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nanotechnology n.  
The ability to do things—measure, see, predict and make—on the scale of 
atoms and molecules and exploit the novel properties found at that scale. 
Traditionally, the nanotechnology realm is defined as being between 0.1 
and 100 nanometers, a nanometer being one thousandth of a micron 
(micrometer), which is, in turn, one thousandth of a millimeter. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
NANOTECHNOLOGY: THE TINY 
REVOLUTION 
 
Nanotechnology will change the world, 
the pundits tell us, and people are 
racing to become a part of the new 
craze, launching web sites, special 
reports, companies, and products with 
the nano prefix. Over two billion dollars 
a year of government money is being 
pumped into nanotechnology 
worldwide, matched by a similar 
amount from private industry. 
 
Yet, despite the plethora of research 
reports in recent months, few of the 
pundits seem to have much of a grasp 
of what nanotechnology encompasses 
or how it is going to achieve these 
supposed dramatic effects. Reporting, 
both from the popular press and 
respected business sources, all too 
often mixes up nanotechnologies that 
are just around the corner with those 
that are highly speculative or very long-
term. 
 
At the root of the confusion is an 
important aspect of nanotechnology 
that differentiates it from earlier 
revolutions such as the internet.  
Although the internet revolution has 
been enabled by a new technology, it 
can largely be understood and 
evaluated in terms of traditional 
markets, e.g. selling products to 
consumers, provision of information, 
etc. 
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With nanotechnology, however, the technology itself is fundamental. Nanotechnology 
is about making things, whether it be making things that are smaller, faster or 
stronger, making something completely new or with additional properties, or making 
machines that will lead to new manufacturing paradigms. To effectively evaluate the 
potential of the technology and its markets, a firm understanding of the nature of the 
technology is essential. Equally, the perspective must be global in scope since 
governments and corporations worldwide are investing in nanotech and research is 
active on several continents. 
 
While general interest in nanotechnology is increasing rapidly, most of the recent 
growth of interest in nanotech comes from those with a strategic interest, such as 
governments, venture capitalists, large technology-oriented corporations, and 
scientists working in the field. These groups constitute our target audience and, as 
such, our focus will be on the short- and medium-term, in which their interest will 
largely lie. The aim of this white paper is to give an introduction to the wide variety of 
technologies that fall under the nanotech umbrella, and to present this in a manner 
that gives a sense of the areas of our world, and thus the markets, that will be 
impacted, and when. This will be done in later sections, after a high-level look at 
nanotechnology as a whole, a brief look at current funding and financing and an 
overview of the longer-term and more speculative visions of nanotech that have so 
caught the public imagination, and without which any discussion of nanotechnology 
would be incomplete 
 
 
WHAT IS SO SPECIAL ABOUT NANOTECHNOLOGY? 
 
So why is nanotechnology going to be the making of a revolution? Simply put, 
because it will affect almost every aspect of our lives, from the medicines we use, to 
the power of our computers, the energy supplies we require, the food we eat, the 
cars we drive, the buildings we live in and the clothes we wear. More importantly, for 
every area where we can imagine an impact, there will be others no-one has thought 
of—new capabilities, new products, new markets. Given the breadth of impact, in the 
short- and medium-term this will be, by and large, a gradual, insidious revolution, 
creeping into the world around us for many years to come, although in some areas 
there might be disruptive changes just over the horizon. 
 
It is important to realize the diversity of nanotechnology. It is an enabling technology, 
allowing us to do new things in almost every conceivable technological discipline. 
Like other enabling technologies, such as the internet, the internal combustion 
engine, or electricity, its impact on society will be broad and often unanticipated 
(electricity was initially promoted as an alternative to gas lights, but from it we have 
developed telephones, computers, and the internet, and most of our lives would be 
impossible without it). Unlike these examples, nanotechnology is not so easy to pin 
down—it is a general capability that impacts on many scientific disciplines; it is 
multidisciplinary. This multidisciplinary nature presents a challenge for the scientific 
community and the R&D bodies of governments and industry but it also a reason to 
expect the unexpected, as scientists used to living separate lives learn to converse 
and work together. 
 
What's so special about controlling matter at a smaller scale? This is where the 
answers get more complex and diverse. An essential point is that nanotechnology is 
not just about miniaturizing things. At the nanoscale different laws of physics come 
into play (quantum physics), properties of traditional materials change (see the 
discussion of nanoparticles), the behavior of surfaces starts to dominate the behavior 
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of bulk materials, and whole new realms open up for us. Additionally, making 
materials atomically exact radically changes their properties. 
 
 Life Sciences and Medicine.  In life sciences and medicine, it means we are 

now becoming able to measure and make things on the level at which organisms 
in the living world, from bacteria to plants to ourselves, do most of their work. 
Being able to work at this scale doesn't just empower us in our control of the 
biological world, but also allows us to start borrowing from that world, leveraging 
the extraordinary inventions that nature has produced through billions of years of 
evolution. 

 
 Materials.  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 some interesting and useful electrical and thermal properties. 
When particles get small enough (and qualify as nanoparticles), their mechanical 
properties change, and the way light and other electromagnetic radiation is 
affected by them changes (visible light wavelengths are on the order of a few 
hundred nanometers). Using nanoparticles in composite materials can enhance 
their strength and/or reduce weight, increase chemical and heat resistance and 
change the interaction with light and other radiation. Coatings made from 
nanoparticles can be unusually tough or slippery, or exhibit unusual properties, 
such as changing colour when a current is applied or cleaning themselves when it 
rains. 

 
 Electronics.  In electronics the benefit of working on the nanoscale stems largely 

from being able to make things smaller. The value comes from the fact that the 
semiconductor industry, which we have come to expect to provide ever smaller 
circuits and ever more powerful computers, relies on a technology that is 
fundamentally limited by the wavelength of light (or other forms of 
electromagnetic radiation, such as X-rays). The semiconductor industry sees 
itself plunging towards a fundamental size barrier using existing technologies. 
The ability to work at levels below these wavelengths, with nanotubes or other 
molecular configurations, offers us a sledgehammer to break through this barrier. 
Ultimately, circuit elements could consist of single molecules. Nanoscale 
structures such as quantum dots also offer a path to making a revolutionary new 
type of computer, the quantum computer, with its promise of mind-boggling 
computing power, at least in certain types of application, if it can be converted 
from theory to practice. 

