks have become progressively
smaller. The earliest disks had diameters of 24 inches (60 cm) but they now measure
around two to three inches (5-7.5 cm). Eventually, the technology will need to be replaced
to achieve higher data densities in the terabit/in2 (150 Gbit/cm2) plus range. Until then, for
storage of large volumes on PCs and enterprise machines, the price performance ratio of
hard disks will make this a tough market for an alternative technology to crack.
MRAM

Another type of data storage, already created but not yet up to wide-scale
commercialization is magnetic random access memory (MRAM). This offers the
advantage over existing dynamic RAM (DRAM) that it is non-volatile (it is not, however,
the only approach to making non-volatile RAM under investigation). There are several
approaches to magnetic memory.
Spin valve

The oldest, and already commercialized, is the spin valve, which uses the same giant
magnetoresistance effect that is used in disk drive read heads. Basically, a layer of metal is
sandwiched between two magnetic layers, one of which is switchable. When the magnetic
fields are aligned, meaning the electrons in both have the same spin direction, electrons in
the metal with a matching spin direction flow easily. When the fields are opposing,
electrons of either spin in the metal are interfered with and do not easily flow laterally,
measuring this flow is the way to read the cell and altering the magnetic field of one of the
confining layers is the way to write it. Feature sizes are currently a little larger than for
DRAM but smaller should be achievable. Access times are somewhat slower than for
DRAM.
Tunnel junction

The tunnel junction mechanism is similar to that of the spin valve in that it uses aligned or
opposing magnetic layers. The difference is that the current is not within a sandwiched
metal layer but perpendicular to the plane, the metal layer being replaced by an insulator. It
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is the quantum mechanical tunneling current across this insulator that is influenced by the
magnetic alignment. Since the current is perpendicular, connectivity problems are lessened
and greater densities are achievable. Read and write times are also better than for spin
valves.
IBM and Infineon started an MRAM project at the end of 2000 based on tunnel junction
devices. They have predicted having a product on the market in 2004 that will have lower
production costs than flash memory. Other companies, such as Honeywell and Motorola,
are developing MRAM approaches and expect commercialization in 2003.
Spin injection

Still at the experimental stage, spin injection (inserting electrons with a pre-defined spin
into a material) uses semiconductors instead of metals, as in the two previous examples,
and thus offers greater compatibility with current technologies. An obstacle until recently
to their development was the requirement for making semiconductors that are magnetic at
room temperature. This was achieved mid-2001 but the technology still has a way to go to
prove itself.

Scanning probe microscope-based storage
Several groups have been looking at the use of scanning probe microscopes for data
storage, using various techniques. More details on the way these tools work can be found
in the Tools section.
Imprint approach

Probably the most well known approach to SPM-based storage because of IBM's Millipede
system. An AFM tip is used to make and read indentations in a polymer.
Phase change approach

The current from an STM tip can be used to provide the heat to alter phase-change
materials, effectively the same as is used to record data on a CD, but using an STM tip in
place of a laser. Several academic institutions have investigated this approach and at least
one company, Hewlett-Packard.
Magnetic approach

An SPM tip can be used like a traditional magnetic write head, but altering magnetic
properties in an electromagnetic material on a much smaller scale. This is the approach
being worked on by Carnegie Mellon University and the University of Twente in the
Netherlands.
All SPM approaches to data storage suffer from slow read-write speeds and the approach
to overcoming this is parallelism—using arrays of probes, thousands of which may be
required to make the approach commercially viable.
The potential data storage densities are much greater than those of existing magnetic
technologies. Data densities have been quoted from 125 Gbit /in2 (20 Gbit/cm2), through
200 Gbits/in2 for IBM's Millipede, to 1 terabit/in2 (150 Gbit/cm2), this being the potential
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density quoted by the Carnegie Mellon group, along with read/write rates of gigabits per
second. The Twente group quote target specifications of a capacity of at least 10 GB, a
footprint of 20x20 mm and an access time below 10 ms (they use thousands of probes).
The memories could be used not just in computers but also cellular phones, palmtop
computers, etc. and embedded systems.

Molecular memory
Molecular memory offers the potential of not just some of the highest data densities but
also the possibility of great manufacturing economies through self-assembly. As
mentioned in the technology section on Molecular Electronics, the major weaknesses at the
moment are inaccuracies in the structures formed and lack of environmental resilience.
However, switching speeds, at least, could in theory be very fast and there is no reason to
believe that the use of appropriate reagents in carefully chosen conditions could not
achieve much lower defect rates, plus software can be designed to be defect tolerant.
Commercial molecular memories are certainly farther off than other approaches, but
ultimately could displace all other systems because of the potentially very low production
costs.

Nanotube-based memory
As previously mentioned, the company Nantero has predicted a prototype nanotube-based
non-volatile memory (called NRAM) of 1 terabyte capacity in three to five years. Such a
development would be truly disruptive in the data storage market.

Nanowire-based memory
A lattice of perpendicular nanowires can in theory be used as a memory, each intersection
of the wires being an addressable memory element. Feasibility has been demonstrated by
Charles Lieber's group at Harvard, but as yet commercialization of such an approach does
not look realizable in the near future.
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Display technologies

Where there's a computer there's usually a display.
The majority of these are bulky and inconvenient
but a growing percentage are of the flat panel
variety used in laptops, which would no doubt
always be preferred were it not for the higher cost.

Element of a CNT-FED. Courtesy
Gilles Pirio & Pierre Legagneux
(THALES R&T) and Kenneth Teo
(Cambridge Univ.)

Current flat panel display technologies are based
around liquid crystals. A hot contender for future
displays has for a long time been the field emission
device (FED), which emits electrons under the
influence of an electric field. The potential benefits
of FEDs over LCDs include a faster response,
wider viewing angle and greater environmental
tolerance. Color FED displays have been created
and are believed to be commercially viable, and
many companies are working on them.

Research into the use of field emission devices (FEDs) in flat panel displays has been
active for some years and this may be the area where nanotubes first hit the market
commercially. The use of carbon nanotubes in field emission devices (CNT-FEDs) has
been investigated for a few years now but the difficulty has been to create structures that
produce adequately-focused emissions.
In October 2001, SI Diamond Technology Inc. claimed to be ready to mass-produce
carbon nanotubes for use in flat panel displays. Samsung have demonstrated a 5-inch CNTbased display and Motorola were working on one until recently. Taiwan's Industrial
Research Institute produced a 4-inch monochrome CNT-FED display in August 2001 and
promptly started work on a 10-inch full color version.
As well as nanotubes, other second-generation nanotechnology-based field emission
technologies are being proposed—not this time for computer display replacements but to
create mass-market replacements for the home TV at large sizes and low cost.
It is not certain how well these various technologies will scale up to very large displays
(20- to 40-inch) at low cost.
In the case of UK technology company Printable Field Emitters, they have developed a
nanophase material system that self-assembles from an ink into a source of electrons that
can be screen-printed over large areas. Not only does the technology offer large area
capability for consumer TV, with good picture quality but at predicted costs that will be
nearly half that of power-hungry plasma screens and one third of the lowest price predicted
for LCD TV.

The market for 20- to 40-inch displays has been predicted by display market commentator
Stanford Resources Inc. to be worth $30 billion plus by 2002. As low-cost flat screens
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reduce in cost they will replace the cathode ray tube that we mostly watch with slim lowprofile wall-hanging TVs.

Quantum computing
In the much longer term there's quantum computing, which offers staggering potential by
virtue of the ability to perform simultaneous calculations on all the numbers that can be
represented by an array of quantum bits (qubits). Quantum computing itself is not really
nanotechnology, but the scale at which quantum effects come into play, the atomic scale,
argues for a requirement for nanoscale structures—quantum dots come up regularly in
discussions of quantum computing. However, nature provides us with nanoscale structures
and other approaches being investigated use light, or the spin direction of nuclei in
molecules, which can be controlled and read using nuclear magnetic resonance, the basis
of the common medical imaging technique, magnetic resonance imaging. IBM recently
demonstrated a seven-qubit quantum computer using this latter approach, getting it to
factor the number 15. Semiconductor-based quantum dots, however, still remain the hot
contender for practical quantum computers.
Primary applications would be in cryptography, simulation and modeling. Current
cryptographic techniques rely for their security on the difficulty of factoring extremely
large numbers that are the product of two primes numbers. Quantum computers would
make such tasks much easier, rendering even the strongest current encryption mechanisms
vulnerable.
The realization of a powerful and practical quantum computer is generally believed to be a
long way off, despite very active research, since there are some major hurdles to be
overcome. Funding in the area is thus still largely that provided for pure research, though
some defense department money has been made available.

Telecommunications
Wireless technologies

Third generation (3G) handsets have to pack the current contents of a palmtop plus a phone
into something the size of a phone. Current component sizes do not allow this so either
functionality has to be lost or component sizes need to be made smaller, hence
nanoelectronics will ultimately offer much-needed reduction in component sizes and also
in power consumption.
Memories in handheld communications plus computing devices are stretched and some of
the technologies mentioned in the section on data storage are expected to find their way
into this market.
Current battery technology for mobile phones provides a lot of weight but not much power
and 3G devices will put greater demands on batteries. Nanotechnology is showing promise
in making significantly more powerful batteries, with much faster charge and discharge
times. Equally, fuel cells are a potential alternative to batteries. Both batteries and fuel
cells are covered under the Energy Production and Distribution section.
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Nanotube field emitters have been used to generate microwaves and offer the potential of
reducing the size of making wireless communication base stations smaller.
Optical transmission

Optical data transmission is rapidly becoming the norm for anything beyond a local area
network and will become more widespread with improved switching technologies. The
foundation of optical transmission is the laser and nanotechnology is contributing to
making lasers smaller, cheaper, better and, importantly, tunable.
A way of improving data transmission rates in optical signals is to encode different data
streams on slightly different frequencies, a technique known a wave division multiplexing
(WDM). Each optical channel can operate at up to 10 Gbits per second. Up to 64 channels
are currently supported in commercial systems, though most installed systems still work
with channel numbers in single digits. The different light frequencies required to handle
the relatively small number of channels currently used can be managed by existing lasers
that are tunable over a very narrow range of frequencies. As more channels are handled—
160 channel systems are promised soon—the demand for lasers that are tunable over a
wider range of frequencies increases, though the range of frequencies doesn't need to be
huge—50 nanometers around the 1,500 nanometer band is enough for 100 channels.
Various approaches can be taken to increasing the tunability of lasers, and both nanoporous
silicon and quantum dots hold potential. However, early in 2002 Bell Labs demonstrated a
broadband laser (producing frequencies over a wide range) based simply on layers on
nanometer-thick semiconductors. The frequencies are not yet in the range required for
optical transmission, but the researchers believe this is achievable.
This is clearly a market where there are likely to be only one or two players who reach
large-scale commercialization. Opportunities are limited to those rare groups who achieve
really significant breakthroughs.
Optical switching

Efficient optical switching is being pursued actively by many groups. Traditional switching
mechanisms in large scale and medium scale (metropolitan) optical networks require
conversion of the light signal to an electrical signal and back again, which is slow,
introduces losses and consumes precious power. A lot of work has been done on MEMSbased micromirror arrays but the large number of moving parts increases the risk of failure.
Photonic crystals show great promise in manipulating light in general, and could be used
both for switching and amplification. Applications are being pursued from infrared to the
visible wavelengths. Current photonic crystals are manufactured using lithographic
techniques at the top end of current resolutions. In all optical systems, reflecting surfaces
require very accurate finishing. Losses are the limiting factor in most systems (ideally one
wants to keep repeater stations as far apart as possible) so high accuracy is required.
Although conventional wisdom dictates that as 100 nm is less than 10% of the wavelength
used for optical transmission (normally 1.5 microns) and thus would be acceptable, optical
engineers are demanding better than 10 nm quality in order both to avoid losses due to
scattering on reflection and ensure highly-accurate focusing in the parabolic mirror
systems now being designed.
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Wavelength division multiplexing, mentioned under optical transmission, requires the
ability to switch different frequencies separately. Nanoscale diffraction gratings may offer
one possibility.
Further reading

The International Technical Roadmap on Semiconductors is the semiconductor industry's
crystal ball. Though there is a lot of focus on traditional lithographic techniques and nextgeneration approaches using extreme ultraviolet and X-rays, some significant attention has
been given to nanoelectronics. The web site is at http://public.itrs.net.
The ITRS mentioned above includes a substantial amount of information in its latest
version from the European Commission's Technology Roadmap for Nanoelectronics,
which has a stronger focus on advanced technologies. This publication can be found at
http://www.cordis.lu/ist/fetnidqf.htm.

Companies applying nanotechnology to the information technology
and telecommunications market
The following list does not include software companies—these are covered in the software
listing.
Company_name

Country

URL/Contact

3M

USA

www.3m.com

Agere

USA

www.agere.com

Aktina

UK

j.a.cairns@dundee.ac.uk

Alcatel

France

www.alcatel.com

AMD

USA

www.amd.com

AMO

Germany

www.amo.de

Applied Nanotech

USA

www.sidiamond.com/ani

Applied Physics Technologies

USA

Asahi Kasei

Japan

www.asahi-kasei.co.jp

Bigbangwidth

Canada

www.bigbangwidth.com

Bridgestone

Japan

www.bridgestone.com

Burleigh

USA

www.burleigh.com

California Molecular Electronics
Corporation (CALMEC)

USA

www.calmec.com

Cambridge Display Technology

UK

www.cdtltd.co.uk

Canon

Japan

www.canon.jp/top.html

Celestry

USA

www.celestry.com

CeramOptec

Germany

www.ceramoptec.com

Cetek Technologies

USA

www.cetektechnologies.com

Coatue

USA

www.coatue.biz

Corning

USA

www.corning.com

Dendritic Nanotechnologies

Australia

www.dnanotech.com

Dow Corning

USA

www.dowcorning.com
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Dowa Mining

Japan

www.dowa.co.jp

E Ink

USA

www.eink.com

Eikos

USA

www.eikos.com

Electronic Materials

USA

www.electronicmaterials.com

Electronics Research and Service
Organization (ERSO)

Taiwan

www.erso.itri.org.tw/ersoweb/index.asp

Electrovac

Austria

www.electrovac.com

Evident Technologies

USA

www.evidenttech.com

Fries Research & Technology

Germany

www.nanoparc.de

Fuji Film

Japan

www.fujifilm.com

Fujitsu

Japan

www.fujitsu.com

General Electric

USA

www.ge.com

Hewlett-Packard

USA

www.hp.com

Hitachi

Japan

www.hitachi.com

Hitachi Chemical

Japan

www.hitachi-chem.co.jp

Honeywell

USA

www.honeywell.com

Hynix Semiconductor

Korea

www.hynix.com

Hyperion Catalysis

USA

www.fibrils.com

IBM

USA

www.ibm.com

Imaging Systems Technology

USA

www.teamist.com

IMS Nanofabrication

Austria

www.ims.co.at

Infineon Technologies

Germany

www.infineon.com

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Intel

USA

www.intel.com

ISE Electronics

Japan

www.itron-ise.co.jp

Jenoptik Laser, Optik, Systeme Gmbh

Germany

www.jenoptik-los.de

KnowmTech

USA

www.knowmtech.com

Kodak

USA

www.kodak.com

Lead Sangyo

Japan

Liekki

Finland

www.liekki.com

Lucent

USA

www.lucent.com

Luxell Technologies

USA

www.luxell.com

Luxtera

USA

www.luxtera.com

Matsushita Electric Industrial

Japan

www.mei.co.jp

Merck KGaA

Germany

www.merck.de

Microresist

Germany

www.microresist.de

Mitsubishi

Japan

www.mitsubishi.co.jp

Mitsubishi Materials

Japan

www.mmc.co.jp

Molecular Electronics Corp. (MEC)

USA

www.molecularelectronics.com

Molecular Imprints

USA

willson@che.utexas.edu

Motorola

USA

www.motorola.com

MP Technologies

USA

Nano-Architect Research Corporation

Taiwan
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NanoCo Technologies

UK

www.nanoco.biz

Nanocrystals Technology (NCT)

USA

www.nanocrystals.com

Nanogram

USA

www.nanogram.com

Nanolab

USA

www.nano-lab.com

Nanologic

USA

www.nanologicinc.com

NanoLume

USA

NanoMagnetics

UK

www.nanomagnetics.com

NanoOpto

USA

www.nanoopto.com

Nanoproduktor

Sweden

goran.langstedt@softcenter.se

Nanosearch Membrane

Austria

www.nanosearch.at

Nanospectra

USA

www.nanospectra.com

Nanosys

USA

www.nanosysinc.com

Nanotectonica

USA

www.nanotectonica.com

Nantero

USA

www.nantero.com

NEC

Japan

www.nec.com

NeoPhotonics

USA

www.neophotonics.com

Nikon

Japan

www.nikon.co.jp/main/index.htm

Nippon Telegraph and Telephone

Japan

www.ntt.co.jp

Noritake Itron

Japan

www.noritake-itron.jp

NTera

Ireland

www.ntera.com

Opsys

UK

www.opsysdisplays.com

Optiva

USA

www.optivainc.com

Ormecon

Germany

www.ormecon.de

Philips

Netherlands www.philips.com

Plastic Logic

UK

www.plasticlogic.com

Printable Field Emitters

UK

www.pfe-ltd.com

Pyrograf Products

USA

www.apsci.com/ppi-about.html

Quantum Logic Devices

USA

www.quantumlogicdevices.com

Rave

USA

www.ravellc.com

Rodel

USA

www.rodel.com

Rohm and Haas

USA

www.rohmhaas.com

Rolltronics

USA

www.rolltronics.com

Samsung

Korea

www.samsung.com

Shanghai Vacuum Electron Devices

China

Shipley Microelectronics

USA

www.shipley.com

SI Diamond Technology

USA

www.carbontech.net

Sony

Japan

www.sony.co.jp/en/index.html

SRI International

USA

www.sri.com

Sumitomo Electric Industries

Japan

www.sei.co.jp

Superior MicroPowders (SMP)