 
Some of the above technologies are already generating revenue, others are 
attracting venture capital, in the expectation of revenue in the near future, and some 
are being heavily funded by government, in recognition of the considerable longer-
term potential. 
 
Many commentators argue that most nanotechnological applications are still a long 
way off and thus of no interest to the investment community. This is simply not true. 
Areas that are already seeing commercial application of nanotechnology, or could 
well do within the next five years, include: drug delivery; solar energy (photovoltaic or 
direct hydrogen production); batteries; display technologies and e-paper; composites 
containing nanotubes (multi-walled); various nanoparticle composites; catalysts 
(many applications); coatings (extra hard or with novel properties); alloys (e.g. steel 
or those used in prosthetics); implants that encourage cell growth; insulation (thermal 
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and electrical); sensors (bio and chemical); single photon generators and detectors; 
new solid-state lasers; bioanalysis tools; bioseparation technologies; medical imaging 
technologies; filters; abrasives; glues; lubricants; paints; fuels and explosives; 
textiles; higher capacity hard drives; new forms of computer memory; printable 
electronic circuits; and various optical components. This list is by no means 
complete. 
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European nanoscience and nanotechnology spending in millions of 
euros (source: EC IST programme Future and Emerging Technologies, 

Technology Roadmap for Electronics) 
 

Country 1997 1998 1999 2000 
Austria 1.9 2.0 2.2 2.5 
Belgium 0.9 1.0 1.1 1.2 
Denmark  1.9 2.0 2.0 
Finland 2.5 4.1 3.7 4.6 
France 10.0 12.0 18.0 19.0 
Germany 47.0 49.0 58.0 63.0 
Greece 0.2 0.2 0.3 0.4 
Ireland 0.4 0.4 0.5 3.5 
Italy 1.7 2.6 4.4 6.3 
Netherlands 4.3 4.7 6.2 6.9 
Portugal 0.2 0.2 0.3 0.4 
Spain 0.3 0.3 0.4 0.4 
Sweden 2.2 3.4 5.6 5.8 
United Kingdom 32.0 32.0 35.0 39.0 
 
European Commission 

 
23.0 

 
26.0 

 
27.0 

 
29.0 

 
Total 

 
129.6 

 
139.8 

 
164.7 

 
184.0 

 

 
THE GROWING INTEREST IN, AND SPENDING ON, NANOTECH 
 
Nanotechnology is a global phenomenon, with critical research being done, and 
discoveries being made around the world. Our ability to work on the nanoscale is 
blossoming. A wide range of companies and initiatives has already been established 
to create specific products based on nanotechnology. Applications have hit the 
markets already (bulk materials, coatings, sensors) and others are being touted as 
around the corner (drug-delivery systems, new data storage technologies, fuel cells, 
nanotube composites). Money is pouring into the field from government, businesses 
and investors. We'll try here to briefly impart some sense of the scale of this. 
 
Breakdown of spending on the US's National Nanotechnology Initiative from 2001 to 
2003 (all figures in millions of dollars) 
 2001 

actual 
2002 
estimate 

2003 
proposed 

Change: 
2002 to 2003 

Percent change 
2002 to 2003 

National Science 
Foundation  

150 199 221 22 11% 

Defense  125 180 201 21 12% 
Energy  88 91 139 48 53% 
Commerce  33 38 44 6 16% 
National Institutes of Health  40 41 43 2 6% 
National Aeronautics and 
Space Administration  

22 22 22 0 0% 

Environmental Protection 
Agency  

5 5 5 0 0% 

Department of 
Transportation  

0 2 2 0 0% 

Department of Justice  1 1 1 0 0% 
Total  464 579 679 100 17% 
 
 
Note that statistics 
relating to the world of 
nanotechnology 
sometimes have to be 
approached with caution 
since it is not always 
easy to define 
nanotechnology's 
boundaries. Many 
technologies and areas 
of scientific research, 
especially in the 
biological sciences and 
biotechnology, are 
tending to be reclassified 
as nanotechnology. This 
has some justification 
because of the 
multidisciplinary nature 
of the subject and the 
synergies that will arise 
from this. As 
technologies mature, the 
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term nanotechnology, with its current breadth of coverage, will likely be found to be 
too general and the current trend of grouping technologies under the one mantle will 
probably reverse. 
 
Funding has grown at unprecedented rates in the last three years.  
 
For the fiscal year 2002, the US government proposed $519 million dollars for 
nanotech research and the budget enacted by Congress is about $604 million, up 
from about $497 million proposed, and $422 million approved, in fiscal year 2001. 
The 2003 proposal is now $710 million  (an extra $31 million in associated programs 
having been added to the original $679 million).  
 
In Europe, 1.3 billion euros is earmarked for nanotechnology, new materials and 
production processes for the 2002 - 2006 Framework Programme, Figures coming 
out of Europe are sometimes confusing and contradictory, in part because much 
nanotechnology is funded in ways that don't specifically identify it as such. The table 
above shows the latest available spending figures for the EU plus individual 
European countries—it should not be forgotten that Europe is still far more a 
collection of individual countries than a bloc.  
 
In the Far East spending is also impressive (see table). The Chinese figure doesn't 
initially seem that high but one has to allow for the fact that it buys a lot more in 
China than it would in the US, Europe or Japan. Adjusting for that, the figure is 
probably closer to $1 billion US equivalent. 
 

Government nanotechnology spending in the Far 
East, 2002. 

Japan  $650M 
China $200M 
Taiwan $150M 
Korea $150M 
Singapore $40M 
Total $1.19B 

 
 
All told, global government spending on nanotech has now grown to over $2 billion a 
year.  
 
Nanoscience research and development in universities around the world has 
intensified significantly over the past few years.  It is now possible for students to 
specialize in nanoscience at the graduate level, with programs in nanotechnology at 
such leading US schools as Rice, Harvard, MIT and Cornell, and a full PhD in 
nanotechnology available from the University of Washington.  In the UK, Cranfield 
and Leeds offer an MSc in nanoscience and nanotechnology; in Australia, Flinders 
and the University of New South Wales offer a BSc. Since the launch of the US's 
National Nanotechnology Initiative, more than thirty universities have announced 
plans for nanotech research centers in the US alone. Similar flurries of activity have 
been taking place among the global academic community. 
 