USA

www.smp1.com

Supertex

USA

www.supertex.com

Systine

USA
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Tailored Material

USA

TDK

Japan

www.tdk.co.jp

Thales

France

www.thalesgroup.com

Thin Film Electronics

Sweden

www.thinfilm.se

Toray Industries

Japan

www.toray.co.jp

Toshiba

Japan

www.toshiba.co.jp

Videojet Technologies

USA

www.videojet.com

VTM

Italy

Wah Lee Industrial

Taiwan

www.wahlee.com

Xerox

USA

www.xerox.com

Xetal Biotechniks

UK

alanjones1@btinternet.com

Xidex

USA

www.xidex.com

Zettacore

USA

www.zettacore.com

Zia Laser

USA

www.zialaser.com

Energy production and distribution
Energy markets are typically defined by energy consumption, production and distribution.
On the consumption side is the growing demand from residential, commercial, industrial,
and transportation energy users. Among other factors, demand is a function of the world
price for energy, most notably oil, and economic growth. The newly open and developing
markets of China, India, Latin America, Africa, and Eastern Europe have the potential to
create an unprecedented demand for energy. Pressing environmental issues, including
global climate change, air and water pollution, and deforestation, have encouraged the
industry to seek methods to reduce the levels of by-product pollutants and risks of
environmental hazards.
This is an area where the interaction of effects of nanotechnology with various
technologies makes final outcomes hard to predict but could also lead to a major
revolution.
The technologies that make up this complex dynamic are fuel cells, batteries, solar cells
(both photovoltaic and hydrogen-producing) and potential improvements in the efficiency
of power distribution. Details of these technologies will be covered in the appropriate
sections below but an overview of the potential positive and negative interactions of these
technologies will be covered here in the introduction.
Energy production is dominated by large sources of power, from fossil fuels, nuclear
energy, hydroelectric dams etc. These power sources are not that efficient—a fossil fuel
power station runs at about 30% efficiency. This is significantly less than that achieved by
the internal combustion engine, which converts chemical energy straight into kinetic
energy (i.e. motion) without the loss-making step of generating electricity.
Distribution of energy is also a challenge because power stations or dams are usually
located far from the consumers, since the plants and raw materials need extensive
infrastructure requirements and have associated hazards. Electricity is generated and then
© Científica 2003

Page 256 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

shipped hundreds of miles over power lines through national and regional grids that
classically lose 30% of the provided energy.
Though transmission losses are being attacked by the introduction of superconducting
transmission lines in some countries, and nanotechnology may allow these to work at
higher temperatures (nanotubes have shown tantalizing signs that they might superconduct
at room temperature), there seems to be little optimism for any great improvement in
efficiency of power distribution over the grid, apart from increasing the voltage, a
suggestion repeatedly raised in the US, where low voltages make for greater losses.
There is generally a high cost and long time horizon associated with bringing a new
production source or distribution system on-line, or modifying an existing one. Major
utilities take the lead for innovation and typically have a very long time horizon for
research, development and test programs, especially for new technologies. While major
utilities tend to be driven by "life cycle" costs they are also concerned about risks. This
particular market feature is, however, one area that may be changed by the technologies
covered below.
Over the past year, energy markets have been extremely volatile, with higher prices for oil
and natural gas and concerns for energy shortages in the US earlier in the year, giving way
to an economic slowdown and lower prices following the September 11th terrorist attacks.
The desire of Western governments to move away from overseas oil suppliers and to
aggressively fund research on "clean" or "renewable" energy sources such as solar
photovoltaics, biomass, wind turbines, geothermal, and fuel cell technologies can lead to
new energy applications.
Efficient fuel cells, running on hydrogen or a hydrocarbon such as methane, could
transform both energy production and distribution. With fuel cells, energy could be
generated at a much more local, granular, level, avoiding distribution losses (no energy is
lost when delivering a fuel). Methane delivery networks are already well established in
many countries and cost-effective fuel cells would switch demand to these networks from
electricity networks.
The adoption of fuel cells in business and domestic environments might then pave the way
for them to become a major source of power for cars, as many predict they ultimately will.
This would also affect distribution dynamics, though the way in which they do so would
depend on existing infrastructures and the fuel of choice. For example, where good
networks for the fuel used exist, e.g. methane from natural gas, one could expect demand
for fuel at filling stations to decrease—cars could be refueled at home. However, if such
networks do not exist, as would be the case if hydrogen-powered fuel cells for cars became
dominant, filling stations would be the obvious initial distribution centers. If the economics
worked out, one might even see the case where cars, when parked in the garage, are used to
provide energy to the home.
Add into the equation another technology, solar cells. These would be the obvious choice
for local power generation in many areas if the right combination of cost and efficiency
could be found. But, at the moment, unless power can be sold back into the grid (a practice
being adopted in some places), excess produced electricity is unused. However, the
existence of efficient, hydrogen-powered fuel cells and an appropriate storage medium for
hydrogen might allow the use of excess electricity to produce hydrogen to refuel cells for
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later use, radically improving the economic equation for solar cells (this is also dependent
on the efficiency of the conversion of electrical energy to hydrogen). Variations on this
scenario are solar cells that directly produce hydrogen for use in fuel cells, or
improvements in battery technology to allow economical storage of generated electricity.
Both these technologies have seen potential improvements recently through
nanotechnology.
Improvements in battery technology also offer the potential of changing the economics of
solar cells through efficient storing of power not immediately needed. Moderate
improvements in capacity (10 to 20%) look achievable, while recent research has
suggested that the use of nanotubes in electrodes may double capacity. More importantly,
enormous improvements in charge and discharge rates (100-fold) are being achieved in
prototypes using nanoparticles.
The creation of an economic means for storing locally generated energy, whether batteries
or fuel cells, could also have an impact on other natural energy technologies, which suffer
the same problem as solar cells—not producing the energy when it is required.
If local generation does take off significantly alongside an effective storage technology,
this could change the nature of the distribution networks from dominantly supply-based
systems to exchange systems. As previously mentioned, some countries already
accommodate the selling of power back to the grid from domestic consumers and small
businesses. More dramatically, being connected to the grid system, something as much
taken for granted in the modern world as being connected to a water supply, may cease to
be a necessity or economically competitive. The demise of the grid system certainly could
be considered a revolution.
All these technologies—solar cells, fuel cells, batteries and power distribution—can
interact with each other negatively or positively in terms of making them economical and
practical. All have seen research in nanotechnology in the last year suggesting possible or
likely improvements. Quite how the story is likely to play out is hard to predict and will be
affected by other factors such as environmental considerations and legislation or the nature
of existing distribution networks, the economics of which change with population density
and, in advancing undeveloped countries, often do not yet exist.
It does seem pretty certain, however, that in the next five years, ten at the most, the advent
of the fuel cell will lead to a dramatic increase in our ability to store energy locally, in
terms of the amount of energy that a storage unit can hold. Batteries are unlikely to be able
to compete in this respect in the long run and may be relegated to niche applications,
although they do have the advantage of being able to store generated electricity directly,
whereas fuel cells require the extra step of converting electricity to fuel. When one
considers the prevalence of batteries in our lives already, and the areas where they have
been tried but have not succeeded, a tenfold increase in power density offered by fuel cells
is almost certain to have a revolutionary and disruptive impact.

Fuel cells
If the opinions of many scientists and some companies are to be believed, this is a nearmarket area for nanotech applications. Depending on the fuel used, the most likely scenario
is that fuel cells will first enter the market in a major way as power sources for portable
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electronics, in three years or less. Prototypes have in fact already been created for portable
applications, for example by Lawrence Livermore National Laboratory, who have made a
methanol-based cell offering three times the power density of standard lithium batteries.
This may be followed by wide scale use of fuel cell systems as backup generators by
commercial establishments (a few cases of such applications already exist) and energy
storage for natural energy sources such as wind farms (the UK company Innogy has
already commercialized 120 megawatt-hour storage systems—see www.regenesys.com).
Ultimately this may spread to domestic generation and then finally to domestic vehicles
(commercial vehicle fleets covering small areas may see earlier adoption since a single fuel
supply will be more economic, in face of the lack of a major distribution network, when
used for a fleet of vehicles). However, as mentioned in the introduction for this sector,
there are some quite complex interactions that could affect the commercial viability of fuel
cells in various applications.
Some analysts predict that the market for distributed generation in North America will
grow to $14-17 billion in 2010 and $40-50 billion worldwide. Ballard Power, a leader in
this industry, had revenues of $55 million in the year 2000 and $68 million for the nine
months ending September 2001with a net loss of $96 million (reflecting significant R&D
expenditure), but has a market capitalization of around $3 billion. According to the June
2000 issue of Technology Investor, 70 million homes in the US could be converted to fuel
cell power at the moment with little effort. If only 100,000 homes actually convert, the
market for residential fuel cells alone could easily reach $700 million to $1 billion. The
same source claims that, while the US Department of Energy can now produce
approximately 750 million kW of power, an additional supply of 363 million kW will be
required over the next 20 years. If fuel cells were used to fill this capacity, the industry
could be valued at $15 billion annually (James-Brookes Avey, "No More Smog, Less
Noise, Lower Power Costs", Technology Investor (June 2000): 51.)
The Online Fuel Cell Information Center has produced estimates that match the above
fairly well, predicting that the fuel cell market will rise to $2.4 billion by 2004 and $7
billion by 2009. As previously noted, though, there are probably three generations of
applications: portable electronics, buildings (industrial and domestic) and cars; and the
uptake rate in each sector is dependent on quite a few variables.
Nanotubes, buckyballs and related structures have been investigated for holding hydrogen
and hydrocarbons for use in fuel cells. The energy contained in such fuel cells is estimated
to be potentially ten times that held in current lithium-based batteries of equivalent volume.
In August 2001, Japanese giant NEC predicted they will have commercial, nanohorn-based
methane fuel cells, offering ten times the energy of conventional lithium batteries (hence
10 times as long between recharges) for use in mobile phones and laptop computers
between 2003 and 2005.
Hydrogen-based fuel cells are being heavily researched too, though there are arguments
raging about how much hydrogen they can hold (see Nanotubes section). A major
advantage of these is that the waste product is benign, being just water. The disadvantage
is a lack of a distribution network and a cost-effective means of producing hydrogen. If it
could be produced from sources such as solar power or wind power, this technology could
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have dramatic effects on urban and global pollution levels. Adoption would of course
depend on the technology being economically competitive.
A large part of the improvements that NEC are suggesting is down to the reduced size of
catalyst particles, and nanoparticulate manufacturers such as Altair are also investing in
fuel cell research for this reason.
The final way that nanotechnology might influence fuel cell technology is in
nanostructured surfaces. Yet again it is the increased surface area on which reactions can
occur that makes the technology valuable.
A major competitor to fuel cells in all application spaces is the battery, and battery
technology has recently shown significant improvements. However, it is unlikely that the
capacity of batteries will ever compete with an effective fuel cell.

Solar power
Typical commercial photovoltaic solar cells (i.e. those that produce electricity from light)
have efficiencies of about 15%, with over 30% having been achieved in the laboratory.
This is already much better than nature manages with photosynthesis, at about 1%,
although nature uses the energy directly in chemical synthesis rather than for producing
electricity.
Every minute, as much solar energy arrives at the earth's surface as the entire world
consumes in a year, which at least gives an idea of the potential of the market.
Recent research has suggested that the efficiency of solar cells may be improved through
the use of nanoparticles or nanotubes. However, it is their cost that is currently the biggest
barrier to commercialization and several approaches offer promise of cheaper, if less
efficient, cells. Buckyballs have been used to increase the efficiency of polymer-based
solar cells and the use of other fullerenes and nanoparticles in polymers also holds
promise. Organic solar cells, first created at Bell Labs in 2000 also promise lower
production costs and here self-assembled monolayers have potential. Late last year a group
at the University of Arizona in Tucson created organic solar cells using old-fashioned
screen printing technology. Again, nanoparticulates may assist such technologies.
Additionally, the physical strength of existing solar cells could be increased by the
application of a strong, transparent surface based on nanoparticles.
As mentioned in the introduction to this market sector, one way in which solar cells may
be made more commercially attractive is if there are cheap technologies for storing
gathered energy for later use. Fuel cells and improved batteries could make the difference.
The incremental effect of these changes plus improved efficiency of cheap polymer-based
or organic solar cells makes it likely that solar technology will indeed see greater market
penetration in the near to medium term.
A recent development that may ultimately impact on the solar cell / fuel cell dynamic is the
creation of a solar cell that uses light to extract hydrogen from water. The breakthrough
here was the use of visible light, which constitutes 43% of solar energy. Earlier systems
used ultraviolet radiation, which makes up only 4% of solar energy. Initial efficiencies of
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these cells are very low, at less than 1%, but this should improve, although quite how much
is difficult to say. In evaluating this technology against traditional solar cells one has to
consider that these cells are potentially much cheaper than high-efficiency cells that
produce electricity. Also, if storage of captured energy in the form of hydrogen for use in
fuel cells proves viable then one has to add in to the equation for the use of electricityproducing cells the efficiency of using the electricity to hydrolyze water to make the
hydrogen. Allowing for the efficiency of this step means that direct hydrogen production
from solar energy need not reach the same efficiency as electricity-generating cells to be
competitive. Additionally, the relative cheapness of hydrogen-producing cells would give
an earlier return on investment. However, this is very recent research (published in
December 2001 by Z. Zou et al, in Nature, the work having been done by the National
Institute of Advanced Industrial Science and Technology in Japan) and should not be
expected to see commercial application in the near term, even if such cells ever prove
competitive.

Rechargeable batteries
Estimates of the global battery market, like many market estimates, often vary widely. For
example, $2.8 billion according to Bank of America Securities, and $22 billion according
to Metal Carbon Composition (CMC) Ltd for 1999, increasing to $28 billion by 2004). It is
possible that the latter includes all batteries and the former only the rechargeable type
normally found in consumer electronics.
The major near-term impact of nanotechnology on battery technology will be through the
use of nanoparticles which can improve charge and discharge times, but not greatly affect
total capacity, a point worth remembering when comparing to future fuel cell technologies.
However, research on using nanotubes in place of graphite in electrodes suggests these
may be able to double battery capacity or better.
Progress seems to be global—the Swiss company Xoliox, working with US-based
nanoparticulate manufacturer Altair, have claimed breakthroughs, but similar claims have
also come from China, where the government has shown particular interest in expanding
the use of electric vehicles. Xoliox claim a hundredfold increase in charge / discharge
rates.
Rechargeable batteries, of course, already have established markets, such as the growing
market for powering portable electronic appliances. It has been hoped for many years that
they may penetrate the automobile market, but there has been little progress in this respect.
Improvements around the corner may change this. However, since fuel cells are touted to
eventually displace batteries in portable electronics, largely because of greater power
density, then they are likely to ultimately do the same in other markets. Though this is by
no means certain, it does seem likely that while nanotechnology may stimulate the battery
industry in the near term, eventually it is likely to lose out significantly to fuel cells—with
commercial fuel cells for portable electronics possibly only a year away, this may happen
quite rapidly.
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Power transmission
Currently there seems to be little direct impact expected from nanotechnology on power
transmission, where the Holy Grail is a high-temperature superconductor. Some countries
are already experimenting with superconducting transmission cables that they believe will
prove economic, at least in certain circumstances. However, the cost of such hi-tech
infrastructure still remains high so savings will not be dramatic. The critical temperature
for such applications is that at which nitrogen becomes liquid, minus 196 degrees Celsius.
Liquid nitrogen is cheap, costing about the same as milk. Maintaining colder temperatures
is significantly more expensive.
Much bigger savings could ensue if materials that superconduct at room temperature could
be made that had the flexibility and cost appropriate for power transmission (ceramic
superconductors, for example, suffer from being brittle, although making them
nanocrystalline improves this). Recent research suggesting that pure carbon nanotubes
might just be superconducting at room temperature offers a tantalizing glimpse of the
possibility of wiring up countries with super-strong, superconducting nanotubes, but it
must be stressed that this is tentative, unconfirmed, research. Even if nanotubes were not
superconducting, they make good conductors (at least the "metallic" variety) and their
strength and low weight might offer some advantages in overhead power lines. Such ideas
are also very speculative at the moment given the current low production volumes and
imprecise methods for producing nanotubes. In the near or even medium term it would be
hard to see where an economical advantage could be gained over traditional materials. A
development that really would change the picture is a technique allowing the spinning of
metallic nanotubes of indefinite length.
Without such dramatic breakthroughs as cheap, room-temperature superconductors,
electrical power transmission will never get close to the efficiency of delivering raw fuel.
Thus, if fuel cells do eventually become commercially viable for domestic environments
the effect will be to severely limit the growth potential of the electrical power distribution
industry as well as changing the way existing networks are used. Smaller, "exchange"-style
networks may end up being a potential new market, but since these would unlikely require
much change in existing infrastructures there would seem to be few opportunities outside
developing countries. In sum, the current likelihood is that nanotechnology will have a net
negative effect on the power transmission industry in the medium to long term.

Lighting
Lasers are not included in this section since they are not generally used in ambient lighting
systems. They are covered in the Information Technology and Telecommunications
section. Some of the nanotechnologies contributing to lasers (e.g. quantum dots or
nanoporous silicon) may, of course, make their way into ambient lighting systems, but
there is as yet little evidence of potential in that area in the face of alternative technologies.
Researchers in EPFL in Switzerland recently demonstrated a light, similar to a fluorescent
tube in appearance and light intensity, based on carbon nanotubes used as field emitters.
Efficiencies are not yet up to those of fluorescent tubes but the technology does not use
mercury and offers possibilities in specialist color lighting.
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The major impact on ambient lighting systems in the near future, however, looks to come
from a source that is not nanotechnology, i.e. light-emitting diodes, especially new organic
ones. These are already being taken up rapidly in applications such as traffic lights and are
expected to start penetrating the domestic and business market in the next year or two.