There is growing interest from venture capital firms in nanotech-related companies,  
with over 20 nanotech investments in the first half of 2002 in the US and Europe, and 
more than $100 million invested in the US in the first half of 2002. Some of the 
world’s largest companies, including IBM, Motorola, Hewlett Packard, Lucent, 
Hitachi, Mitsubishi, NEC, Corning, Dow Chemical, and 3M have launched significant 
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Some non-profit nanotech organizations 
 European NanoBusiness Association 
 Institute of Nanotechnology (UK) 
 The NanoBusiness Alliance (US) 
 Canadian Nanobusiness Alliance 
 NanoSIG 
 Beckman Institute (US) 
 Center for Nanospace Technologies 

(US) 
 Foresight Institute (US) 
 Institute for Molecular Manufacturing 

(US) 
 Michigan Molecular Institute (US) 

 

nanotech initiatives through their own 
venture capital funds or as a direct result 
of their own R&D. Some of the biggest 
spenders on R&D are allocating up to 
half of their long-term research budgets 
to nanotech. While initial interest has 
been greatest among the seed stage 
funders, many investment banks are now 
taking an interest, and some institutions 
are already creating nanotechnology 
funds. 
 
The interest from the investment 
community has been sparked by some 
impressive-sounding claims about the 

potential revenues that nanotechnology will generate, although VCs are showing a 
healthy level of caution when it comes to actually handing over money. The US's 
National Science Foundation predicts that the total market for nanotech products and 
services will reach $1 trillion by 2015 (National Science Foundation, “Societal 
Implications of Nanoscience and Nanotechnology,” March 2001) and huge variations 
in existing and predicted market sizes have been seen. These are generally offered 
unqualified and the size of some figures suggests that they are including revenues 
for any industry seeing an impact from nanotech. Counting the revenues of these 
industries as nanotechnology revenues is misleading. The huge semiconductor 
industry is moving into the nanoscale and companies in the sector are sometimes 
casting themselves as nanotechnology companies. Considering the revenues of the 
semiconductor industry as nanotechnology will produce figures that are of use to no 
one—a more sophisticated approach is needed, separating out pure nanotechnology 
revenues, such as those of nanotube manufacturers, from the contribution of 
nanotechnology to existing industries. 
 
 
A number of non-profit organizations focused on the development of nanotechnology 
have been in existence for some time, while still others are just now being created. 
Europe now has 86 nanotechnology networks, although most of these are purely 
scientific in nature. 
 
We would categorize most of the activities discussed so far as relating to short- or 
medium-term technologies. In the long-term category there are ideas that often 
sound like science fiction and which are often over-hyped and misunderstood by the 
press or dismissed out of hand as fantasy. With the rider that these ideas are not just 
long-term, but often speculative, we'll take a brief look at them. 
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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 (MNT). 
However, it is important to distinguish between MNT, the potential benefits of which 
are long term, and the mainstream applications of nanotechnology, which are of 
more intertest to investors in the near and medium terms. There is big difference 
between molecular assemblers and the use of nanoclay particles as additives in the 
plastics industry. Failure to distinguish between what is available now and what is 
theoretically possible at some point in the future has been the cause of many of the 
misconceptions about nanotechnology. It  should be noted that MNT has attracted 
little interest from the business community, owing to its long timescales, and has not, 
rightly or wrongly, been accepted by the scientific community at large.    
 
The core idea of MNT 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 construct macroscale objects from appropriate molecular feedstocks, and 
with no wastage. In 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". 
 
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 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 
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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. 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 (genetically engineered viruses, however, will remain a much more real threat 
for some time to come). Drexler's recognition of the potential impact and dangers led 
him to decide that, even if they were still a long way off, 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 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 funding to work on building assemblers, starting at 
the microscale but, hopefully, moving down to the nanoscale. 
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APPLICATIONS 
 
Probably the two most useful ways of organizing the nanotech world are through the 
technology, i.e. what is being made, and through applications, i.e. where these 
products will find a home. For our concise introduction, we use a mixture: 
 
 Tools 
 Materials 
 Devices 
 Techniques for Building Nanoscale Structures 
 Electronics and Information Technology 
 Life Sciences 
 Power and Processes and the Environment 

 
Any attempt to categorize the world in such a crude way is necessarily imperfect and 
there will always be certain technologies that span groups or do not fit neatly into one 
or the other. Furthermore, the multidisciplinary nature of nanotechnology means that 
is difficult to separate advances in, for example, tools, from their effect on life 
sciences .  
 
T o o l s  
 
Before you can make something, you have to have the tools. For this reason, this 
category has the greatest number of established companies. By tools we mean the 
collection of technologies that allow us to see, manipulate and engineer at the atomic 
level.  
 
STMs.  It is now twenty years since the scanning tunneling microscope (STM) was 
invented, allowing us to see atoms for the first time.  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). 
 
AFMs.  Five years later a device with similar capabilities, the atomic force 
microscope (AFM), was invented, which has a tiny probe on the end of a cantilever 
(like a springboard). The probe makes contact with the surface of the sample and, as 
it moves over it, is deflected by the variations in the surface, causing the cantilever to 
bend. The bending of the cantilever is detected by a laser beam and, again, we get 
atomic resolution. Advances are being made in using these in various mediums, 
including liquids, which is particularly useful for looking at biological samples. 
 
Scanning Probe Microscopes.  The AFM and the 
STM are collectively called scanning probe 
microscopes and can not just produce images but 
actually move atoms around, as was demonstrated 
when IBM used an SPM to write the company's letters 
in xenon atoms (see picture). SPMs have potential for 
high-density data storage technologies and can be 
used to write nanoscale lines, as in dip-pen 
nanolithography. In case you are imagining some vast 
machine in a laboratory, AFMs and STMs can be bought as devices not much bigger 
than a mouse that plug into a computer's USB port. 
 
. 
 

 

IBM logo spelled out with 35 
atoms of xenon, 1989 
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Optical Techniques.  Optical techniques are in theory limited in resolution to half the 
wavelength of the light being used, which keeps them out of the lower nanoscale, but 
various approaches can overcome these limits, such as the use of quantum 
mechanical properties of light or interferometry (measuring things using the 
interference of light beams), which has recently been shown to have the potential to 
detect movements at a 1000th of the wavelength of the light being used.  
 