Energy savings
Nanotechnology will no doubt contribute to improved energy conservation. One area in
which an impact will be seen is in improved insulating materials. Transparent, very light
materials called aerogels, made using sol–gel processes, are being investigated for use in
double-glazing, to replace the air layer. Such materials also have potential uses in standard
insulation, such as for roofing. Electrical machinery will see energy savings from the use
of stronger, lighter, composites. Coatings for windows based on nanoparticles and/or sol–
gel technology that can change the reflectivity of the windows to certain wavelengths, such
as infrared, and do so variably, will cut heating and air-conditioning bills.

Companies applying nanotechnology to the energy production and
distribution market
Company_name

Country

URL/Contact

3M

USA

www.3m.com

Adelan

UK

www.adelan.co.uk

Aktina

UK

j.a.cairns@dundee.ac.uk

Altair Nanotechnologies

USA

www.altairnanotechnologies.com

Apyron Technologies

USA

www.apyron.com

Aveka

USA

www.aveka.com

Chemat Technology

USA

www.chemat.com

Chinese Petroleum Corp.

Taiwan

www.cpc.com.tw

ConocoPhillips

USA

www.conocophillips.com

Corning

USA

www.corning.com

Deal International

USA

ManishDamani@msn.com

FMC Lithium

USA

www.fmclithium.com

General Hydrogen

USA

www.generalhydrogen.com

General Motors

USA

www.gm.com

Guangzhou Yorkpoint New Energy

China

www.gzenergy.com

Headwaters

USA

www.hdwtrs.com

Honda

Japan

www.honda.com

Hydrocarbon Technologies Inc. (HTI)

USA

www.htinj.com

Hydrogen Solar Production Company

UK

www.h2spc.com

Iljin Nanotech

Korea

www.iljinnanotech.co.kr

Konarka Technologies

USA

www.konarkatech.com

Light-Year Technologies

Canada

www.ltyr.com

Manhattan Scientifics

USA

www.mhtx.com

Materials and Electrochemical Research USA
(MER)

www.mercorp.com

Matsushita Electric Industrial

www.mei.co.jp
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Merck KGaA

Germany

www.merck.de

Microcoating Technologies

USA

www.microcoating.com

Mitsubishi

Japan

www.mitsubishi.co.jp

Mitsui

Japan

www.mitsui.co.jp

Nano Fuel

Canada

Nanocrystal Lighting Corporation (NLC)

USA

www.nanocrystals.com

Nanomaterials Research

USA

www.nrcorp.com

Nanomix

USA

www.nano.com

Nanopowder Enterprises

USA

www.nanopowderenterprises.com

Nanoproducts

USA

www.nanoproducts.com

Nanosonic

USA

www.nanosonic.com

Nanosys

USA

www.nanosysinc.com

NEC

Japan

www.nec.com

Neokismet

USA

Noritake Itron

Japan

www.noritake-itron.jp

NTera

Ireland

www.ntera.com

Optiva

USA

www.optivainc.com

Physical Sciences

USA

www.psicorp.com

Samsung

Korea

www.samsung.com

Showa Denko

Japan

www.sdk.co.jp

Sony

Japan

www.sony.co.jp/en/index.html

SRI International

USA

www.sri.com

Sumitomo Osaka Cement

Japan

www.soc.co.jp

Superior MicroPowders (SMP)

USA

www.smp1.com

Sustainable Technologies International
(STI)

Australia

www.sta.com.au

Texaco

USA

www.texaco.com

Tolemac

USA

www.tolemacllc.com

Toshiba

Japan

www.toshiba.co.jp

Unisun

USA

unisun@aol.com

US Nanocorp

USA

www.usnanocorp.com

Wah Lee Industrial

Taiwan

www.wahlee.com

Xoliox

Switzerland

www.ntera.com

Medical and pharmaceutical
According to Japanese company NanoCarrier, the global pharmaceutical market is
estimated to be worth $454.5 billion and expanding steadily. They put the global market
for medical devices at $45.4 billion, the market for diagnostic reagents at $7.5 billion, and
the market potential for gene therapy at $6.3 million in the United States.
Health care is a highly visible and growing concern for governments and consumers alike.
With many countries facing an aging population, increasing costs for medical care,
prescriptions and insurance premiums, the range of solutions being sought is vast. Some of
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the key areas of interest include hospital technologies and operations, drugs, cures and
treatments (e.g. AIDS, cancers, etc.), biologics such as blood, medical devices, food safety
and nutrition, toxicology, radiation-emitting sources, plant sciences, and veterinary
medicine, to name a few.
Some feel that we are in the midst of an explosion of new health-related technologies.
Technologies and tools such as genomics, proteomics, stem cells, structure-based drug
design, photodynamic therapy, combinatory chemistry, intercellular signaling, etc., provide
new insight and directions never before imagined.
With strong financial and technological drivers, health care providers are becoming more
conscious of the trade-offs available for patient care. For example, while the cost of new
medications can be alarmingly high, there are economic advantages to pay $700 per year
for a new drug and avoid a $30,000 operation.
Many top-tier pharmaceutical companies, medical equipment vendors and suppliers, and
for-profit companies in the hospital sector, are in good financial positions from high profit
margins of successful mainstream and specialty products, and make considerable
investments in research and development in addition to government-supported initiatives.
The long time horizon, and multistage processes for research, development, testing,
approval, and distribution act as a filtering process for new treatments with a
correspondingly high failure rate. For its part the US's Food and Drug Administration has
steadily reduced its approval time for new drugs from a median of 22 months in 1992 to
less than 12 months in 1999. Other countries are showing similar trends.
Nanoscience will ultimately have a huge impact on the biological sciences (and thus the
medical and pharmaceutical industries) in the long term, and a significant impact in the
short and medium terms, simply by virtue of our growing ability to work on the scale of
biological systems. The impact will work both ways too—nature has evolved, over billions
of years, mechanisms with a complexity, effectiveness and elegance that we will be hardpressed to emulate, but which we most certainly can learn from.
However, there has been a lot of hype in this area and in fact the early and medium impact
of nanotechnology is likely to be significantly less dramatic than in the materials or energy
production and distribution markets, for example. The primary major areas of near-term
impact will be in detection / analysis, drug delivery, and, to a lesser extent, uses of
biocompatible materials for prosthetics and reconstructive surgery.
Certainly the medical and pharmaceutical markets are very large, so revenues for
nanotechnologies in such areas could be substantial. The impact needs to be kept in
perspective, however. It is essential to distinguish between developments in medicine that
are connected with nanotechnology and those that are not. Because the biological sciences
deal in great part with the nanoscale, there can be confusion here. Genetic engineering,
already well established, will probably have a far larger impact on medicine than
nanotechnology for some time to come. Major improvements in genetic engineering are
likely to continue to exploit nature's tools more than any particular new nanotechnology,
which will probably remain in a background, supportive role, in the short-term, especially
on the analysis side. Equally, major medical breakthroughs on the horizon are likely to
come from traditional biological science and improved understanding (stem cells, for
example, hold enormous potential in the near future), again with nanotechnology taking up
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a supporting role. This balance may remain for some time since nature has such a vast,
sophisticated toolbox to explore, a toolbox that has evolved for the task in hand. Make no
mistake, there will be some extraordinary advances in the life sciences in the coming
decade, but the biggest will likely not be primarily attributable to nanotechnology.
Ultimately, this balance will probably change, but the amount we still have to learn about
the basic workings of biological systems on the molecular level argues that this will take a
while.
One area in which nanotechnology will contribute to the pharmacological industry is in
improved catalysts. These will have an impact on a wide variety of industries and are
covered in a separate section.

Detection, analysis and discovery
The primary major near-term impact of nanotechnology on medicine, certainly in terms of
new products, is likely to be in detection and analysis, especially the continued growth of
lab-on-a-chip systems. Note, however, that these already exist, based on microtechnology
and microfluidics, and significant growth can be expected from the maturing of these
technologies, along with developments in molecular biology, without a need for them to
evolve into nanoscale versions. However, nanoelectromechanical and nanofluidic systems
do offer new potential capabilities such as single-molecule detection and molecular sorting.
A few such applications, such as single-molecule detection, may be seen in the near term,
but the bulk will probably start to appear in the medium term, i.e. beyond three years on.
The value of analysis tools based on microelectromechanical systems (MEMS) and
microfluidics is that they offer a degree of parallelism that has not been seen before, the
ability to detect much smaller quantities of a substance than before, equipment that can be
taken out of the lab and carried around, increased automation by virtue of the integration of
microcircuitry into the devices, and the benefits of the mass-production approaches used in
the semiconductor industry.
All of these attributes will probably be shared by or improved for nanoscale versions of
such systems, apart from the last, and this is a key point to consider in evaluating the
potential of devices based on nanoelectromechanical systems (NEMS). MEMS can be
produced by the same mass-production techniques used in the semiconductor industry but
these are not yet commercially producing features below 100 nanometers.
Nanoelectromechanical systems with much smaller features have been made but they
require the use of systems such as electron beam lithography that make only one
component at a time. This limits application of such systems to products with a high unit
cost.
The same is not necessarily true of microfluidics, where soft lithography is already used to
make components. Soft lithography does scale readily to the nanoscale and here there is a
much greater chance of seeing new capabilities being introduced in molecular detection
and control in the near to medium term. Additionally, the relative simplicity of soft
lithography leaves the doors open for newcomers with a good idea and a good design to
take their ideas to market. Nanofluidics doesn't just offer the ability to work with smaller
amounts of material but offers the ability to segregate proteins or nucleic acids (DNA and
RNA) based on size and shape.
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Implants designed to monitor and regulate aspects of biological function may be possible
in the near term. These would likely be simple controlled-release drug-delivery
mechanisms (as distinct from-delayed release mechanisms, the drug would be released
when needed in response to physiological and biochemical changes) and be quite simple in
nature, at least in the near term. In the longer term more sophisticated implants could be
envisaged. Devices have already been built that can operate happily in biological fluids and
perform mechanical functions, for example an arm that can manipulate objects the size of a
cell. Such a device is more likely to find application in a pharmaceutical company's
laboratory than in an implant but nanomechanical and nanofluidic systems do ultimately
hold the potential of creating artificial livers or kidneys, and some progress on this may
even be seen in the medium term. Work has been done on power packs that are
biocompatible and can produce electricity from glucose and oxygen in the blood.
Nanomembranes (see the Nanoporous Materials section) also have significant near- to
medium-term potential in the medical and pharmaceutical arena. They may offer new
possibilities for segregating a variety of chemicals, including left- and right-handed
versions of biomolecules, where only one version has the desired action and the other is
either neutral or has an undesirable action (the famous case of thalidomide was an example
of this). This is a wide open field of research and a fertile area for commercialization of
applications. Useful patents would probably describe a particular process plus the specific
application to which it was applied.
One technology with a potentially enormous impact on increasing the volume of
information available in the fields of genomics and proteomics, much of which may have
commercial application, is a system for sequencing DNA or RNA using a nanopore. The
group at Harvard working on the approach has suggested it may allow the genome of an
individual (a person's complete genetic code) to be sequenced in a matter of hours. The
group have licensed their technology to Agilent and, if they truly have a chance of
commercializing the technology, set the bar pretty high for anyone hoping to compete in
high-throughput gene sequencing. US Genomics have also recently commercialized a
technology that reads individual bases (the letters of the genetic alphabet) in a linear
fashion in unraveled RNA and DNA, but this involves a tagging step and is not yet at the
stage of reading whole genomes, but may get there.
The commercial potential of such technology is enormous in both medicine and
agriculture. Comparisons of individuals in a population, giving information on genetic
variation, would be useful to drug developers, plus there is the possibility of tailoring a
therapy to an individual's genetic make-up (known as their genotype). An interesting
consequence of such an approach, should it become widespread, which is by no means
certain (it is difficult to predict how many conditions would be suited to treatment tailored
to the individual rather than the use of a standard drug), might be that for such conditions a
pharmaceutical company could not expect to produce one drug that became the dominant
treatment. Instead it would have to look at taking a share of a spectrum of treatments.
Equally, the results of clinical trials would have to take account of how effectiveness
varied according to genetic variations. Neither of these developments would likely be
economically advantageous to the industry, but such scenarios are still just speculation at
this stage.
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Another boon to analysis looks set to come from two competing technologies that may
allow for significant parallelism in detection of the presence of biomolecules in a sample.
Currently many analysis techniques require a separate run for each substance to be
detected. One approach, being pursued by Quantum Dot Corp., uses fluorescent quantum
dots in a liquid suspension that attach to specific molecules, the presence of which can then
be measured by analyzing emitted light. It may even eventually be possible to detect the
presence of a single molecule of a substance. Another approach is being pursued by
SurroMed, who use instead nanowires with recognizable stripes on them, which they liken
to a bar code. Again, these are made to bind to specific substances, a number of which can
then be detected at the same time in one sample based upon the "bar codes" present. Both
these detection technologies are touted as being close to commercialization.
The pharmaceuticals industry will benefit from new, smaller, more parallel analysis
technologies for use in evaluation of products in pre-clinical environments. Clinical trials
are extremely costly, taking many years and involving a high failure rate. Any analysis
technology that can increase the success rate in clinical trials by forecasting problems in
advance, for example in experiments on cell cultures, will have enormous value for the
industry. Much of the science needed to develop such techniques is in the realm of
understanding the molecular basis for physiological reactions, but wherever a molecular
predictor of a physiological effect, wanted or unwanted, can be found, analysis tools that
offer the capability of spotting such biochemical indicators in a cell culture, especially
where this can be done in parallel for a variety of markers, will contribute to increased
success in clinical trials.
Note that in the pharmaceutical industry, a single piece of equipment that offers a new
capability, such as might be afforded by nanofluidic structures, can translate into
significant value and thus justify the sort of costs involved in serial manufacturing
processes. Medical analysis equipment destined for applications in hospitals or doctor's
offices around the world must be producible with a technology capable of scaling to mass
production to be commercially successful.

Drug delivery
Citing figures from two companies involved in using nanoencapsulation for drug delivery,
Capsulution estimates the market (sales) for drug-delivery systems will reach $49 billion
by 2005, while Flamel estimates the "market for proteins" at $17 million.
Drug delivery is one of the areas where nanotechnology looks set to produce applications
that will hit the market very soon. Approaches either in stage one clinical trials or expected
to be starting them soon include nanoparticulate delivery of insulin and asthma drugs
through inhalers, nanocapsule controlled-release insulin delivery and a treatment for AIDS
based on buckyballs.
In terms of commercialization of applications, drug-delivery mechanisms do not generally
yield the same rewards as new drug formulations. However, they do not have to go through
the same degree of clinical trials so rewards can be realized sooner. The novel nature of
nanotechnology-based drug-delivery mechanisms is such that there are no incumbents
competing with similar technologies, which allows potential for a newcomer to capitalize
on their technology through the full length of the value chain up to a marketable product.
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But trial costs can be high and one must consider that there are certainly powerful
incumbents in the areas of existing delivery technologies and also in the production of the
drugs that a new technology may be used to deliver. This argues for a high probability that
newcomers will find themselves needing to work with existing companies, especially
pharmaceutical companies, who also spend money on development of delivery
mechanisms.
Nanocapsules and nanoporous materials hold promise for protecting drugs from the body
until they reach the desired target, whether the protection is from the immune system or
chemicals in the body such as digestive juices (the latter providing the capability of
delivering drugs or vaccines orally that previously needed to be given intravenously). This
protective capability can be combined with approaches already established for directing
drugs to particular areas of the body, for instance through the use of antibodies. The same
approach may be able to deliver radioactive nanoparticles to cancer cells, or other particles
that could be used to enhance, and localize, the effects of chemotherapy, or allow the use
of microwaves, for example, to create localized high temperatures that could kill cancer
cells. Note that creating a shielding delivery medium is only one step in the chain—making
sure the drug reaches the appropriate target can be a considerable challenge, plus there is
the issue of how to release the drug once it reaches the target. The container can be a
hollow nanocapsule or a solid nanoparticle with the substance to be delivered embedded in
it. The payload could be released by simple diffusion, if the payload molecules were small
enough, or the containing structure could degrade naturally or be broken up by ultrasound.
A drug payload is not in fact necessary—the material could just produce high temperatures
under laser illumination, killing surrounding tissue. See the sections on medical
applications under Nanoparticles, Nanoporous Materials and Nanocapsules for more
discussion.
A particular application of nanoporous materials that will soon be entering clinical trials
involves an implant of a container within which are held living pancreatic cells from
another individual, or even an animal of a different species, such as a mouse. This offers a
one-time treatment for diabetes. The technology is covered more fully under the
Nanoporous Materials section.
One therapy that does not fall into the previous categories is that of using buckyballs to
treat AIDS, being developed by the company CSixty. See the Buckyballs section for more
details.
Dendrimers also hold considerable promise both in drug delivery and monitoring of their
effects at a cellular level. The diversity of possible dendrimers and the relative ease with
which they can be made argues for a great deal of potential opportunities in this area. See
the Dendrimers section for more details.
A speculative application is the use of nanotubes to inject substances directly into cells.
One can imagine the MEMS-based jaws created last year at Sandia National Laboratories,
that can hold individual red blood cells without harming them, gripping a cell, which is
then injected with a marker, maybe a nanoparticle or a dendrimer, using a nanotube. The
cell is then released, ready for tracking in the body. The injection of genetic material could
also be envisioned, which would have potential applications in the genetic engineering
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market. Equally, tiny samples may be removed. At this stage, however, such applications
of nanotubes are limited to speculation.

Prosthetics
There is considerable scope in the medium term for nanoengineered prosthetics. These can
be bulk materials engineered for strength and biocompatibility (especially where
encouraging regrowth is possible), or devices designed to provide missing biological
functionality such as sensory information.
It is already possible to plug devices into the parts of our nervous systems designed for
processing visual or auditory information and indeed a new device was recently created
that may offer blind people some limited sight. The crucial factor for sensory prosthetics is
scale, being able to make listening or seeing devices as small as nature does and with
connections small enough to interface with the human nervous system. Being able to work
on such scales is of course one of the great promises of nanotechnology but currently we
can only do so with approaches that are linear, i.e. they produce one product at a time, and
are thus slow and expensive. This is not, however, necessarily a great barrier to
commercialization since the costs of medical treatment are generally high and procedures
would be one-off. The new promise of artificial hearts, which has received much publicity
recently, testifies to the market for such expensive technologies. Though artificial hearts
are a life-saving treatment, similar costs should prove acceptable for treatments that can
restore sight to the blind or hearing to the deaf. Such technologies are still in their infancy,
the major issue being making sufficient, and stable, connections to the nervous system.
Recent work on growing neurons on semiconducting materials so that they can interface
with traditional electronics may in a few years enhance the capabilities of such technology
significantly. However, the neurons would have to be compatible with the patient to avoid
rejection. Recent development in stem cell research, including some results that suggest
that all people have within them stem cells that are capable of being turned into any type of
cell, may have a major impact on this area. This is a vibrant field but results of significant
commercial impact cannot be expected in the near term, although quite possibly in the
medium term.
Structural prosthetics look set to improve in the near term thanks to nanotechnology, with
the creation of stronger versions of materials already used such as plastics, which can be
enhanced in strength through the use of nanoparticle fillers—existing silicate nanoparticles
in fact make plastics more biocompatible. Coatings including copper nanoparticles have
been shown to reduce troublesome cell growth on surfaces, which can be a major problem
for implants. Several companies have recently started developing nanostructured materials
as bone replacements or bone-growth enhancement materials (see the company listing for
this section).
Additionally, titanium, the favored material for structural implants such as in hip
replacements, is showing promise of having its strength improved by making it
nanocrystalline (currently strength improvements are achieved by alloying, but the alloying
elements are not as biocompatible as titanium). Nanostructuring also enhances
machinability and the ultrafine grain size creates the prospect of "super-plastic" forming at
lower temperatures and higher strain rates than are possible with conventional alloys.
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Nanostructured titanium implants have been in clinical trials for a range of orthopedic
devices in Russia.
In the near to medium term, devices such as artificial hearts will no doubt benefit from the
influence of nanotechnology on material strength, biocompatibility, and nanoelectronics
and nanoelectromechanical / nanofluidic systems as part of the control systems for such
devices.
On the speculative side, it was discovered in early 2001 that nanotubes could be made to
behave like tiny microphones. These might one day have potential in restoring hearing.

Antimicrobial, antiviral and antifungal agents
Nanoparticles and nanocrystalline materials are already commercialized as antimicrobial
and antifungal agents. The health care industry has a great need for improved protection
against bacteria in the face of growing antibiotic resistance. The mechanisms by which
such materials work are not always clearly understood, which suggests the possibility of
new and improved materials being discovered. The example of Nucryst, mentioned below,
demonstrates that commercialization of such materials by the originator right up to a final
product is perfectly feasible, making for significant opportunities for a discoverer of a new
material with such protective properties.
Silver has long been known for its antibiotic properties and has recently seen an increase in
use through being made into nanocrystalline nanoparticles, which increase solubility and
thus potency. It is already produced in dressings commercially by the company Nucryst.
Nanophase supply zinc oxide nanoparticles to shoe insole maker Scholl, who use it as a
fungicide. Ultrafine powders made of magnesium oxide can destroy spores of bacteria such
as anthrax.
A development that made the news in late 2001 is a prototype product made by the
company Nanobio, which consists of nanodroplets of oil that can destroy bacterial spores,
viruses and even funguses. Their current focus is on protection against biowarfare agents,
as a result of the anthrax scares in the US, but widespread application in the medical care
industry, especially in hospitals, can be envisioned.
Another potential weapon against antibiotic-resistant bacteria lies in self-assembling
nanotubes made of peptides (the basic components of proteins), which can puncture
bacterial membranes.
Certain nanoparticles are disruptive to bacteria and viruses. This has led to ideas of lacing
fabrics in hospitals with such particles, creams that can be spread on the body, and sprays
that can be inhaled, protecting against various pathogens.

Companies applying nanotechnology to the medical and
pharmaceutical market
Companies providing tools with a specific biological focus are covered under the Tools
section. Applications of nanotechnology to cosmetics are included here.
Company_name
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3M

USA

www.3m.com

Access Pharmaceuticals

USA

www.accesspharma.com

Advanced Diamond Technologies

USA

http://thindiamond.com/atd

Advanced Magnetics

USA

www.advancedmagnetics.com

Advanced Nanoparticles

Israel

Advectus Life Sciences

Canada

www.advectuslifesciences.com

Agilent Technologies

USA

www.agilent.com

Akzo Nobel

Netherlands www.akzonobel.com

Alba Center

UK

www.albacentre.com

AlCove Surfaces

Germany

www.alcove.de

Alnis BioSciences

USA

www.alnis.com

Altair Nanotechnologies

USA

www.altairnanotechnologies.com

Ambri

Australia

www.ambri.com.au

American Pharmaceutical Partners (APP) USA

www.appdrugs.com

Angstrom Medica

USA

www.angstrommedica.com

Aphios

USA

www.aphios.com

Applied Gene Technologies

USA

www.appliedgene.com

Applied Nanotechnologies

USA

www.applied-nanotech.com

Argonide Nanomaterials

USA

www.argonide.com

BAO Pharmaceuticals

Taiwan

www.baopharm.com

BASF Aktiengesellschaft

Germany

www.basf.com

Battelle Pulmonary Therapeutics

USA

www.bpt-inc.com

Baxter Healthcare

USA

www.baxter.com

Bayer

Germany

www.bayer.com

Bespak

USA

www.bespak.com

Biocrystal

USA

www.biocrystal.com

Bioforce Nanosciences

USA

www.bioforcelab.com

Bio-Products & Bio-Engineering

Austria

bio@bio.co.at

Biosante Pharmaceuticals

USA

www.biosantepharma.com

Biostar

USA

www.biostar.com

Biotech Australia

Australia

www.bioaust.com.au

Biotrove

USA

www.biotrove.com

Bonemaster

Germany

www.bonemaster.com

Broadley-James

USA

www.broadleyjames.com

C Sixty

USA

www.csixty.com

Capsulution Nanoscience

Germany

www.capsulution.com

CECON Group

USA

www.cecon.com

Centech

Germany

www.centech.de

Chemat Technology

USA

www.chemat.com

CIBA Specialty Chemicals

Switzerland

www.cibasc.com

Cognis Deutschland

Germany

www.cognis.com

Copernicus Therapeutics

USA

www.cgsys.com/index/index.asp
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Corning

USA

www.corning.com

CritiTech

USA

www.crititech.com

Crystalplex

USA

www.crystalplex.com

Cyrano Sciences

USA

www.cyranosciences.com

Cyterra

USA

www.cyterracorp.com

Dendritech

USA

www.dendritech.com

Dendritic Nanotechnologies

Australia

www.dnanotech.com

Dow Corning

USA

www.dowcorning.com

Eiffel Technologies

Australia

www.eiffeltechnologies.com

Eikos

USA

www.eikos.com

Elan Pharmaceutical Technologies

Ireland

www.elandrugdelivery.com

Eli Lilly And Company

USA

www.lilly.com

Engeneos

USA

www.engeneos.com

EnviroSystems

USA

www.ecotru.com

Evident Technologies

USA

www.evidenttech.com

Evotec Biosystems

Germany

www.evotec.de

Feinchemie

Germany

www.feinchemie.de

Ferro Pfanstiehl

USA

www.pfanstiehl.com

FeRx

USA

www.ferx.com

Flamel Technologies

France

www.flamel.com

Genencor International

USA

www.genencor.com

Genicon Sciences

USA

www.geniconsciences.com

GlaxoSmithKline

UK

www.gsk.com

Gnothis

Switzerland

www.gnothis.com

Graviton

USA

www.graviton.com

Hitachi

Japan

www.hitachi.com

Hybrid Systems

UK

seymourlw@cancer.bham.ac.uk

Igen

USA

www.igen.com

Imarx Pharmaceutical

USA

www.imarx.com

iMEDD

USA

www.imeddinc.com

Immunomedics

USA

www.immunomedics.com

Implex

USA

www.implex.com

IMS Nanofabrication

Austria

www.ims.co.at

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

ITN Nanovation

Germany

www.itn-nanovation.com

Johnson & Johnson

USA

www.jnj.com

Kirin Brewery

Japan

www.kirin.co.jp

Knoll

Germany

www.knoll-pharma.com

Lavipharm

USA

www.lavipharm.com

L'Oréal

France

www.loreal.com

Luna Nanomaterials

USA

www.lunananomaterials.com

Mach I

USA

www.machichemicals.com
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Medirad

Israel

medirad@netvision.net.il

MedPointe

USA

www.medpointeinc.com

Meito Sangyo

Japan

www.meito-sangyo.co.jp

Merck

USA

www.merck.com

Merck KGaA

Germany

www.merck.de

Metallicum

USA

www.metallicum.com

Microcosm

USA

www.microcosm.com

Molecubotics

USA

www.molecubotics.com

Motorola

USA

www.motorola.com

NanoBio

USA

www.nanobio.com

NanoCarrier

Japan

www.nanocarrier.co.jp

Nanocrystal Imaging Corporation (NIC)

USA

www.nanocrystals.com

Nanofluidics

USA

www.nanofluidics.com

NanoMatrix

USA

Nanomed Pharmaceuticals

USA

www.nanomedpharm.com

Nanopharm

Germany

www.nanopharm.de

Nanophase Technologies

USA

www.nanophase.com

Nanoplex Technologies

USA

www.nanoplextech.com

Nanoprobes

USA

www.nanoprobes.com

Nanosearch Membrane

Austria

www.nanosearch.at

Nanospectra

USA

www.nanospectra.com

Nanosphere

USA

www.nanosphere.com

Nanotherapeutics

USA

www.nanotherapeutics.com

Nanotype

Germany

www.nanotype.de

Nano-X

Germany

www.nano-x.de

Nektar Therapeutics

USA

www.nektar.com

Novartis Pharma

Germany

www.novartis.com

Novavax

USA

www.novavax.com

NTera

Ireland

www.ntera.com

Nucryst Pharmaceuticals

USA

www.nucryst.com

Orthovita

USA

www.orthovita.com

Oxford Instruments

UK

www.oxfordxtg.com

Oxonica

UK

www.oxonica.com

Panbio

Australia

www.panbio.com.au

Polyprobe

USA

www.membrane.com/philanet/probe/about.htm

Postnova Analytics

Germany

www.postnova.com

Potentia Pharmaceuticals

USA

sternson@slsiris.harvard.edu

pSiMedica

UK

www.psimedica.co.uk

pSivida

Australia

www.psivida.com.au

Qiagen

Netherlands www.qiagen.com

Qingdao Jiaozhou Xindacheng Plastic
Machinery Co.

China

www.jzxdcsj.com

Quantum Dot Corp.

USA

www.qdots.com
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Reboune Bio-material

China

Research Corporation Technologies

USA

www.rctech.com

Roche Diagnostics

Germany

www.roche.com/diagnostics

RTP Pharma

Canada

www.rtp-pharma.com

Sheffield Pharmaceuticals

USA

www.sheffieldpharm.com

Showa Denko

Japan

www.sdk.co.jp

Skyepharma

UK

www.skyepharma.com

Spinelix

France

www.spinelix.com

SRI International

USA

www.sri.com

Starpharma

Australia

www.starpharma.com

Stonybrook Technology and Applied
Research (STAR)

USA

Sumitomo Osaka Cement

Japan

www.soc.co.jp

Sunyx Surface Nanotechnologies

Germany

www.sunyx.de

Superior MicroPowders (SMP)

USA

www.smp1.com

Surface Logix

USA

www.surfacelogix.com

Surromed

USA

www.surromed.com

Sustech

Germany

www.sustech.de

Symo-Chem

Netherlands www.symo-chem.nl

Targesome

USA

www.targesome.com

Tokyo Chemical Industry

Japan

www.tokyokasei.co.jp

Triton Biosystems

USA

www.tritonbiosystems.com

US Genomics

USA

www.usgenomics.com

Vimed Biosciences

Singapore

www.vitalifesciences.com

Virus Tracing Group

Germany

www.single-virus-tracing.com

Wah Lee Industrial

Taiwan

www.wahlee.com

Xantec

Germany,

www.xantec.com

Xetal Biotechniks

UK

alanjones1@btinternet.com

Chemicals and advanced materials
With global sales of around $1.7 trillion, chemicals and advanced materials are
fundamental to most manufacturing and industrial markets. Chemicals include plastics and
polymer products such as rubber, petrochemicals, oleochemicals (such as soaps,
detergents, and cosmetics), specialty and consumer chemicals (e.g. paints, inks, dyes,
pigments), agriculture and food chain products, and inorganic chemicals. Pharmaceutical
companies are often classified as chemical companies.
The chemical industry supplies to virtually all sectors of the economy, from manufacturers
who make use of chemicals in their products (such as coatings) and in their processes (e.g.
catalysts), to other chemical companies who use chemicals as a raw material with further
processing steps added downstream. As a result there are vast amounts of chemical
applications and products, each representing highly focused market opportunities.
© Científica 2003

Page 275 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Overall, the chemical industry, excluding pharmaceuticals, is on an economic downswing,
dropping from a peak in late 1999. As raw materials to other industries, chemical
shipments are susceptible to economic activities in general, current inventory levels, fuel
costs, and the cost of their own raw materials and feedstock, which gauge demand.
September 11th has further complicated the transportation routes for chemicals,
particularly where hazardous chemicals are involved, as they make potential targets for
terrorist attacks.
Nanotechnology is ideally suited technologically to the development of new products to
substitute existing chemicals and materials based on improved performance and potential
cost savings. However, each niche needs to be evaluated carefully since the market
potential may be small and the switching cost for a company to accommodate a substitute
product or supplier can exceed the added value from the nanotechnology product.

Catalysts
Catalysts have great importance in a variety of industries, including the aforementioned
pharmaceuticals industry. Catalysts simply enhance a chemical reaction, making it occur
faster, or in more moderate conditions, or simply making it occur in the first place. Any
industry that relies on chemical reactions can benefit from improved catalysts. Examples
are the pharmaceuticals industry, chemical producers for a number of applications,
including fertilizers and pesticides, and the oil industry, where refining crude oil depends
heavily on catalysis.
Catalysts work by being in contact with the chemicals whose reaction they enhance. The
greater the surface area of a catalyst the greater the contact made and the greater the
performance. Nanoparticles and nanoporous materials both offer an enormous surface area
for a given volume of material and thus can improve catalysts. In fact, the predominant
catalysts used in the petroleum industry for decades are naturally occurring (though
synthetic versions exist) nanoporous materials called zeolites.
The basic dynamics here are quite simple. Take a catalyst and make a version of it that has
a greater surface area than previous versions, and you have something valuable to industry.
Existing nanoparticle producers are already finding some markets in this area and the
scope for new entrants is not enormous. But, as mentioned in the section on nanoparticles,
new production methods for making nanoparticles are being patented all the time and,
though the competition is stiff, there is scope for the commercialization of processes that
offer significant product quality at the right price. Additionally, it isn't just as simple as
producing a nanoparticle version of a catalyst since nanoparticles may stick together
(aggregate) in ways that diminish their effect as catalysts. Such properties also need to be
addressed and add a technical complication that makes for greater opportunities.
Catalysts are mentioned frequently in other sections of the report, in conjunction with fuel
cells and batteries, for example.

Membranes and filtration
The most significant potential of nanoporous membranes is covered under the Medical and
Pharmaceutical section, but nanofiltration in general can have quite broad applications, in
water and air purification and many industrial processes. There are opportunities here for
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nanoporous materials, nanofibers of many types and, eventually, nanotubes (see
corresponding sections).
Controlling pore sizes in membranes more accurately at the nanoscale offers the ability to
separate substances in a straightforward, physical way and should in fact present many new
opportunities as our capabilities in this area improve. This is happening rapidly so new,
probably relatively niche, applications can be expected in the near term. Some of these
could have significant industrial value and start-ups would have the opportunity to take the
product to market themselves since in general production costs are not likely to be high,
though clearly this depends on the particular technology (there are quite a few different
ones for creating nanoporous materials). Slightly farther away is the long-dreamed-of goal
of being able to separate oxygen from nitrogen molecules, which only differ in size by two
hundredths of a nanometer. The main application of such a process would be a cheap way
to produce pure oxygen without the expensive cryogenic methods currently employed.

Coatings and paints
Specialist coatings certainly have a broad and diverse market. Coverage is given under
separate headings in many of the technology sections, such as Nanoparticles,
Nanocrystalline Materials and Sol–Gel. Additionally, impact relating to the aerospace,
automotive and medical industries is covered in the relevant sections.
Paints containing nanoparticles are already in use, for example in anti-fouling paints for the
hulls of ships. Nanoparticles can change the properties of paints physically, improving
hardness and scratch-resistance, and also offering the possibility of making them
conducting. In most cases the properties discussed for coatings in general elsewhere in the
report can be applied to paints too.

Abrasives
The main application of nanotechnology to abrasives is through the use of nanoparticles,
offering finer abrasion. Nanoparticulate alumina (aluminum oxide) and ceria (cerium
oxide) have already been used for some years as abrasives in a process called chemicalmechanical planarization (CMP) for polishing silicon wafers. Other metal oxides, such as
zirconia and titania, are being investigated for such applications. These abrasives are also
used to obtain high-quality finishes on magnetic disks, recording heads and optical fibers.
New production techniques for nanoparticles are offering improvements to existing
technologies and the abrasives area is being pursued by both nanoparticle manufacturers
and traditional abrasive suppliers such as DA nanomaterials, who are generally also
nanoparticle manufacturers. Opportunities will generally be restricted to these two groups
and nothing revolutionary can be expected.