Lithographics.  The mask-based lithographic tools and techniques used in the 
traditional semiconductor industry have also entered the nano realm (sub 100nm), 
but not yet for mass production. 
 
Additional Tools.  The list is by no means complete. A few other tools and 
techniques that operate on the nanoscale are: nuclear magnetic resonance; 
molecular beam epitaxy and laser tweezers (whereby  laser beams are used to hold 
and manipulate molecules). ; and a tool called the nanomanipulator that borrows 
from the world of virtual reality to allow researchers to "feel" individual atoms. 
Research into new tools and techniques is extremely vibrant. 
 
Computer Modeling.  Finally, a mention of a tool that goes back some years now 
but will surely have an impact on nanotechnology, computer modeling (much used by 
the molecular nanotechnologists). New supercomputers are being commissioned, 
and distributed computing is being brought into play to simulate the behavior of 
matter at the atomic and molecular level. The study of the way proteins fold (an 
essential determinant of their function), and efforts to predict this, represent one well-

established application, and modeling 
of billions of atoms to predict the 
behavior of bulk solids is now being 
achieved. Computer modeling will no 
doubt prove very useful in 
understanding and predicting the 
behavior of nanoscale structures 
because they operate at what is 
sometimes referred to as the 
mesoscale, an area where both 
classical and quantum mechanics 
influence behavior. While researchers 
are used to using the mathematics 
behind classical and quantum 
mechanics individually, the 
combination of the two in the same 
structures presents challenges and 

new models that incorporate both, and their interplay, are becoming increasingly 
important.  
 
M a t e r i a l s  
 
It has been estimated that nanostructured materials and processes can be expected 
to have a market impact of over $340 billion within a decade (Hitachi Research 
Institute, 2001). Like so many aspects of nanotechnology, this is a difficult thing to 
estimate because of potential new, and unanticipated, applications—if you can make 
a material ten times as strong and durable as steel for the same mass, what new 
products will people dream up? 
 

AFM Tip. 
Photo courtesy of Center for Nanoscale Science and 
Technology, Rice University
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Simply reducing the size of the microstructure in existing materials can make a big 
impact. Metals with nanosized grains are significantly stronger and tougher than their 
traditional counterparts. 
 
Nanoparticulate Fillers.  Alternatively, composite materials can use nanoparticulate 
fillers. Composite materials already enjoy an enormous market, but making the filling 
material nanophase (i.e. consisting of nanoscale particles) changes its 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 shape of nanoparticles is important too—very thin polymer layers can be made 
much less permeable by including nanoscale flakes. Such inclusions can also 
change a polymer from being stiff in just one direction to two. Polymer 
nanocomposites with silicates (e.g. clay) are generally stronger, more heat-resistant 
and more resistant to chemicals than the raw polymer, and also tend to be 
transparent (a property that appears generally as filler particle sizes are reduced to 
the nanoscale). 
 
SAMs.  Thin layers figure 
prominently in 
nanocomposites, whether as 
simple coatings or as 
complex, multi-layered 
elements. An interesting 
technology in this area is that 
of self-assembled monolayers 
(SAMs), whereby substances 
spontaneously form a layer 
one molecule thick on a 
surface. SAMs are open to 
manipulation through our 
existing chemical and 
biochemical toolbox and can be used for such basic purposes as a resist for etching 
patterns or can be modified to serve as biodetection materials or starting points for 
creating nanoscale structures from a variety of materials. Additional layers can be 
added, leading to laminates where each layer is just a molecule in depth. Some 
potential SAM applications are in areas such as sensors, reaction beds, liquid crystal 
manufacturing, molecular wires, lubrication, and protective layers. 
 
Nanoparticles for Many Applications.  Recently, clay nanoparticles have made 
their way into composites in cars and packaging materials, where they offer 
transparency, reduction in the package of gases (such as oxygen that spoils foods) 
and increased strength, the latter being already attractive in the automotive industry 
but potentially much more so in the aerospace industry. You've probably heard of 
sunscreens using nanoparticulate zinc oxide. Nanoparticles are also being used as 
antiseptics, abrasives, and in paints, in new coatings for eyeglasses (making them 
scratchproof and unbreakable), for tiles, and in electrochromic or self-cleaning 
coatings for windows. Anti-graffiti coatings for walls have been made, as have 
improved ski waxes and ceramic coatings for solar cells to add strength. Glues 
containing nanoparticles have optical properties that give rise to uses in 
optoelectronics. Casings for electronic devices, such as computers, containing 
nanoparticles, offer improved shielding against electromagnetic interference. That 
famous spin-off of the space age, Teflon, looks soon to be trumped for slipperiness 
thanks to nanoparticle composites. 

 

Self-assembled monolayer of an alkanethiol on Au{111}.  
Image courtesy of the Department of Chemistry, Pennsylvania 
State  University
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The use of nanoparticles in composites seems mundane, and indeed it could be 
argued that we've been using them for decades or even millennia (a Roman cup, 
called the Lycurgis cup, used nanosized gold clusters to create different colors 
depending on whether it was illuminated from the front or the back), but new 
composites and coatings are springing up all the time and rapidly moving into the 
market and generating revenue. What has changed recently is the ability to make 
nanoparticles out of many materials and exercise strong control over their size, 
composition and consistency. Several companies have been founded based on 
patents for methods of making nanoparticles or on ways of incorporating them into 
composites. New nanoparticle manufacturers are already listed on the NASDAQ and 
many plastics suppliers have already commercialized nanocomposite materials. The 
industry also has some giants who have been making fine powders for decades. 
 
Carbon Nanotubes.  There will likely be more to come in the future. If carbon 
nanotubes can be produced at prices that make them a viable filler in composites, 
and the vast number of companies producing nanotubes suggests that this will be 
possible, we could see a revolution in the strength of such materials. Remember the 
introduction of carbon fibers into composites? Nanotubes, which have remarkable 
tensile strength, could dwarf the improvements that carbon fibers brought to 
composites. The space industry will probably be a first major customer (there is one 
company founded specifically to create nanotube composites for the aerospace 
industry), followed by aircraft manufacturers, but, as production costs drop (currently 
between $20 and $1200 per gram) they are already finding applications in such huge 
industries as automobiles and construction. In fact, think of anything you want to 
make lighter and stronger, and there’s a possible market. This is a significant driver 
behind the current global race to mass-produce nanotubes in economical quantities. 
It has already gone so far, in fact, that the number of nanotube producers already in 
existence will likely not be supported by available applications—nanotechnology will 
probably see its first shake-out in this space. Some companies are gearing up to 
produce tons a year, although these high volumes are for the multi-walled variety, 
which don't offer the potential strength in composites of the single-walled variety. 
Production levels for these will soon be reaching the kilogram per day level in some 
companies. 
 