Lubricants
Opportunities here lie largely in the creation of new materials that can enhance existing
lubricants. Thus supplying raw materials to incumbents is the likely outcome for many
newcomers, though it is possible to see companies stay involved in the application farther
up the value chain, as is demonstrated by the company Nanogate, who produce an
improved ski wax based on nanoparticles.
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Copper nanoparticles are added to motor oils to reduce engine wear while ferromagnetic
nanoparticles have been used in both lubricants and sealants and offer some interesting
properties, such as making electrorheological fluids, which change their properties under
the application of a current.
Fullerenes, like their cousin graphite, also have potential as a lubricant. There have been
problems to date with the molecules being too small and becoming stuck in crevices, but
layered fullerenes, dubbed nano-onions, are larger and thus may overcome this problem.

Composites and structural
Details of the technology behind existing and future bulk composites and other structural
materials (e.g. nanocrystalline metals) are covered in the technology sections on
Nanoparticles and Nanocrystalline Materials and also in the markets where they are likely
to see the biggest initial impact, i.e. aerospace and automotive (though, in time, the
construction industry may see major impact). However, the impact of such materials will
be very broad indeed and including a separate section here allows an overview of this
particular application of several technologies.
The nanocomposites field is a prime example, often overlooked by analysts and
commentators, of where nanotechnology is already starting to have a major impact. The
most impressive application is in the use of nanoclays as fillers in composite materials.
Only recently has the technology been developed to effectively include nanoclays in
composites and they are already offering substantial weight savings over existing materials
(10-15% in practice, 20-25% expected to be achievable). The impact of such
improvements has been discussed in the automotive section, where the composites are
already being applied, and the aerospace section, where they offer weight saving many
times greater than the few percent that normally suffices to warrant inclusion of a new
material in commercial aircraft, for example. Additionally, these composites are finding
their way into products such as food packaging where they offer much greater barriers to
the diffusion of gases (e.g. preserving nitrogen within the package or damaging oxygen
outside).
The potential for nanoclays is reflected in the planned expansion of production by
companies such as Nanocor, who are gearing up to produce 20,000 tons of nanoclays per
year. Since this material generally makes up about 5% of the final product (the composite),
and Nanocor is not the only company successfully selling nanoclays into the composites
market (Southern Clay provide the nanoclays used in composites in General Motors
vehicles), the evidence suggests the beginning of a great expansion in this new market .
Most major polymer companies are exploring nanocomposite technologies. Plastics
compounder RTP has commercialized nylon nanocomposites for film and sheet
applications, Triton Systems works in packaging, Honeywell have released a packaging
product (using Nanocor's nanoclay) that significantly inhibits diffusion of gases in and out
of the packaging, Dow Chemical and Magna International are developing production
technology of nanocomposites for automotive applications under the government's
Advanced Technology Program. In Japan, Ube Industries and Unitika are commercial
producers of nylon nanocomposites, again for packaging applications.
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The use of other nanoparticles, such as metals and metal oxides, in composites does not
currently show such great promise, although they are certainly finding other applications,
such as in coatings or creams for UV protection, where new pure-play nanoparticle
producers like Nanophase and Altair are making sales. The reason for this lack of impact
on the bulk composite market is that the property of greatest importance in such materials
is strength-to-weight ratio and these nanoparticles do not offer such improvements. They
do offer some properties that have certain applications though, such as conductivity and
shielding against electromagnetic interference. These properties can be leveraged in antistatic materials and in casings for electronics respectively.
One other material showing near-term promise as a filler in nanocomposites is sometimes
referred to as a nanoparticle, but is better considered a complex molecule, this being a
group of substances called polyhedral oligomeric silsesquioxanes (POSS). Hybrid Plastics
says it can manufacture bulk amounts and is collaborating with plastics producers and
users, including the Air Force. Note that POSS is also used to coat the aforementioned clay
nanoparticles, to improve their dispersion in polymers.
No doubt we will see composites appearing with combinations of different nanoparticles,
each contributing something to the property of the final product.
The next major revolution in composites is again likely to be based around improved
strength-to-weight ratios, and will come from the incorporation of nanotubes. This is some
way off yet though, maybe five years, maybe longer, since it is dependant on achieving
sufficiently low production costs for nanotubes and finding a way to realize their
impressive mechanical properties (particularly tensile strength) in composites. If the
promise holds true, though, the impact will be even greater than the impact of nanoclays,
which the next couple of years will show to be enormous.
To balance the impact of composites, improvements in metals and alloys are being
achieved through making them nanocrystalline. An example is a new steel produced by
Japanese company NKK and now included in Toyota vehicles that offers a significant
strength increase by incorporating nanoparticulate carbon during the rolling process,
allowing weight savings without compromising structural integrity. Significant interest in
producing nanocrystalline version of metals is found in making titanium stronger for use in
bio applications, such as hip and knee joints. In this area the added production costs can be
justified. However, the impact of this nascent technology may impede the encroachment of
nanoclay composites into structural applications currently dominated by metals. Whether it
will be sufficient to do so with carbon nanotube composites when they arrive remains to be
seen, but the expected improvements from such composites suggest there will be some
displacement of metals as structural materials, certainly in the aerospace and automotive
industry, and maybe in construction (especially where particularly high tensile strength is
required, such as in bridges).

Companies applying nanotechnology to the chemicals and advanced
materials markets
Since this section is about applications of technologies rather than basic technologies or
markets, there will be significant overlap with listings in other sections. This section
provides an alternative way of homing on these companies, which include those working
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on catalysts, coatings (including paints), composites and nanocrystalline materials (but not
users of these), adsorbents, absorbents, adhesives, abrasives, lubricants, and filtration
technologies. Excluded, however are membranes with specific biological applications
(covered in the Medical and Pharmaceutical section), membranes for fuel cells (covered
under Energy Production and Distribution), coatings for nanoparticles (covered under
Nanoparticles) and self-assembled monolayers (covered under Bottom-Up Production
Techniques).
Company_name

Country

URL/Contact

Adelan

UK

www.adelan.co.uk

Admatechs

Japan

www.toyota-mta.co.jp/adma

Advanced Diamond Technologies

USA

http://thindiamond.com/atd

Aguila Technologies

USA

www.aguilatech.com

Aktina

UK

j.a.cairns@dundee.ac.uk

Akzo Nobel

Netherlands www.akzonobel.com

Altair Nanotechnologies

USA

www.altairnanotechnologies.com

Applied Nanomaterials

USA

www.apnano.com

Apyron Technologies

USA

www.apyron.com

Argonide Nanomaterials

USA

www.argonide.com

Asahi Glass Co.

Japan

www.agc.co.jp/index_e.htm

Asahi Kasei

Japan

www.asahi-kasei.co.jp

Atofina

France

www.atofina.com

Aveka

USA

www.aveka.com

AVS (American Vacuum Society)

USA

www.vacuum.org

Basell

Netherlands www.basell.com

BASF Aktiengesellschaft

Germany

www.basf.com

Bayer

Germany

www.bayer.com

Bio Nanotec Research Institute (Mitsui & Japan
Co.)

www.mitsui.co.jp/nano/aboutbnri/index.html

Böhlerit

Germany

www.boehlerit.com

Bonemaster

Germany

www.bonemaster.com

Bridgestone

Japan

www.bridgestone.com

Buhler

Switzerland

www.buhlergroup.com

C. I. Kasei Co. Ltd (Itochu Corp.)

Japan

www.cik.co.jp

Cabot Corp.

USA

www.cabot-corp.com

Canon

Japan

www.canon.jp/top.html

Carbon Nanotechnologies Inc. (CNI)

USA

www.cnanotech.com

CECON Group

USA

www.cecon.com

Centech

Germany

www.centech.de

Ceramem

USA

www.ceramem.com

Cetek Technologies

USA

www.cetektechnologies.com

Chemat Technology

USA

www.chemat.com

Chengyin Technology Co. Inc.

China

www.chengyin.com

CIBA Specialty Chemicals

Switzerland

www.cibasc.com
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ConocoPhillips

USA

www.conocophillips.com

Creavis Technologies & Innovation

Germany

www.creavis.de

DA Nanomaterials (DuPont Air Products USA
Nanomaterials)

www.nanoslurry.com

Dalian Sanke Technology Co.

China

www.chem.co.kr/eng/eng_com.php3?mode=view&&com_id=1616

Darv-Eau Inc.

France

www.h2oinnovation.com

Degussa

Germany

www.degussa.com

Dendritech

USA

www.dendritech.com

DMC2

Germany

www.dmc2.de

Donaldson's Eon

USA

www.donaldson.com

Dow Chemical

USA

www.dow.com

Dow Corning

USA

www.dowcorning.com

DSM

Netherlands www.dsm.com

DuPont

USA

www.dupont.com

DuPont Titanium Technologies

USA

www.titanium.dupont.com

Eastman Chemical

USA

www.eastman.com

Edison Polymer Innovation Corp. (EPIC) USA

www.epicpoly.org

Eikos

USA

www.eikos.com

Electrovac

Austria

www.electrovac.com

Engelhard

USA

www.engelhard.com

Exekia

France

www.exekia.fr

Feinchemie

Germany

www.feinchemie.de

Ferro Pfanstiehl

USA

www.pfanstiehl.com

Ferrotec

Japan

www.ferrotec.com

Fuji Film

Japan

www.fujifilm.com

General Electric

USA

www.ge.com

General Motors

USA

www.gm.com

Hansa Metallwerke

Germany

www.hansametall.com

Henkel Technologies

Germany

www.henkel.com

HighLift Systems

USA

www.highliftsystems.com

Honeywell

USA

www.honeywell.com

Honjo Chemical

Japan

www.honjo-chem.co.jp

Hybrid Plastics

USA

www.hybridplastics.com

IMS Nanofabrication

Austria

www.ims.co.at

Inframat

USA

www.inframat.com

InMat

USA

www.inmat.com

Institut für Neue Materialien

Germany

www.inm-gmbh.de

Integran

Canada

www.integran.com

Integrated Microsystems Austria (IMA)

Austria

www.ima-mst.at

Johnson Matthey

USA

www.matthey.com

Light-Year Technologies

Canada

www.ltyr.com

Mach I

USA

www.machichemicals.com

Manhattan Scientifics

USA

www.mhtx.com
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Material Methods

USA

Materials and Electrochemical Research USA
(MER)

www.mercorp.com

Materials Modification

USA

www.matmod.com

MBN

Italy

www.mbn.it

Membratec

Switzerland

www.membratec.ch

Merck KGaA

Germany

www.merck.de

MicroChemical Systems

Switzerland

www.microchemical.com

Microcoating Technologies

USA

www.microcoating.com

Mitsubishi

Japan

www.mitsubishi.co.jp

Mitsubishi Chemical

Japan

www.m-kagaku.co.jp

Mitsubishi Gas Chemical Company

Japan

www.mgc.co.jp

Mitsubishi Materials

Japan

www.mmc.co.jp

Mitsui

Japan

www.mitsui.co.jp

Moyco Technologies

USA

www.moycotech.com

MTS Systems

USA

www.mts.com

Nanocor

USA

www.nanocor.com

Nanocrystal Lighting Corporation (NLC)

USA

www.nanocrystals.com

Nanocs

USA

www.nanocs.com

Nanogate

Germany

www.nanogate.de

NanoMat

USA

www.nanomat.com

Nanophase Technologies

USA

www.nanophase.com

Nanopore

USA

www.nanopore.com

Nanoscape

Germany

www.nanoscape.de

Nanotech Coatings (NTC)

Germany

www.ntcgmbh.com

Nano-X

Germany

www.nano-x.de

Nippon Telegraph and Telephone

Japan

www.ntt.co.jp

Optiva

USA

www.optivainc.com

Ormecon

Germany

www.ormecon.de

Oxonica

UK

www.oxonica.com

Perstorp

Sweden

www.perstorp.se

Postnova Analytics

Germany

www.postnova.com

Powdermet

USA

www.powdermetinc.com

PPG Industries

USA

www.ppg.com

Praxair Surface Technologies

USA

www.praxair.com

pSiMedica

UK

www.psimedica.co.uk

Pyrograf Products

USA

www.apsci.com/ppi-about.html

Qingdao Jiaozhou Xindacheng Plastic
Machinery Co.

China

www.jzxdcsj.com

Reactive NanoTechnologies

USA

www.reactivenanotechnologies.com

Reade

USA

www.reade.com

Research Corporation Technologies

USA

www.rctech.com

Research Frontiers

USA

www.refr-spd.com
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Rhodia

France

www.rhodia.com

Rockwell Scientific

USA

www.rockwellscientific.com

RTP Company

USA

www.rtpcompany.com

Samsung

Korea

www.samsung.com

Santoku

Japan

www.santoku-corp.co.jp

Schering

Germany

www.schering.de

Showa Denko

Japan

www.sdk.co.jp

Skeleton Technologies Group

Switzerland

www.skeleton-technologies.com

Southern Clay Products

USA

www.scprod.com

Spintek

USA

www.spintek.com

SRI International

USA

www.sri.com

Strem Chemicals

USA

www.strem.com

Superior MicroPowders (SMP)

USA

www.smp1.com

Symo-Chem

Netherlands www.symo-chem.nl

TDA Research

USA

www.tda.com

TDK

Japan

www.tdk.co.jp

Technomerix

USA

Location:San Fernando area, CA

The Welding Institute

UK

www.twi.co.uk

TIGER Coatings

Austria

www.tiger.at

Tokyo Chemical Industry

Japan

www.tokyokasei.co.jp

Tokyo Ink Manufacturing

Japan

www.toyoink.com

Toray Industries

Japan

www.toray.co.jp

Toyota

Japan

www.toyota.co.jp

Triton Systems

USA

www.tritonsys.com

UBE Industries

Japan

www.ube-ind.co.jp

UHV Technologies

USA

www.uhvtech.com

Ultra-Sun Technologies

USA

www.ultrasun.com

Unisun

USA

unisun@aol.com

Unitika

Japan

www.unitika.co.jp/e/home.htm

US Global Aerospace

USA

www.usglobalaero.com

Vacuum Metallurgical

Japan

www.vmc-ulvac.co.jp

Versilant Nanotechnologies

USA

www.versilant.com

Xantec

Germany,

www.xantec.com

Zhejiang Zhedi Science and Technology China
Development

Other markets
Construction
The construction industry is another enormous industry where new composite materials
offer potential. However, it should be noted that traditional materials for construction, such
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as steel-reinforced concrete, are hard to beat for cost. If one considers dwellings alone, it is
hard to imagine a new material that will be able to compete with traditional materials for
purely structural purposes, save in the construction of the largest skyscrapers. Smaller
segments of the market, such as bridge building, may however benefit from
nanotechnology, especially if the tensile strength of carbon nanotubes can be realized in a
bulk product (such an achievement is likely to be at least five years away, maybe more).
The construction industry is, however, about more than making a building that doesn't fall
over. Internal structures, especially in offices, are often made of a wider variety of
materials than the basic structure. Additionally, two other commercial drivers in the
industry could indeed lead to applications of nanotechnology. These relate to the fact that
buildings cost money to heat and cool and that they are designed to be used by people,
whose needs can be quite diverse and demanding.
The widest near-term application of nanotechnology in structural components in a building
will be in fixtures and fittings where composite materials based on nanoparticles,
nanofibers and, eventually, maybe nanotubes, or coatings based on nanoparticles and
nanocrystalline materials, will find application largely through improved strength and
reduced weight, and harder, scratch-resistant, surfaces. Such applications can be expected
to be quite significant in the near term and the markets are large. There are, however,
strong incumbents in the manufacture of fixtures and fittings, who in turn buy their
materials from strong incumbents in the composites and coatings industries. For
nanocomposites, newcomers are likely to find themselves selling fillers to existing
manufacturers. For coatings there is somewhat more potential for developers of new
coating materials and processes to become involved in the creation of the final product (or
at least the coating part). Nanoparticle-based coatings that are already sold show that
deeper interactions between developer and product manufacturer than the simple supplier–
buyer relationship are tenable.
In the medium-to-long term it is possible that new structural materials offering significant
weight savings (current composites based on clay nanoparticles offer 15% weight savings,
with a possible 25% later on, but nanotube composites might ultimately be expected to
exceed that dramatically) will allow for the creation of not just bigger, taller buildings but
ones with more exotic designs. Note that with nanotubes their remarkable strength is
tensile, i.e. resistance to stretching. Under the compression forces often seen in buildings
they do not fare nearly so well.
Apart from fixtures and fittings, the two areas where nanotechnology may have an early
impact are in energy savings and modifying the internal environment to suit the occupants
of buildings. Nanoporous materials offer extremely lightweight thermal insulation, and
aerogels (see section on sol–gel processes) are currently being investigated as a
replacement for the air space in double-glazing. Additionally, electrochromic or
photochromic coatings (ones that change color under the influence of electricity or light,
respectively) based on nanoparticles, sol–gel technology or a combination, look set to
provide energy savings in buildings by reducing demands on air conditioning. The ability
to dim windows at the flick of a switch could clearly prove attractive for both domestic and
office environments.

© Científica 2003

Page 284 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Textiles
The textiles industry is as old as civilization itself, huge, and relatively stable, clothing
being the essential core but with products ranging from curtains to hang gliders.
Nanotechnology has great potential to produce materials made of fibers with new qualities,
cosmetic and practical. Nanotubes may one day be incorporated in spun nanofibers, giving
them enormous strength.
Currently the major commercialized application of nanotechnology in fabrics entails
attaching nanofibers (or "nanowhiskers") to the macroscale fibers in fabrics, creating a
material that is oil- and water-resistant. One pioneer of this technology is Nano-Tex, who
have licensed the technology to several companies around the world. In many ways this is
simply an extension of polymer chemistry but the properties of these materials do indeed
depend on the nanostructure. The approach has also been used to improve the texture and
breathability of synthetics, such as nylon.
As mentioned in the section on nanofibers, it is possible to spin nanoscale fibers in which
nanoparticles or even nanotubes may be incorporated, providing significant improvements
in strength and a variety of other possible properties, such as fire resistance, electrical
conductance (with possible applications in "smart" materials), or simply the appearance of
materials. As yet there are no such applications on the market but the technology is in
place. The textiles market in general, however, works on very low margins so any new
property has to have a low cost of introduction. Though nanofibers are already used in such
applications as filters, and have been for some time, they have yet to penetrate the textiles
market.
The idea of creating textiles containing carbon nanotubes is of interest to the military since
it may provide bulletproof materials superior to those made from Kevlar. Interestingly, a
major Japanese manufacturer of underwear, Gunze Sangyo, has issued several press
releases over the past year claiming a commercial process for producing carbon nanotubes,
and predicting annual sales of $80 million within a few years. A marketable product has
yet to appear, however. The US military is certainly investigating novel fabrics for
uniforms not just for protecting against bullets but also keeping out chemical and bio
threats, which will integrate with sensors for monitoring the soldier's vital signs, or change
color as required (a feature that would no doubt find commercial applications too). The
work the US military is doing, unlike the Nano-Tex approach, does indeed involve
weaving materials out of nanofibers, which the US Army's Natick Soldier Center believes
will in two years produce a cloth that will protect again chemicals.
More mundane, but near-term, applications involve using nanoparticles to encapsulate
antimicrobial substances in fabrics to keep them fresh.
Opportunities in the textile market look likely to remain specialist given the current
production base, which still relies heavily on the third world. Materials that resist stains
may have some attraction but will still need washing and the increased cost is likely to
mean only limited markets. Super-strong fabrics will indeed find markets, but only niche
ones, such as bulletproof vests or weather balloons, and maybe parachutes and hang
gliders. Nanofiber applications are more likely to be in the filtration and composite
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materials markets than in textiles. However, the fire-retardant properties of silicate
nanoparticle composites may well find application in soft furnishings.
Companies applying nanotechnology to textiles
Company_name

Country

URL/Contact

CIBA Specialty Chemicals

Switzerland

www.cibasc.com

Gunze Ltd

Japan

www.gunze.co.jp

Nanophase Technologies

USA

www.nanophase.com

Nano-Tex

USA

www.nano-tex.com

Nano-X

Germany

www.nano-x.de

Schoeller Textiles

Switzerland

www.schoeller-textiles.com

Agriculture
The impact of nanotechnology on agriculture in the short to medium term will be through
the application of technologies that also have benefit in the medical and pharmaceuticals
industry, specifically analysis and monitoring technology in the near term and rapid DNA
sequencing in the medium term. Portable analysis systems may allow instant monitoring of
the health of a plant, dictating whether a fertilizer needs applying or if there is an infection.
Monsanto have been investigating for some time the use of nanocapsules for a new
formation of their Roundup herbicide. Delayed delivery offered by nanocapsules and
nanoparticles has application in the agriculture sector as well as the medical sector.
The dynamics of the market for newcomers are similar to those for medicine and
pharmaceuticals—there are large and strong incumbents with big R&D budgets who make
for stiff competition, but if a technology, for example a new analysis tool, can be
developed with modest capital, then the incumbents become the customers.
In the long run the biggest impact on agriculture from nanotechnology will simply come
from our improved understanding of the working of biological systems in general because
of our increasing ability to operate on the nanoscale, where nature does most of its clever
stuff. In the nearer term, genetics and molecular biology are going to have much greater
impacts on agriculture.
Companies applying nanotechnology to agriculture

Other companies in the report are involved in agriculture but are not yet directly applying
nanotechnology to that market, e.g. Bayer and Dow Chemicals, Genencor International,
BASF. Bioanalysis and detection technologies, which can have applications in agriculture,
are covered in the Medical and Pharmaceuticals section.
Company_name

Country

URL/Contact

Flamel Technologies

France

www.flamel.com

Monsanto

USA

www.monsanto.com
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Environmental
Nanotechnology will be one of the key technologies used in the quest to improve the
global environment in the 21st century. While there will be some direct effects, many of
the technology's influences on the environment will be through indirect applications of
nanotechnology. Although any technology, whether nanotechnology or a box of matches,
can always be put to both positive and negative uses, there are many areas in which the
positive aspects of nanotechnology really do look promising. These extend from pollution
reduction through environmental remediation to sustainable development in general.
In 2002-3 there has already been a considerable shift in both public and corporate attitudes
to the environment. Major scandals such as Enron and WorldCom have led not only to
tighter corporate governance, but also to calls for greater corporate responsibility. Some of
the world's major investors, such as ABP, the Dutch state pension fund, have already
shifted their entire fund into more socially and environmentally responsible investments.
The end result of this shift will be to make companies focus on the environment, and look
to leveraging nanotechnology as a way of not only improving efficiency and lowering
costs, but doing this by reducing energy consumption and minimizing waste. A typical
example would be in the use of nanoparticle catalysts which are not only more efficient,
owing to more of the active catalyst being exposed, but also require less precious metal
(thus reducing cost), are more tightly bound to the support (increasing the lifetime of the
catalyst) and may also increase selectivity (i.e. produce more of the desired reaction
product, rather than by-products).

Direct effects
Though nanotechnology could have some significant effects on environmental
technologies, environmental considerations have not historically been given anywhere near
the priority in new developments that commercial considerations are given, and this
balance, though swinging gradually more towards environmental considerations, still
largely dominates.
Many of the direct applications of nanotechnology relate to the removal of some element
or compound from the environment, through, for example, the use of nanofiltration,
nanoporous sorbents (absorbents and adsorbents), and catalysts in clean-up operations
(filtering, separating, and breaking down environmental contaminants, either after
contamination or before contamination, in processing waste products).
Most effects, as with other technologies, are likely to be indirect.

Indirect effects
The application of nanotechnology to the environment is already being hailed by some as
the 'killer application', offering companies a chance to enhance their green credentials
without hurting their balance sheets and also creating some huge new markets.
Improved efficiency of energy production and supply has both commercial and
environmental advantages. In this area we are likely to see the biggest impacts, in savings
through lighter composite materials, growth of the use of alternative energy (through
improved economic viability of solar and wind energy generation, for example) and the
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advent of commercially viable fuel cells in a number of applications. Such technologies
certainly have the ability to help considerably in the reduction of global carbon emissions,
and other emissions, but probably the most dramatic effects, from the point of view of the
daily lives of many individuals in both developed and developing countries, will come
from the introduction of hydrogen-powered fuel cells for cars. Since these produce only
water as a waste product, the polluted urban environments that the West is so used to, and
which cost countries large amounts through health problems, could become a thing of the
past. Air in cities around the world could become as unpolluted as air in the country, if
somewhat damper. The increased moisture could itself, of course, bring problems, but at
least water is not toxic. There have also been some recent suggestions that large amounts
of leaked hydrogen could damage the ozone layer, but these are speculative and could be
tackled.
It should be noted, though, that there are still major hurdles to be overcome before
hydrogen-powered cars are realized. However, many governments are pushing such
developments quite hard, including the US, though here the idea seems to be to produce
the hydrogen largely from fossil fuels. Though this would seem to defeat the object in
terms of CO2 emissions, in fact by transferring the emissions from many vehicles to a few
larger power sources, emission control is at least made a lot easier. Even without this,
reduction in air pollution in major cities would still be quite dramatic, but fallout may be
seen elsewhere.
Other countries are determined to produce as much hydrogen as possible from alternative
sources, with Greenland leading the way in its ambition to become the world's first
hydrogen economy and exporter, with the hydrogen being produced by geothermal power.
Improvements in fuel cells and hydrogen storage technologies are central to their success
in this endeavor.
Less noticeable by individuals, but possibly more important from a global perspective, is
that a combination of efficient local energy generation and improved or new storage
technologies could diminish the use of inefficient fossil fuel power stations and equally
inefficient electricity distribution networks. They could be replaced by local energy
generation from environmentally clean sources, and a fuel distribution network instead of
an electricity distribution network (there is negligible energy loss in a natural gas
distribution system, for example, compared with that in an electricity grid). The net effect
on the output of greenhouse gases could be major.
The extremely complex dynamic surrounding fuel cells, power generation and
transmission, alternative energy (such as solar) and batteries, is covered in the Energy
Production and Distribution section.
Longer term, nanotechnology has been suggested by Nobel Laureate Richard Smalley to
be the key to solving the world's energy problems. Professor Smalley postulates that many
of the world's problems, such as access to clean water, can be directly addressed by
improving access to energy. However, the argument goes, the only sources of sustainable
energy with the power to meet humanity's ever-growing needs will be either solar or
geothermal.
Solar energy is already being pursued by many companies, and is discussed in the Energy
Production and Distribution section. The last few years have seen some notable advances
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in photovoltaic technologies that promise to be much cheaper than the traditional siliconbased cells. Most recently, researchers have also talked about achieving similar efficiencies
in such low-cost products (they are currently much less efficient than silicon
photovoltaics), which could change the economics of solar power significantly. Companies
such as Nanosys are already entering into agreements to commercialize such technologies.
Meanwhile, discoveries in the nanotech world relating to solar energy continue to appear
regularly. A recent example of this is the realization that some display technologies, such
as Cambridge Display Technology's organic light emitting diodes, may also work in
reverse, i.e. converting photons to electrons, with efficiency levels similar to those which
first led to interest in them as alternatives to LCDs and LEDs in displays. Thus the
enormous commercial interest in new display technologies may incidentally lead to
cheaper and more efficient solar cells.
Geothermal energy is a longer-term problem. While it is already in widespread use where
volcanic activity is close to the surface, such as in Greenland, in much of the world a 3-5
kilometer deep borehole is needed. Whether nanotechnology can address the materials
problems inherent in simply producing such a borehole, or indeed extracting the energy in
an efficient manner, remains to be seen.

Negative effects
As with all previous revolutions, the nanotechnology revolution will create new industries,
and not all of these will be benign. Historically such developments have gone
unanticipated by the majority of people and governments and there is no reason to believe
we are any better at predicting the future in this respect than we have been in the past. Just
to give one, somewhat speculative, example: significant reduction in the weight of
structural materials may finally make personal air transport common. This could lead to a
net increase in energy consumption through the greater energy demands of flying over
driving and the increased freedom to move around.
More generally, any technology can have positive or negative effects on the environment
and society. Nanotechnology is no exception and the results will come down to the extent
to which we manage the technology in this respect. This is an area that has been seized
upon by a variety of environmental groups.
Leaving aside futuristic issues such as the dangers of self-replicating molecular assemblers,
which are addressed elsewhere, one of the major concerns is the effect of nanoparticles,
fullerenes, and nanotubes in the environment. Although many nanoparticles occur
naturally, and have been exploited for millennia, and fullerenes are produced every time
anyone strikes a match, there are concerns over the interaction of these materials with the
human body when produced in higher concentrations than would be normally encountered.
Many environmental concerns are addressed by existing health and safety legislation –
most countries require a health and safety assessment for any new chemical before it can
be marketed, with the European Union recently introducing the world's most stringent
labeling system. Prior experience with materials such as PCBs and asbestos, and a variety
of unintended effects of drugs such as thalidomide, mean that both companies and
governments have an incentive to keep a close watch on potential negative health and
environmental effects.
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However, because some new nanomaterials are simply existing materials in novel
configurations, there does seem to have been an assumption in places that simply changing
the particle size of a common material, for example, should make no difference to the
material's environmental impact. This is not necessarily true, as particle size can be an
important factor in the body's handling of a substance. There have been criticisms from
scientists that are most certainly not of the alarmist type that, even though dangers from
new nanomaterials are likely to be extremely rare, not enough research is being done into
understanding biological interactions with such new substances.
Some of the most widely-pursued applications of nanoparticles are in medicine, notably
drug delivery. It can be expected that normal procedures for evaluation of such
applications will catch a lot of the potential problems. But such incidental checking should
certainly not be relied upon to catch any nasty surprises that might be lurking.
This fact is starting to be taken on board and, around the globe, there are a variety of
studies going on into the health and environmental impacts of many varieties of
nanotechnology. It is in everyone's interest to ensure that any new compound is fully
characterized and the long-term implications studied before it is commercialized. Class
action suits in the US against both tobacco companies, and engineering companies, such as
ABB, coupled with a new era of corporate responsibility, have ensured that most
companies are well aware of this need. Now that potential risks that may have been
overlooked are becoming widely known, these companies are more inclined to be
proactive than they have been with risks in the past.

Conclusion
The concerns about the potential risks of nanotechnology that started to be voiced by
pressure groups in 2002 are often misguided or a case of severe over-reaction, but they
have served to draw attention to the few areas where further investigation is certainly
warranted.
They have detracted, however, from consideration of the potential benefits for the
environment that nanotechnology may bring, which look likely to be of much greater
significance.
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Glossary
Adsorbent
A material that can mop up substances like an absorbent, but that does so by attracting
them to its surface instead of into the material.

Amphiphilic
From the Greek meaning "both" (amphi) and "lover" (philos). An amphiphile is a molecule
that has a strong attraction towards both polar solvents, such as water (hydrophilic), and
non-polar solvents (hydrophobic), and will be generally located at the interface between
the two. When dispersed in either a polar or non-polar solvent an amphiphile has a
tendency to form capsules with the ends of the molecules that are not compatible with the
solvent on the inside. Liposomes are an example with a long history.

Apoptosis
A Greek word meaning "the dropping of leaves from a tree". A normal series of events in a
cell that lead to its self-destruction. Apoptosis is a vital biological process (an organism's
housekeeping mechanism) by which it maintains health through ridding itself of aging,
infected, or mutated cells.

Base
A subunit of a nucleic acid (such as DNA or RNA). Complementary bases are held
together by hydrogen bonding. In DNA, base pairing occurs between A (adenine) and T
(thymine) and between G (guanine) and C (cytosine). In RNA thymine is replaced by
uracil (U). Technically, the base is the portion of a nucleotide that makes it an A, G, T (or
U) or C. Often referred to as the letters of the genetic alphabet.

Biomimetics
The development of a novel material/product based on an idea, principle or mechanism
borrowed from nature.

Bottom up
An approach to building things by combining smaller components, as opposed to forming
them out of larger ones (top down), as is done in current photolithographic approaches to
making silicon chips.

Buckminsterfullerene
See fullerene.

Buckyball
See fullerene.
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Catalyst
A substance that alters the rate of a chemical reaction and may be recovered essentially
unaltered in form and amount at the end of the reaction.

CMOS
Complementary metal-oxide semiconductor. The technology used in the transistors that
make up most of today's computer chips. Uses a combination of negatively and positively
doped semiconductors. CMOS transistors use almost no power except when being
switched.

CNT
Carbon nanotube.

CVD
Chemical Vapor Deposition. See Production Techniques.

Enzyme
A natural (organic) catalyst, i.e. a substance that, simply put, facilitates a chemical
reaction.

Field emission device
A device that ejects a stream of electrons in response to an applied electric field. Major
likely applications are in flat panel displays. Carbon nanotubes are good field emitters.

Fullerene
Though there tends to be some variation in definitions of fullerenes and related structures,
generally buckminsterfullerene, or the buckyball, is taken to refer only to C60, an
approximately spherical, hollow, carbon molecule containing 60 carbon atoms arranged in
interlocking hexagons and pentagons, akin to the geodesic dome created by architect
Buckminster Fuller, hence the name. The structure also looks very much like a soccer ball.
The other fullerenes are similar cage-like molecules with more or fewer carbon atoms, but
still composed of pentagons and hexagons.

Functionalization
The modification of a material by chemical or other means to achieve a desired property.

Genomics
The study of the full complement of genes that make up an organism. The term became
common during the mapping of the human genome.
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Graphite
Material that consists of planes of hexagonal arrays of carbon atoms.

High-barrier plastics
Plastics which, normally through the incorporation of silicate nanoparticles, display
reduced gas permeability. This effect stems from the flake shape of the nanoparticles,
which forces molecules to travel a long path through the material.

Hybridization
Binding of complementary sequences of nucleic acids (DNA or RNA) through specific
pairing of bases (see entry under 'Base'). Hybridization is generally used to detect
particular DNA or RNA sequences by complementary base pairing of tagged probes The
probes are usually nucleic acids containing the chemical label biotin (a water soluble
vitamin from the B vitamin complex that can be easily detected because it can be made to
contain a radioactive isotope of phosphorus or iodine, or a molecule that fluoresces, so that
it can be detected during analysis).

Hydrophilic
From the Greek words for "water" (hydro) and "love" (philos). A hydrophilic compound is
one that has affinity for water and easily dissolves in it. Having potential for hydrogen
bonding or having a charge will make a compound hydrophilic. Most inorganic salts and
many organic molecules, like ethanol, are hydrophilic.

Hydrophobic
From the Greek words for "water" (hydro) and "fear" (phobos). A compound is
hydrophobic if it "hates" water and will not dissolve in it. Having low polarity (variation in
charge from one end of the molecule to the other) and no net charge makes a molecule
hydrophobic. Most industrial organic molecules, such as hexane and toluene, are
hydrophobic.

Linear technology
A technology that does one thing at a time instead of many at the same time, resulting in
low throughput. Compare parallel technology.

Lipid
An organic compound composed of chains of carbon atoms that have two (or fewer)
hydrogen atoms attached to each of them. Lipids are commonly known as fats and oils, and
belong to the family of molecules known as hydrocarbons. They are important as major
fuels in cell metabolism. Polar lipids have amphiphilic (cf.) properties and are the building
blocks of cell membranes and liposomes.
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Lithography
See photolithography.

Long term
In this report, 8 years and beyond.

Medium term
In this report, 4-7 years.