Textiles.  Another huge industry that will be impacted by nanotechnology is the 
textiles industry. Companies are working on “smart” fabrics that can change their 
physical properties according to surrounding conditions, or even monitor vital signs. 
The incorporation of nanoparticles and capsules in clothing offers some promise and 
nanotubes would make extremely light and durable materials, an area being 
investigated by the US Army's Institute for Soldier Nanotechnologies at MIT. Fabrics 
are already being marketed that are highly resistant to water and stains and 
wrinkling. 
 
T e c h n i q u e s  f o r  b u i l d i n g  n a n o s c a l e  s t r u c t u r e s  
 
Self-assembly.  Self-assembly is nature's favorite way of building things. Simply 
create materials that naturally combine with each other in desired ways. Self-
assembled monolayers, which we have already mentioned, are a simple example.  
 
Self-assembly typifies an approach that is often mentioned in writings on 
nanotechnology, the bottom-up approach. Assembling a car engine, say, from its 
components is a bottom-up approach (although not an example of self-assembly) 
and involves little wastage. Machining some of the components out of blocks of 
material is a top-down approach, and involves more wastage. 
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Self-assembly potentially offers huge economies, and is considered to have great 
potential in nanoelectronics for this reason and because it could produce just about 
the densest electronics feasible. It is a part of some of the promising approaches to 
making molecular memory that may bear fruit in a few years. Tackling processors is 
another matter, however, because of the greater complexity involved. In this area 
self-assembly will likely be combined initially with some more traditional top-down 
approach, for example, getting molecular components to self-assemble on a 
patterned substrate in some sort of hybrid system, which many believe will represent 
the first commercialization of nanoelectronics.  
 
Ultimately, building complex structures will require designing systems that self-
assemble into systems that in turn self-assemble into others, and so on. This is 
known as hierarchical self-assembly and again typifies the way nature operates. 
 
A drawback of self-assembly approaches to date is that they are not that reliable and 
the results have a much higher rate of variability (read flaws) than we are 
accustomed to with lithographic approaches. An interesting way to get around this is 
to design software that takes account of the flaws and allows imperfect circuitry to 
operate reliably, through testing and selection of viable components. 
 
 
Soft Lithography.  This term covers a variety of approaches akin to traditional 
printing. A mold is created that can then be used to make an imprint in a material or 
apply ink to it, plus there are several other variations. A variant already used in 
creating optical components is nanoimprinting, which uses a hard mold to make an 
impression in a polymer. A recent variation on this uses a quartz mold, which is 
placed in contact with silicon. The silicon is then melted with a powerful laser, leaving 
an impression of the mold.  
 
In general, no special technology is required for these techniques, nor are the 
fantastically clean environments required for existing silicon chip production, for 
example. Additionally, a wide variety of materials can be used.  
 
Soft lithography is already used to make microfluidic systems, such as those in lab-
on-a-chip systems, and it scales readily down to the nanoscale—depending on the 
variant of the technology used, resolution can get below 10 nanometers. The 
attraction for nanoelectronics is clear—the technology is simple, offers a high level of 
parallelism (and thus economies of scale from high production runs), and can 
produce complex patterns with nanoscale features. 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 precisely-aligned, multi-
layered structures currently used in microelectronics, although work is being done to 
overcome this limitation.  
 
The alignment problem is lessened if larger feature sizes are acceptable and the 
approach has been investigated for making flexible displays. Additionally, the 
creation of the master is much cheaper than for photolithography and the process 
would become economical for much lower production runs, such as for device-
specific electronics. 
 
Dip-pen nanolithography. This technique uses atomic force microscope (AFM) tips 
like old-fashioned quill pens, depositing an ink on a surface, the ink usually being 
something that forms self-assembled monolayers. A variation uses hollow AFM tips 
that have a well to hold the ink.  
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Lines just a few nanometers across have been created and, in theory, a wide variety 
of different inks can be used. The approach clearly offers great flexibility but not the 
sort of throughput that would be required for mass production. Throughput can be 
increased significantly by having arrays of tips, and companies working on the 
technology talk of potentially hundreds of thousands. 
 
 
 
D e v i c e s  
 
MEMS.  Making machines in the micro realm is something that is already well 
established. Microelectromechanical systems (MEMS) are generally constructed 
using the same photolithographic techniques as silicon chips and have been made 
with elements that perform the functions of most fundamental macroscale device 
elements - levers, sensors, pumps, rotors, etc. MEMS already represent a $4 billion 
industry, which is projected to grow to $11 billion by 2005. 
 
NEMS.  Moving to the nanoscale will present a host of new issues. For this reason, 
and possibly a lack of economic drivers for making machines smaller in general 
(smaller isn’t necessarily better), we shouldn't expect a vast array of products to flow 
out of MEMS and the nano version, NEMS, in the near future. However, there is sure 
to be a significant but modest evolution, especially in such areas as lab-on-a-chip 
type technologies, and NEMS devices have potential in the telecoms industry. 
 
Tiny Medical Devices.  MEMS and NEMS hold promise in the medical field, as little 
devices controlling the release of a drug, for instance, or even in the control functions 
of prosthetics, such as artificial hearts. However, it should be noted that where a 
passive system can perform the same function as an active one, the passive one will 
normally be less expensive and more reliable. Sometimes, however, an active device 
makes sense—recently a MEMS device was created that can grip and release 
individual blood cells without harming them. One can imagine such a device being 
used in a system to inject genes or other substances into cells. The use of nanotubes 
as syringes has even been suggested. 
 
Advanced Lasers.  Lasers constitute an area that is likely to be commercially 
affected by nanotechnology in the near future. Quantum dots and nanoporous silicon 
both offer the potential of producing tunable lasers—ones where we can choose the 
wavelength of the emitted light. Classic lasers, including solid-state ones, are 
dependent upon the physical and chemical properties of their components and are 
thus not tunable. Given the market for solid-state lasers, developments in this area 
are likely to be commercially significant. 
 