MEMS
Microelectromechanical systems. Generally used to refer to systems that can respond to a
stimulus or create physical forces (sensors and actuators) and that have dimensions on the
micrometer scale. They are almost exclusively made using the same lithographic
techniques that are used to make silicon chips for computing. Miniature accelerometers are
the most successful product in this field and are used to trigger air bags in cars. When such
systems can be made with nanoscale dimensions they can be classified as NEMS.

Mesoporous
Terminology for nanoporous materials can be confusing because there is an alternative
system in widespread use that bears no particular relation to metric prefixes. The system is
that of the International Union of Pure and Applied Chemistry (IUPAC), where pores of
less than 2 nm in diameter are termed micropores, those with diameters between 2 and 50
nm are termed mesopores, and those greater than 50 nm in diameter are termed
macropores.

Moore's Law
Coined in 1965 by Gordon Moore, future chairman and chief executive of Intel, it stated at
the time that the number of transistors packed into an integrated circuit had doubled every
year since the technology's inception four years earlier. In 1975 he revised this to every
two years, and most people quote 18 months. The trend cannot continue indefinitely with
current lithographic techniques, and a limit is seen in ten to fifteen years. However, the
baton could be passed to nanoelectronics, to continue the trend.

MRI
Molecular Resonance Imaging. Medical imaging technique.

MWNT
Multi-walled nanotube (carbon).
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Nanometer
One billionth of a meter. Picture a millimeter, then try to imagine this divided into a
thousand parts (as a meter is divided into a thousand millimeters). This is a micrometer. To
get to a nanometer you have to divide by a thousand again. Atoms vary in size from a tenth
to around a half of a nanometer.

Nanotube
Strictly speaking, any tube with nanoscale dimensions, but generally used to refer to
carbon nanotubes (a commonly mentioned non-carbon variety is made of boron nitride),
which are sheets of graphite rolled up to make a tube, graphite being a sheet of carbon
atoms interconnected as hexagons, somewhat like chicken wire. The dimensions are
variable (down to 0.4 nm in diameter) and you can also get nanotubes within nanotubes,
leading to a distinction between multi-walled and single-walled nanotubes. Apart from
remarkable tensile strength, nanotubes exhibit varying electrical properties (depending on
the way the graphite structure spirals around the tube), and can be semiconducting or
conducting (metallic).

Near term
Or short term. In this report, 0-3 years.

NEMS
Nanoelectromechanical systems. Nanoscale MEMS (cf.).
nm

Abbreviation for nanometer.

Non-linear optical materials
NLO materials are used for wavelength conversion. The most common optical properties,
such as refraction, can be related to the polarizability of the molecule. Polarizability is the
change in the dipole moment when an electric field is applied (a first derivative). Nonlinear optical properties depend upon the hyperpolarizability of the molecule.
Hyperpolarizability is the change in the change in dipole moment due to an electric field (a
second derivative). An example of a non-linear optical property is frequency doubling,
where the light emitted from a material is twice the frequency of the light being sent into
the material.

Paclitaxel
Paclitaxel is the active ingredient in Taxol, the world's most used cancer-fighting agent.
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PAMAM
Poly AMido AMine dendrimers. Dendrimers containing tertiary
amines (a nitrogen (N) atom bonded to three carbon (C) atoms) as
branching points and amide groups (carbon (C), oxygen (O) and
nitrogen (N) atoms arranged in the manner shown in the figure) as
branches in their structure.

Parallel technology
A technology that can do multiple things at a time. Mass-production techniques for
semiconductors are parallel, as are some of the new biodetection techniques, allowing the
detection of multiple substances at the same time.

Photolithography
The technique used to produce the silicon chips that make up modern-day computers
(actually, the term predates printed circuits). The traditional process involves shining light
through a mask onto a photosensitive polymer (photoresist) on a silicon surface, then
subsequently removing the exposed areas.

Photonic crystal
Photonic crystals are structures containing elements that repeat a pattern at the scale of
electromagnetic wavelengths (such as those of visible light, for example) that causes a
regular variation in optical properties. In the overall material, this regular variation leads to
a band gap, i.e. a certain frequency range of light cannot pass through the crystal. This
phenomenon enables the creation of structures that exert remarkable control over light,
doing things that are impossible with conventional optics, such as making waveguides with
sharp 90 degree bends in which no light is lost, or 'boxes' in which light can be trapped.
Photonic crystals are often described as the optical equivalent of semiconductors; the word
photonic is itself analogous to the word electronic.

POSS
Polyhedral oligomeric silsesquioxanes. POSS consist of an inorganic (silicon–oxygen) core
and eight variable organic side groups and are typically about 1.5 nm in radius.

PPI
Poly(Propylene Imine) dendrimers. Dendrimers containing tertiary amines (a nitrogen (N)
atom bonded to three carbon (C) atoms) as branching points and propylene groups (three
carbon (C) atoms) as branches in their structure.

Proteomics
The study of the proteome, a term coined to parallel genome (compare genomics). The
proteome is thus the totality of proteins in an organism. The ways proteins fold up (as
opposed to just the sequence of amino acids of which they are composed) is a critical
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determinant of their behavior and very hard to model—current attempts use
supercomputers and distributed computing (as screen savers).

Quantum dot
A structure capable of confining a single electron, or a few, and in which the electrons
occupy discrete energy states just as they would in an atom (quantum dots have been called
artificial atoms).

Self-assembly
The process whereby components spontaneously organize into larger or more complex
objects. An approach to construction used widely in natural systems and a central theme in
much of nanotechnology, where the term bottom-up is often used interchangeably (though
self-assembly is just one example of bottom-up construction).

Sinter
To coalesce into a single mass under the influence of heat but without actually liquefying.

Soft lithography
A collection of techniques that are simple in concept and based around nanostructured
forms that are used as molds to make other nanostructures.

Sputtering
A technique whereby ions in a gas discharge impact on the cathode (negative electrode)
and knock out uncharged atoms, which can then coat surfaces or form nanoparticles.

Substrate
Basically a surface upon which a reaction occurs or something is grown or deposited.

Supercritical Fluid (SCF)
Supercritical fluids possess properties that are intermediate between gases and liquids. A
gas becomes a supercritical fluid above a critical temperature (Tc) and a critical
pressure(Pc).

Surfactant
A surface-active substance, such as a detergent or soap, that lowers the surface tension of a
solvent (usually water).

SWNT
Single-walled nanotube (carbon).
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Top down
See bottom up.
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Abbreviations
Abbreviations in the main text are generally introduced first. The directory volume,
however, contains many. Some of the most common are listed below. Further information
can then be found in the main report.
AFM

Atomic force microscope. A type of SPM.
ATP

Adenosine triphosphate.
CNT

Carbon nanotube.
CNT-FED

Carbon nanotube field emission device.
CVD

Chemical vapor deposition.
EPL

Electron projection lithography.
EUV

Exreme ultraviolet.
FED

Field emission device.
FIB

Focused ion beam machine.
IR

Infrared.
MRI

Magnetic resonance imaging.
MWNT

Multi-walled nanotube.
NMR

Nuclear magnetic resonance.
NSOM

Also SNOM. Scanning near-field optical microscope.
SEM
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Scanning electron microscope.
SET

Single-electron transistor.
SIMS

Secondary ion mass spectrometer.
SNOM

Also NSOM. Scanning near-field optical microscope.
SPM

Scanning probe microscope.
STM

Scanning tunneling microscope. A type of SPM.
SWNT

Single-walled nanotube.
TEM

Transmisson electron microscope.
UV

Ultraviolet.
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Appendix One – Board of Advisors
James R. Baker
Ruth Dow Doan Professor of Biologic Nanotechnology
Director, Center for Biologic Nanotechnology (USA),
CEO, NanoBio Corporation (USA)
Dr. Baker is a 1978 graduate of the Loyola-Strich School of
Medicine. He `completed an internship and internal medicine
residency at the Walter Reed Army Medical Center. He was also an
Allergy and Clinical Immunology Fellow at Walter Reed and at
NIAID. Dr. Baker joined the faculty of the Dept. of Internal Medicine at the University
of Michigan in 1989, and is currently Professor of Medicine and Chief of Division of
Allergy.
Dr. Baker’s research has been funded by a series of grants from NIAID, DARPA, NCI
and NASA, in the area of gene transfer and drug delivery using dendritic polymers. His
work with dendrimers led him to establish the Center for Biologic Nanotechnology at
the University of Michigan, where he became the first recipient of the Ruth Dow Doan
Endowed Professorship in Biologic Nanotechnology. The Center is leading a
multidisciplinary project that works towards the development of new therapeutics for
cancer based on dendrimers.
Dr. Baker's work with synthetic lipid and polymeric nanostructures resulted in the
development of a new class of antimicrobial agents that are active against bacterial
and fungal spores, and viruses. This research led to a start-up biotechnology
company, NanoBio Corporation, based in Ann Arbor MI where he serves as Chief
Scientific Officer. His research at the University has led to numerous academic
appointments and honors which include Director of Research in the newly created
Bioterrorism and Health Preparedness Initiative in U-M's School of Public Health.
Because of his prominence in the field of biologic nanotechnology, Dr. Baker received
the Medical School’s Dean's Innovation Award in 2001.
Larry Bock
President and CEO, Nanosys Inc. (USA)
Larry Bock is a co-founder, President, CEO and member of the
Board of Directors of Nanosys, Inc. He is a general partner of the
CW Group, where he focuses on seed-stage de novo start-ups in
the life and physical sciences.
Mr. Bock was the founder and initial CEO of ARIAD
Pharmaceuticals,
Neurocrine
Biosciences,
Pharmacopeia,
GenPharm International, Metra Biosystems, Argonaut Technologies, Caliper
Technologies, Illumina Technologies, IDUN Pharmaceuticals and FASTTRACK Systems.
He was a co-founder of Athena Neurosciences, Vertex Pharmaceuticals, and Onyx
Pharmaceuticals.
Mr. Bock started his career as a researcher at Genentech in the field of infectious
diseases.

© Científica 2003

Page 301 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
He received his BA in biochemistry from Bowdoin College and his MBA from the
Anderson School at UCLA.
Hans Coufal
Manager of Science and Technology, IBM Research's Almaden
Research Center (USA)
Dr. Coufal received his Ph.D. degree in physics from the
Technical University of Munich. After several years on the faculty
at this university and at the Free University in Berlin, he joined
the IBM San Jose Research Laboratory as a member of the
research staff in 1981.
He is a Fellow of the Optical Society of America and of the International Union of Pure
and Applied Chemistry. Dr. Coufal is currently manager of the New Directions in
Science and Technology department at the IBM Almaden Research Center; he has
managed IBM's effort in holographic data storage since 1993.
In 1996, Dr. Coufal became one of the two principal investigators of the DARPAsponsored HDSS and PRISM consortia.
Jean-Pierre Dan
Senior Marketing Manager at CSEM (Switzerland)
As a graduate engineer in Physics and Chemistry, Mr. Dan has
worked and managed projects in the fields of surface treatment,
microelectronics, microtechnology, and equipment design, in both
R&D and production environments.
He is currently employed as Senior Marketing Manager at CSEM
(Swiss Center for Electronics and Microtechnology, Inc.) where he
is particularly involved in nanotechnology, biotechnology and optical MEMS.

James K. Gimzewski
Professor of Chemistry, UCLA (USA)
James Gimzewski is a Professor in the Dept. of Chemistry and
Biochemistry at UCLA. Until February 2001 he was a group leader at
the IBM Zurich Labs, where he was involved in nanoscale science
from 1983. He pioneered research on electrical contact with single
atoms and molecules, light emission, and molecular imaging using
STMs. His accomplishments include the first STM-manipulation of
molecules at room temperature, the realization of a molecular abacus using
buckyballs, the discovery of single-molecule rotors and the development of
nanomechanical sensors based on nanotechnology, which explore the ultimate limits
of sensitivity and measurement. Recently, he discovered a new method of making the
world's most perfect carbon nanotube crystal. His current interests within CNSI are in
the nanoarchitectonics of molecular systems and molecular and biomolecular
machines, in particular those with quantum mechanical potential for information
processing.
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Prof. Gimzewski received the 1997 Feynman Prize in Nanotechnology, the 1997
Discover Award for Emerging Fields, the 1998 'Wires 25' Award from Wired magazine
and the Institute of Physics 'Duddell' 2001 prize and medal for his work in nanoscale
science. He holds two IBM Outstanding Innovation Awards, and is a Fellow of the
Institute of Physics and a Chartered Physicist. Jim was elected to the Royal Academy
of Engineering, and he has joined the scientific boards of Carbon Nanotechnologies,
Inc. and Veeco-DI Instruments (a CNSI member company).
With over 168 papers published, Professor Gimzewski's research continues to appear
in journals such as Science, Chemical Engineering, and Nature. He has also appeared
in many popular magazines such as Discover, The New York Times, the Wall Street
Journal, and Scientific American.
Jim Golden
Business Development Manager, 454 Corp. (USA)
Dr. Golden is the Manager of Business Development at 454
Corporation, an instrumentation and informatics spin-off of CuraGen
Corporation in New Haven, Connecticut. 454 is developing hardware
and software for ultra-rapid whole genome sequencing and analysis.

development.

Prior to joining 454 Corp. he was the Director of Bioinformatics at
CuraGen. His primary focus there was on informatics business