E l e c t r o n i c s  a n d  I n f o r m a t i o n  T e c h n o l o g y  
 
The impact of the information technology (IT) revolution on our world has far from run 
its course and will surely outstrip the impact of the industrial revolution. Some might 
claim it has done so already.  Key to this is decades of increasing computer power in 
a smaller space at a lower cost. 
 
After Moore’s Law.  You may have heard of Moore's law, which dictates that the 
number of transistors in an integrated circuit doubles every 12 to 24 months. This has 
held true for about 40 years now, but the current lithographic technology has physical 
limits when it comes to making things smaller, and the semiconductor industry, which 
often refers to the collection of these as the "red brick wall", thinks that the wall will be 
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hit in around fifteen years (the best resource for information on these limits is the 
International Technical Roadmap on Semiconductors - see http://public.itrs.net/). At 
that point a new technology will have to take over, and nanotechnology offers a 
variety of potentially viable options. 
 
The total potential for nanotechnology in electronics has been estimated to be about 
$300 billion per year within 10 years, and another $300 billion per year for global 
integrated circuit sales (R. Doering, “Societal Implications of Scaling to 
Nanoelectronics,” 2001). But it's actually much harder to predict the commercially 
successful technologies in the world of electronics than in the world of materials. 
 
The assumption that continually increasing 
processing power will automatically slot into 
a computer hardware market that continues 
to grow at the rate it has done historically, 
is not necessarily sound. Most of the 
growth over the last decade has been 
driven by personal computers and some 
argue that this market is nearing saturation. 
Certainly there will be other applications. 
Increasing the intelligence of computers, 
and giving them the capability to interact 
verbally in a sophisticated manner, would 
certainly bring benefits, but increasing 
hardware capabilities is only half the story, 
with the biggest challenges being designing the software. Another area predicted to 
see major growth, is ubiquitous computing, whereby processors start to be 
incorporated in all manner of objects around us, which then communicate with us and 
each other. However, the requirements here are for relatively simple processors and 
in many cases there is no need for them to be particularly small either. Cost 
improvements remain a critical factor and it is the correlation of increasing transistor 
density with a reduction in cost per transistor that has probably kept Moore's law on 
track for so long. This relationship need not continue, however and several new 
approaches, which aren't even nanoscale, hold promise of creating simple circuits 
cheaply, such as using arrays of MEMS-based micromirrors to build custom circuits, 
or the use of ink jet printers to churn out simple ones (interestingly, nanoparticulates 
figure in the potential of this probably near-market technology). These approaches 
also offer the ability to create low runs of circuits, or even one-off bespoke designs, at 
low prices, whereas photolithographic approaches need massive production runs to 
achieve economies of scale. Soft lithography, too, offers cheap, microscale, circuitry 
and is being pursued in the creation of flexible displays. These technologies could 
take a share of the existing semiconductor market and certainly future markets such 
as electronic tagging of goods or the processors required for ubiquitous computing. 
 
High-production-run electronics will continue to be dominated by photolithographic 
approaches for years to come, with the advent of the molecular nanotechnologies 
that could dramatically improve the power and density of processors while competing 
with photolithography on cost still way off the radar for the investment community. 
The reason for this is the challenge of using such approaches to create the complex 
structures required for processors, an obstacle that doesn't apply to data storage, as 
we will see later. Soft lithography and nanoimprinting, however, are showing promise 
of coming into investment range in the near future. A company has already been 
formed to develop one flavor of soft lithography, the step and flash approach, for 
nanoelectronics and Stephen Chou of Princeton recently developed a variant of his 

Surface micromachined rotating mirror for fiber 
optic free space multiplexing. 
Courtesy of TIMA Lab 
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nanoimprinting approach (already used to make commercially available sub-
wavelength optical components) to make nanoscale structures by melting silicon. 
 
 
Carbon Nanotubes in Nanoelectronics.  Carbon nanotubes hold promise as basic 

components for nanoelectronics—they can be 
conductors, semiconductors and insulators. In 2001 
IBM made the most basic logic element, a NOT gate, 
out of a single nanotube, and researchers in Holland 
created a variety of more complex structures out of 
collections of tubes, including memory elements. 
Recently IBM created nanotube transistors that 
outperformed the best silicon devices available. There 
are two big hurdles to overcome for nanotube-based 
electronics. One is connectibility—it's one thing 
making a nanotube transistor, it's another to connect 
millions of them up together. The other is the ability to 

ramp up to mass production. Traditional lithographic techniques are based on very 
expensive masks that can then be used to print vast numbers of circuits, bringing the 
cost per transistor down to one five-hundredth of a US cent. Current approaches to 
nanotube electronics are typically one-component-at-a-time, which cannot prove 
economical. Molecular electronics (which, strictly speaking, includes nanotubes) 
faces similar scaling hurdles. There are some possible solutions, however. 
 
Molecular Nanoelectronics.  Organic molecules have also been shown to have the 
necessary properties to be used in electronics and a single atom transistor was even 
demonstrated recently. Devices made of molecular components would be much 
smaller than those made by existing silicon technologies and ultimately offer the 
smallest electronics theoretically possible without moving into the realm of subatomic 
particles. The issues of connectivity, and thus mass production, apply to molecular 
electronics too, but choosing your molecules carefully does offer the potential of 
using self-assembly (discussed earlier) to create structures, an approach that could 
offer great economies.  
 
Spintronics.  Magnetism is dictated by the direction of spin of electrons and 
increasing research into the use of this property has led to the coining of the term 
spintronics. The read heads of disk drives already exploit electron spin in an effect 
called giant magnetoresistance, as does MRAM (see later), which has already seen 
limited commercial production. An effect called ballistic magnetoresistance has 
recently been demonstrated to have the capability of producing read heads that can 
deal with storage densities of a terabit per square inch—ten times the density 
expected in the next generation of hard drives. Commercial application of spintronics 
in electronics is farther away but the promise is there—a Canadian group recently 
created a transistor that was switched by the spin of a single electron confined in a 
quantum dot. 
 
Quantum Computing.  In the much longer term quantum computing, 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). The scale 
at which quantum effects come into play, the atomic scale, argues for a requirement 
for nanoscale structures and quantum dots come up regularly in discussions of 
quantum computing. Primary applications would be in cryptography, simulation and 
modeling. The realization of a quantum computer is generally believed to be a long 
way off, despite some very active research. Funding in the area is thus still largely 

A single-walled carbon 
nanotube. Courtesy NASA Ames 
Research Center 
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that provided for pure research, though some defense department money has been 
made available. 
 
Memory and Storage. We have noted that part of the difficulty in creating 
processors with nanotubes or molecular electronics relates to complexity. Data 
storage structures are far less complex than processors and many new technologies 
are converging on this area, promising commercialization in five years or less.  
 
Information storage requirements continue to grow but vary in nature from one 
application to another and can be approached in many ways. Magnetic disks in 
computers have been increasing their capacity in line with Moore's law, and have a 
market at the moment of over $40 billion. The other type of information storage 
common to all computers is DRAM (dynamic random access memory). DRAM 
provides very quick access but is comparatively expensive per bit. Magnetic disks 
can hold much more information but it takes much longer to access the data. Also, 
DRAM is volatile—the information disappears when the power is switched off. The 
trade-offs between access speed, cost, storage density and volatility dictate the 
architecture of computers with respect to information storage. While hard disk 
technology continues to offer increasing data densities and lower costs per bit, a 
number of nanotechnologies are promising new types of RAM that are non-volatile 
and could have enough capacity to make disk storage unnecessary for applications 
such as personal computers. Companies are forecasting commercial products within 
two to four year timeframes. How much penetration each technology will achieve in 
the variety of areas in which storage is used depends on the complex interplay of 
factors that have led to the current division of data storage technologies, but it would 
certainly be surprising if the consequences weren't disruptive for the industries 
involved. 
 
Hard drives and tapes. Hard drives currently on the market for PCs have capacities 
in the tens of gigabytes and data densities of a few tens of gigabits per square inch 
with 100 Gbits/sq. in. expected in the next generation. The use of magnetic 
nanoparticles offers the potential of terabyte drives, as does the patterned media 
approach being pursued by IBM and General Electric. Interestingly, this latter 
approach is being pursued using nanoimprinting technology. Fuji announced late in 
2001 a new magnetic coating promising 3-gigabyte floppy disks.  
 
Magnetic RAM. There are 
several flavors of MRAM and 
one has seen limited 
commercial use already. 
MRAM offers a number of 
attractive features, including 
the fact that it is non-volatile, 
enabling devices such as a 
PC or mobile phone to boot 
up in little or no time. Several 
companies are working on 
MRAM technologies, and 
suggestions are that while the 
data densities might not be as 
good as with other 

technologies, cost per bit could 
be very low. 
 

Millipide storage device using an array of AFM tips 
Image courtesy of IBM. 
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Molecular and nanotube memories. Nanotubes hold promise for non-volatile 
memory and with a commercial prototype nanotube-based RAM predicted in 1 to 2 
years, and terabit capacity memories ultimately possible. Similar promises have been 
made of molecular memory from several companies, with one projecting a low-cost 
memory based on molecule-sized cylinders by end 2004 that will have capacities 
appropriate for the flash memory market. Note that all these approaches offer non-
volatile memory and if the predicted capacities of up to a terabit can be achieved at 
appropriate cost then hard drives may no longer be necessary in PCs. 
 
SPMs for Storage.  Several variations on using scanning probe microscopes for 
data storage are being pursued, the three main varieties being based on using 
scanning tunneling microscopes on phase change materials (akin to the way CDs 
work), magnetic force microscopes, and atomic force microscopes. This latter 
approach, which makes indentations in a polymer, has received the most publicity 
through IBM's Millipede project, which recently demonstrated recording densities of a 
terabit per square inch. The likeliest target for this particular technology is flash 
memory, used in mobile devices, because of low energy consumption and the 
potential of increasing memory to 5 - 10 gigabytes, where flash technology is unlikely 
to surpass 2 gigabytes. 
 
 
Optical Switching.  Communications networks will no doubt continue to grow in 
capacity for some time as more people come to expect more from the Internet. 
Nanotechnology, or more specifically soft lithography (or nanoimprinting) is already 
being used in the production of sub-wavelength optical components. This is  an area 
well worth keeping an eye on (the US optical switching market is expected to grow 
from $1.6 billion to $10.3 billion by 2004). 
 
Display technologies. The hang-on-your-wall television (at an affordable price) has 
been awaited for a long time and nanotechnology may finally bring it into your home. 
Carbon nanotubes are excellent field emitters, i.e. they can be made to produce a 
stream of electrons, as does the electron gun in your bulky cathode ray tube TV. 
Several groups are promising consumer flat screens based on nanotubes by the end 
of 2003 or shortly after, but there are other competing technologies in the race. 
 
E-paper is another much heralded application and nanoparticles figure in several 
approaches being investigated, some of which promise limited commercialization in 
the next year or two. Soft lithography is another technology being applied in this area. 
 
 
L i f e  S c i e n c e s  
 
This is the area where nanotech has been most severely hyped, as a technology that 
will cure cancer, eliminate infections, enhance our intelligence and make us immortal. 
It is also the area where the bounds of nanotechnology are most blurred. This is 
because nature’s technology operates predominantly at the nanoscale. However our 
knowledge of the chemical structure of DNA and the proteins it codes for, and of the 
cellular machinery used to assemble the proteins, has for many years been classified 
under more traditional labels. But blurring of the boundaries is inevitable as we 
extend our senses and our ability to manipulate the world in this realm. 
 
Nanoscience will have a huge impact on the biological sciences (and thus medicine 
and agriculture, for example) 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 
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billions of years, mechanisms with a complexity, effectiveness and elegance that we 
will be hard-pressed to emulate, but which we most certainly can learn from. Nature 
is also the master of self-assembly. In fact nature makes things that self-assemble 
into things that self-assemble into other things that self-assemble. In the short term, 
nature will probably end up having more impact on nanotechnology than the other 
way around. 
 
 
Another reason to expect great advances, whether nanotechnology-enabled or just 
assisted, is how little we still know about the natural world.  We still can't explain, let 
alone cure, a large number of the diseases that afflict us, which means there's a 
great deal of scope here. 
 