Dr. Golden received his BS in Mathematics and Computer Science from Rhodes College
in Memphis, TN, and his MS degree in computer science from the University of
Tennessee Space Institute in Tullahoma, TN. His thesis was on neural networks for
signal processing and fault diagnosis in aircraft engines. His PhD in Mechanical
Engineering from Vanderbilt University was in the area of the design and optimization
of DNA sequencing devices.
As Director of Bioinformatics at GeneSys Technologies, he had responsibility for
designing and implementing software to analyze genotyping and sequencing gel
images from the GTI-9600 instrument. From 1999 to 2000, he was Coordinator for
Bioinformatics and Computational Biology at Pioneer Hi-Bred, where he led multiple
projects focused on the identification, development, integration, and application of
informatics technologies relating to agricultural genome research. Dr. Golden is a
Major in the U.S. Air Force Reserves and spent several years on the staff of the Air
Force Test Pilot School.
Neil Gordon, P.Eng, MBA
Partner – Nanotechnology, Sygertech (Canada)
President of the Canadian NanoBusiness Alliance
Neil Gordon specializes in the commercialization of nanotechnology
and MEMS. As a nanotechnology business consultant he works with
nanotechnology investors, ventures, business units in large
companies, and government agencies in assessing investment
opportunities, establishing strategies, developing business plans, obtaining financing,
defining sales opportunities and tactics, launching new technologies, and developing
marketing campaigns. He is on the Advisory Board of World Nano-Economic Congress,
was a judge for the Small Times Company of the Year 2002 awards, was a panelist at
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the NASA Global Nano Forum, and is regularly interviewed as a leading
nanotechnology industry analyst in Small Times, Nanoelectronics Planet, Electronics
Business, Chemical Market Reporter, and TheDeal.com. His white papers, entitled
"Tips for Bringing Nanotech Products to Market" and "Five Ingredients for Financing
Nanotech Ventures", are available at http://www.sygertech.com/knowhow.shtml
Mr. Gordon is also the President and co-founder of the Canadian NanoBusiness
Alliance, a nanotechnology trade association with affiliated organizations in the US and
Europe. He established the Canadian Nanotech SWAT Team which was formed to
create a Canadian National Nanotechnology Initiative (see http://www.nanotechnow.com/CNA-release-12052002.htm). He co-organized the Canadian Institutes of
Health Research Nanoscience Workshop, the Canada/Europe/US (CANEUS) Micro/Nano
Space Conference, and the Canadian Nanomaterials Crossroads Conference.
Mr. Gordon has a bachelor's degree in metallurgical engineering from McGill
University, an MBA from the University of Western Ontario, and 20 years of senior
management, marketing, finance and operational experience with diverse technology
companies, including as co-founder of two technology start-ups.
Francois Grey
Professor in Nanotechnology
CERN openlab development (Switzerland)
Francois Grey (B.Sc. Physics, Imperial College; PhD Physics,
HASYLAB, DESY) was Vice Director of the National Micro and
Nanotechnology Center in Denmark between 1997 and 2002, and
was Professor of Nanotechnology at the Technical University of
Denmark in 2002. His research has resulted in over 70 scientific publications, seven
patents, and the creation of two nanotech start-up companies.
Since July 2002, Francois Grey has been based at CERN, advising on innovation policy
in CERN's IT Division. He is currently in charge of developing the CERN openlab for
DataGrid applications, a novel partnership with industry (www.cern.ch/openlab). His
current scientific interests include ways of applying grid technology to nanotechnology.
Francois Grey is also a regular contributor to the Economist and the Economist's
Technology Quarterly.
Jean-Charles Guibert
Head of Strategic Partnerships, Minatec (France)
Jean-Charles Guibert graduated in 1981 from Languedoc University
Institut des Sciences de l’Ingénieur de Montpellier in materials science
and then, in 1983, from Strasbourg University's Ecole d’Application
des Hauts Polymères, in polymer science.
In the last two decades Jean-Charles has been actively involved in managing the
development of lithographic activities at LETI-CEA, one of Europe’s largest
microelectronics research centers. In 1997 he was appointed microelectronics program
manager in LETI and launched the EURACCESS European network program, focused
on advanced microelectronics, and the French PREUVE program on EUV lithography.
Since January 2001, he has been a major force in the CEA Pôle d’Innovation in Micro
and Nanotechnologies (MINATEC) project group, one of the largest European
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platforms in micro and nanotechnologies, where one of his many tasks concerns
programs and strategic partnerships. Jean-Charles is currently deputy manager of
LETI, in charge of strategic marketing.
Mike Horton
Director to the Bone & Mineral Centre, Research Director, Sackler
Institute for Musculoskeletal Research, University College London (UK)
Professor Mike Horton's research has focused on cell adhesion
receptors in bone biology. Over the past few years he has developed
atomic force microscopy techniques for application to cell biology. He
was the first to measure binding forces between ligands and their
receptors in living cells at single molecule sensitivity, and is currently using the AFM as
a micromanipulation tool, and, in conjunction with confocal optical microscopy, to
examine cellular responses to applied mechanical strain.
Steve Jurvetson
Managing Director, Draper Fisher Jurvetson (USA)
Steve Jurvetson is a Managing Director of Draper Fisher Jurvetson. He
was the founding VC investor in Hotmail (MSFT), Interwoven (IWOV),
and Kana (KANA). He also led the firm's investments in Tradex
(acquired by Ariba for $6B) and Cyras (acquired by Ciena for $2B),
and most recently, in pioneering companies in nanotechnology and
molecular electronics.
Previously, Mr. Jurvetson was an R&D Engineer at Hewlett-Packard, where seven of
his communications chip designs were fabricated. His prior technical experience also
includes programming, materials science research (TEM atomic imaging of GaAs), and
computer design at Hewlett-Packard's PC Division, the Center for Materials Research,
and Mostek. He has also worked in product marketing at Apple and NeXT Software. As
a consultant with Bain & Company, Mr. Jurvetson developed executive marketing,
sales, engineering and business strategies for a wide range of companies in the
software, networking and semiconductor industries. At Stanford University, he finished
his BSEE in 2.5 years and graduated No. 1 in his class, as the Henry Ford Scholar. Mr.
Jurvetson also holds an MS in Electrical Engineering from Stanford. He received his
MBA from the Stanford Business School, where he was an Arjay Miller Scholar.
Mr. Jurvetson also serves on the Merrill Lynch Technical Advisory Board and is CoChair of the NanoBusiness Alliance. He was recently honored as "The Valley's Sharpest
VC" on the cover of Business 2.0 and chosen by the SF Chronicle and SF Examiner as
one of "the ten people expected to have the greatest impact on the Bay Area in the
early part of the 21st Century." He was profiled in the New York Times Magazine and
featured on the cover of Worth and Fortune magazines.
He was chosen by Upside magazine as one of the 100 "most influential people in the
digital world", and by Forbes as one of "Tech's Best Venture Investors". He has
written several columns on nanotech and other developing technologies.
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Charles M. Lieber
Mark Hyman Professor of Chemistry, Harvard University (USA)
Charles M. Lieber was born in Philadelphia, PA in 1959. He received
his early education in Moorestown New Jersey. He attended Franklin
and Marshall College for his undergraduate education and was
awarded a B.A. with Honors in Chemistry in 1981. He then moved
West to undertake doctoral studies at Stanford University where he
worked with Nathan S. Lewis on kinetic and catalytic studies of
chemically-modified electrodes.
After receiving his PhD in 1985, he moved to the California Institute of Technology to
pursue postdoctoral research with Harry B. Gray. As a NIH Fellowship awardee he
investigated factors determining thermal- and photo-induced electron transfer rates in
ruthenium-modified myoglobin. In the summer of 1987 he moved back to the East
Coast to assume an assistant professor position at Columbia University. Here he
embarked upon a new research program addressing the synthesis and properties of
low-dimensional materials.
His early work at Columbia was recognized with several prizes including a Presidential
Young Investigator Award, a David and Lucile Packard Fellowship in Science and
Engineering, a Camille and Henry Dreyfus Teacher-Scholar Award, and an Alfred P.
Sloan Fellowship.
In 1991 he moved to Harvard University as a Professor of Chemistry and now holds a
joint appointment in the Department of Chemistry and Chemical Biology and the
Division of Engineering and Applied Sciences. His work at Harvard has focused on
understanding complex materials from a chemical perspective, including the chemistry
and physics of low-dimensional and nanoscale materials and the development of new
synthetic approaches for rationally assembling inorganic nanostructures and
nanostructured materials. He has also pioneered the creation and application of new
chemically sensitive microscopies for probing organic and biological materials at
nanometer to molecular scales. This work has been recognized by a number of awards
and lectureships, including the ACS Pure Chemistry Award (1992), the MRS Young
Investigator Award (1993), the George Ledlie Prize (1994), and the Leo Hendrik
Baekeland Award (1995). He is a Fellow of the American Physical Society and the
American Association for the Advancement of Science.
Lerwen Liu
Managing Director, nABACUS Ltd (Japan)
MD of nABACUS, Dr. Liu has extensive experience in consulting
and networking in nanotechnology worldwide, and in the AsiaPacific region in particular. She draws on many years of experience
working at a Tokyo-based science and technology information
company, providing information services to clients in industry and
government bodies, focusing on Asia-Pacific nanotechnology R&D
in industry and research centers.
Dr. Liu developed the nanotechnology program at ATIP. She has visited a wide list of
nanotechnology organizations, industry and governments in the Asia Pacific region,
Europe and the United States, promoting nanotechnology global policies. Dr. Liu is a
frequently invited speaker on global trends in nanotechnology to audiences across the
globe. She consults highto -level policy makers worldwide on government and industry

© Científica 2003

Page 306 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003
nanotechnology programs and R&D planning. She is particularly interested in
promoting nanotechnology development in countries in the Asia-Pacific region,
including Japan, China, Taiwan, Korea, Singapore and Australia.
Terry Lowe
Director and Co-founder, Metallicum (USA)
Chairman, Los Alamos NanoScience and Technology Planning Council
and ASM International Advisory Technical Awareness Council (USA)
Dr. Lowe received his Ph.D. in Materials Science and Engineering from
Stanford University in 1982 and has over 70 technical papers and 4
edited books to his credit. His diverse career spans roles in university
research
and
teaching,
national
laboratory
research
and
management, and most recently executive leadership in the nanotechnology industry.
From 1996-2000 Dr. Lowe was the Deputy Director of the Materials Science and
Technology (MST) Division at Los Alamos National Laboratory, supervising 500
research and support staff, overseeing a $100 million/year operating budget and with
principal responsibility for materials technology commercialization.
Dr. Lowe’s
technical leadership also includes founding and chairing the Los Alamos NanoScience
and Technology Planning Council and chairing the ASM International Advisory
Technical Awareness Council that identifies global trends in materials technologies. He
has received several Los Alamos awards for Distinguished Performance and in October
of 2000 was recommended to serve as a Fellow of the Nanoscale Science, Engineering
and Technology Subcommittee of the President Clinton’s National Science and
Technology Council.
Focusing on commercialization in the emerging area of nanotechnology, he joined
Technanogy, a nanotechnology incubator company, as Chief Technical Officer in
October 2000 before becoming President and CEO. As CEO, he restructured the
company, leading to the founding of another nanomaterials company, Metallicum, in
May 2001. Dr. Lowe is the co-inventor of Metallicum’s two founding patents. He
served as Metallicum CEO until January of 2002 and now chairs its Board of Directors.
Stephen B. Maebius
Partner and co-chair Intellectual Property Department, Foley &
Lardner (USA)
Stephen B. Maebius is a partner in the Washington, D.C. office of
Foley & Lardner, where he is the Washington office Intellectual
Property Department co-chair. Mr. Maebius serves on the advisory
board of the NanoBusiness Alliance. He previously worked as a
patent examiner in the biotechnology group of the US Patent Office.
He has also been a Visiting Associate Professor of Intellectual
Property Law at Tokyo University's Research Center for Advanced Science and
Technology, as well as a Faculty Adjunct Professor at George Washington University
Law School, where he taught comparative and international patent law.
Mr. Maebius lectures on intellectual property topics in the US and abroad and has
authored a number of articles in the field. In addition, he testified at the 2002
FTC/DOJ hearings on the "Implications of Competition and Patent Law and Policy."
Mr. Maebius graduated from Cornell University (BS biology, 1989) and the George
Washington University Law School (J.D., 1994). He is admitted to practice in the
District of Columbia, the State of Virginia, before the Court of Appeals for the Federal
Circuit, the US Supreme Court, and before the US Patent and Trademark Office
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Ralph Merkle
Vice President, Technology Assessment, Foresight Institute (USA)
Dr. Merkle received his PhD from Stanford University in 1979 where
he co-invented public key cryptography. He joined Xerox PARC in
1988, where he pursued research in computational nanotechnology
until 1999.
He is Vice President, Technology Assessment at the Foresight
Institiute and was until recently a Principal Fellow at Zyvex. He
chaired the Fourth and Fifth Foresight Conferences on Nanotechnology, was corecipient of the 1998 Feynman Prize for Nanotechnology for theory, and was corecipient of the ACM's Kanellakis Award for Theory and Practice, the 2000 RSA Award
in Mathematics, and the IEEE Kobayashi Award. Dr. Merkle has published and spoken
extensively and has nine patents. His home page is at www.merkle.com.
Meyya Meyyappan
Director, Center for Nanotechnology, NASA/Ames Research Center
(USA)
Meyya Meyyappan is the Director of the NASA Ames Center for
Nanotechnology (NACNT) as well as a Senior Scientist. He is a
member of the Interagency Working Group on Nanotechnology
(IWGN) established by the Office of Science and Technology Policy
(OSTP). The IWGN is responsible for putting together the National
Nanotechnology Initiative. NACNT, formed in 1996 and consisting of 45 scientists, has
been engaged in carbon nanotube (CNT)-based nanotechnology, protein nanotubes,
molecular electronics, bacteriorhodopsin-based data storage, nanotechnology in gene
sequencing, biosensor development, quantum computing, computational electronics,
computational optoelectronics, and computational nanotechnology.
Dr. Meyyappan has a PhD in chemical engineering. He is a member of IEEE, AIChE,
MRS, AVS and ECS. He is the editor of an Elsevier journal, Material Science in
Semiconductor Processing. He has published over 75 articles in refereed journals and
in the last 4 years has given over 30 invited, keynote and plenary talks on
nanotechnology subjects. He was awarded NASA's Outstanding Leadership Medal in
1999, and NACNT received a Group Achievement Award from NASA in 2000. The
Computational Nanotechnology group of NACNT has won two Feynman Prizes,
awarded by the Foresight Institute.
Scott Mize
Co-founder of AngstroVision, Inc (USA)
Scott Mize is a co-founder of AngstroVision, Inc., an early-stage
company focused on creating a breakthrough nano-imaging device.
He was a senior advisor to Technanogy, a nanomaterials company,
and is the Chairman of the Advisory Board for the Nanotechnology
Opportunity Report.
He is an entrepreneur, advisor, and speaker in the field of high technology. He has 20
years of experience in the information technology, new media and Internet industries,
and has been tracking the development of the nanotechnology field for over 15 years.
Scott is an advisor to Clean Edge, a clean technology market research firm; Natural
Logic, a consulting firm that helps companies turn exceptional environmental
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performance into competitive advantage; Enlightenment.com, a personal development
Web site; and Space Launch, a microsatellite launch company.
Scott was co-founder and CEO of Zelos!, an early publisher of personal learning
products on CD-ROM. He served as an evangelist at Apple Computer and a product
manager in the Information Services Group at Lotus Development Corporation. He
also served as director of software development for a hand-held computer
manufacturer and co-founded a microcomputer software company.
He is a co-founder of the Young Entrepreneurs Organization and the San Francisco
Multimedia Development Group. Scott attended Harvard College and co-founded the
Association of Collegiate Entrepreneurs. He has been a judge for New Media
Magazine's INVISION awards and the Global Information Infrastructure Awards. He
has also been a guest lecturer in the Multimedia Studies program at San Francisco
State University.
Ed Niehaus
Partner, Freedom Technology Ventures (USA)
Ed Niehaus is a marketing and business consultant, corporate
director and co-founder of Niehaus Ryan Wong, Inc., the public
relations agency that launched Yahoo. He serves on the advisory
boards of the nanotechnology-focused Foresight Institute, the
Institute for Molecular Manufacturing and the Software
Development Forum. He is on the boards of directors of ClickAction
(NASDAQ: CLAC) and Avinon, and on the advisory board of
Chengwei, Ltd., a Shanghai-based venture capital firm.
Prior to NRW, Mr. Niehaus served in several marketing and sales capacities in the
computer and software industries.
Ed has a BSME degree from Duke University and is a licensed Professional Engineer.
Uri Sagman
President and Chief Executive Officer, C Sixty Inc. (Canada)
Dr. Sagman is co-founder and President of C Sixty Inc. He is a
medical oncologist, a fellow of the Royal College of Physicians and
Surgeons of Canada, and a fellowship recipient of the Medical
Research Council of Canada. He is a recognized researcher in the
field of clinical oncology and has produced numerous publications
in the field of tumor biology and immunology.
Dr. Sagman is the founder and Executive Director of the Canadian Nanobusiness
Alliance, an association dedicated to the promotion of the nanotechnology sector to
the business community. Dr. Sagman is Chairman of GRN Health International, Inc., a
globally based academic research organization dedicated to medical research and
development.
At C Sixty Dr. Sagman has recruited some of the world's leading scientists, to advance
the development of fullerene-based technology in biomedical applications. To this
end, Dr. Sagman has enlisted a comprehensive R&D network, based at leading
academic centers, including Rice University, UCLA, Columbia University, Dartmouth
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University, the University of Toronto, Erlangen University in Germany, and the
University of Taiwan.
Simon Waddington
Managing Partner, PolyTechnos Venture-Partners (Germany)
Simon Waddington joined PolyTechnos from Monsanto where he was
responsible for launching and managing the European corporate
venturing activities. From 1991 to 1994, he was Product
Development Manager with Zeneca where he ran their biodegradable
polymer film and coating activities. Prior to this, he was a senior
research scientist in ICI's Advanced Materials and Paints divisions
respectively, specializing in surface, interface and adhesion science. His roles have
included corporate venturing, business development and strategy, product
development, applied science, and basic research.
Simon's activities have broadly spanned the physical, chemical and biological sectors
and he has consequently developed a keen interest in businesses that have a deep
interdisciplinary context. His involvement with the development and advancement of
surface analysis methods has led to a long-standing interest in nanoscience. He is a
co-founder of the European NanoBusiness Association and serves on its Advisory
Board.
Simon holds a PhD in surface and solid-state physics from the University of Liverpool
and an MBA from Harvard Business School (HBS). He serves on the board of the HBS
Alumni Association of Germany. Simon has published and received a number of
patents. He has lived and worked in the UK, the US, Belgium, and Germany.
Simon’s broad technological background has enabled him to take a leading role in
multiple investment areas, from polymer electronics to medical devices. He is
currently a board member of Plastic Logic Ltd., Power Paper Ltd., and Micrus
Corporation. He was promoted to the position of Managing Partner in January 2003.
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Mark Welland
Head of the Nanoscale Science Laboratory in the Department of
Engineering, Cambridge University (UK)
Director of the Interdisciplinary Research Collaboration (IRC) in
Nanotechnology, Cambridge interdisciplinary Centre for
Nanotechnology (UK)
After graduating from Leeds in 1979 and gaining a PhD at Bristol,
Mark Welland worked at the Garching Max Planck Institute and the
IBM T J Watson Research Laboratory. He pioneered atomic level resolution scanning
tunnel microscopy and invented the scanning probe microscope, two key enablers for
one of today's hottest engineering topics, nanotechnology.
Prof. Welland joined the Cambridge Engineering Department in 1986 and is today
Professor of Nanotechnology. His primary interest is applying his understanding of
nanoscale science in solving interesting problems ranging from nanoparticulate
inhalation influence on tumor formation to the fabrication of novel optical, molecular,
electronic and magnetic nanostructures as practical devices for next-generation
products.
Prof. Welland directs the new IRC for nanotechnology and the Cambridge
interdisciplinary Centre for Nanotechnology. He advises several governments on
nanotechnology policy and is Principal Investigator for numerous UK and EU grant
awards. His editorial activity spans six international journals across a notably catholic
spectrum, including 'Lab on a Chip'. He nevertheless still finds time to teach and to
reshape Cambridge's electrical and information science (EIST) course; his longrunning microelectronics MPhil (the first of its kind) continues to prepare many
students for their own doctorates. He has founded several companies, which
manufacture products ranging from nanoactuators to biosensor protein sequencing
machines, and his magnetic storage discoveries have attracted substantial venture
capital funding.
Professor Welland is a world leader in nanotechnology and scanning probe microscopy.
His achievements combine the development of new experimental tools for nanoscale
characterization with the modeling of nanoscale properties, and an interdisciplinary
approach to practical applications. His contributions include determining the
mechanical properties of single molecules, and of molecular layers and polymer films
at the nanometer scale.
R. Stanley Williams
HP Senior Fellow, Hewlett-Packard Laboratories (USA)
R. Stanley Williams is HP Fellow at Hewlett-Packard Laboratories
and founding Director (since 1995) of the Quantum Science
Research (QSR) group.
The QSR group was established to prepare HP for the major
challenges and opportunities ahead in electronic device technology as features
continue to shrink to the nanometer size scale, where quantum mechanics becomes
important.
He received a B.A. degree in Chemical Physics in 1974 from Rice
University and his Ph.D. in Physical Chemistry from U. C. Berkeley in 1978.
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He was a Member of Technical Staff at AT&T Bell Labs from 1978-80 and a faculty
member (Assistant, Associate and Full Professor) of the Chemistry Department at
UCLA from 1980 - 1995. His primary scientific research during the past twenty years
has been in the areas of solid-state chemistry and physics, and their applications to
technology. This has evolved into the areas of nanostructures, chemically-assembled
materials, and molecular electronics.
His awards for scientific and academic
achievement include the 2000 Julius Springer Award for Applied Physics and the 2000
Feynman Prize in Nanotechnology. He has been awarded seven US patents, has
published 202 papers in reviewed scientific journals, and has written general articles
for technical and business publications.

© Científica 2003

Page 312 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Notes

© Científica 2003

Page 313 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Notes

© Científica 2003

Page 314 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Notes

© Científica 2003

Page 315 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Notes

© Científica 2003

Page 316 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

Nanotechnology Opportunity Report, 2nd Edition
June 2003

Notes

© Científica 2003

Page 317 of 317

Reproduction in whole or in part without permission of Científica is prohibited.