There is good reason to believe that in the not-too-
distant future we will indeed be able to cure a host of 
diseases and achieve much in the realm of biology and 
biotechnology, but it could be argued that most of that 
development will be attributable to long-established 
disciplines such as genetics and molecular biology, 
nanotechnology taking more of a supportive role. In the 
short and medium term, developments that appear 
achievable and that are clearly based on 
nanotechnology are not that dramatic, but do translate 
into large markets. 

 
MEMS and microfluidics.  Microtechnology is already making a major impact in the 
area of biological analysis and discovery. The basic science behind identifying the 
presence of a particular gene or protein has been developing for some time and is 
not considered nanotechnology per se, but MEMS and microfluidics developments, 
such as the lab on a chip, are now offering a degree of parallelism that hasn't been 
seen before, the ability to detect much smaller quantities of a substance, 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.  
 
These benefits are typified by an approach to bioanalysis that takes a microarray (a 
standard tool for parallel biodetection using luminescence), shrinks it greatly, then 
uses atomic force microscope tips to measure whether a substance has been 
detected. Such devices are in development now and expand the number of 
substances that can be easily used in array technologies because such small 
amounts are needed—detection using microarrays often requires an amplification 
step whereby the substance to be detected is multiplied in quantity first, something 
that cannot be done with everything. 
 
Though most of these application of tiny structures are micro, rather than nano, they 
are moving slowly towards the nanoscale, as the nanoarray demonstrates. The 
technique of soft lithography, used in microfluidics, is quite capable of making 
nanoscale features but, as yet, there are still significant obstacles to making 
nanofluidic systems. The attraction is there, though, since features sizes would then 
be down to the level of biomolecules and could offer not just the ability to work with 
smaller amounts of material but also the ability to segregate proteins or nucleic acids 
(DNA and RNA) based on size and shape. In fact DNA has already been sorted 
based on size by pulling it between layers separated by nanoscale gaps. The 
process offers several advantages over the traditional approach for separating 
biomolecules, electrophoresis. 

F1-ATPase biological motor. 
Courtesy of Cornell University 
Montemagno Research Group 
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Nanopores and membranes. Nanomembranes also offer the ability to sort 
biomolecules and have already been shown capable of separating out left- and right-
handed versions of molecules that come in mirror image forms. Usually only one of 
these is desired and the other may even be dangerous, as was the case with 
thalidomide.  
 
Another intriguing application of tiny holes that is being worked on involves passing a 
single DNA or RNA thread through a nanosized pore, forcing it to straighten out and 
traverse the pore through a base at a time (a "base" being the fundamental coding 
element of nucleic acids). Changing electrical gradients on either side of the structure 
containing the pore, or quantum tunneling current across the pore, could be used to 
identify the particular base that is passing through. The ability to sequence a whole 
genome (the sum total of genes in an organism) in a matter of hours has been 
proposed as a potential of this approach. 
 
Nanoparticles and nanowires.  Another boon to bioanalysis looks set come from 
the attaching of nanoparticles to molecules of interest. Nanoparticles small enough to 
behave as quantum dots can be made to emit light at varying frequencies. If you can 
get particles that emit at different frequencies to attach to different molecules, you 
can spectroscopically determine the presence of many different molecules at the 
same time in a single sample.  
 
Several companies have been created to commercialize this and other variations on 
nanoparticle bioanalysis. One variation with similar applications, i.e. offering 
improved parallelism, uses instead nanowires that have distinctive stripes on them, 
like a bar code. 
 
Others are exploiting the sensitivity of the electrical properties of nanowires (and 
even nanotubes) to develop highly sensitive biodetectors that could reveal the 
presence of a single molecule of substance. Quantum dots offer the same capability, 
for example by being stimulated to emit a photon in the presence of a certain 
molecule. Recent developments in single-photon detection and emission bear on this 
space too. 
 
Nanostructured Materials.  Nanostructured materials, coupled with liquid crystals 
and chemical receptors offer the possibility of cheap, portable biodetectors that 
might, for instance, be worn as a badge. Such a badge could change color in the 
presence of a variety of chemicals and would have applications in hazardous 
environments. 
 
Drug Delivery - nanoparticles, nanocapsules and nanoporous materials.  Drug 
delivery is an area that is already showing significant impact from nanotechnology, 
with some approaches using nanoparticles or nanocapsules to deliver drugs through 
the skin, lungs, stomach and eyes already in clinical trials and many more in pre-
clinical trials.  
 
The advantages of these approaches are varied, such as increased solubility, 
resistance to gastric enzymes (offering oral delivery of drugs previously needing 
intravenous delivery), controlled release or the ability to direct the drug, through 
various means, to where it is needed—almost all current medications are delivered to 
the body as a whole, which is fine as long as they only become active in the areas 
you want them to, but this is not usually the case. When the treatment is designed to 
kill cells, as in the case of cancer, the side effects are enormous. 
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Nanoparticles are small enough to move easily around the body. If they can be 
directed to the places they are required then they offer a number of means for 
providing localized treatment. They could contain a slowly-released drug payload, be 
radioactive, enhance the heating effects of a laser shone through the flesh to destroy 
tissue, or simply be detectable using imaging techniques such as magnetic 
resonance imaging, allowing location of the target. Finding the target can often be 
done with antibodies, for example ones specific to markers displayed on the surface 
of cancer cells. Antibodies are the body's means of detecting and flagging the 
presence of foreign substances; antibodies specific to certain proteins can be mass-
produced in laboratories, ironically using cancer cells. Many groups and companies 
are working on such approaches and they show considerable promise.  
 
Evading the body's immune system while directing a therapeutic agent to the desired 
site is often an important factor. Nanocapsules, coated nanoparticles and 
nanoporous materials offer potential here. There are a number of non-biological 
substances that the body's immune mechanism is relatively unconcerned about. This 
is especially the case if they are just simple elements rather than complex molecules. 
If you can make little containers out of these substances that are big enough to 
contain a biologically active substance without letting in the molecular eyes of the 
body, antibodies, but small enough to move freely through the body, then get these 
particles to home in on specific cells, you have the basis for an effective targeted 
drug-delivery system. The container can be a hollow nanoparticle or a solid one 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. 
 
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 structure with pores small enough to let glucose in and insulin 
out, but keep the cells shielded from the body’s immune system, is already being 
tested in mice. 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. 
 
Even that exotic container, the buckyball, which at 
1nm is small enough to pass through the kidneys and 
be excreted from the body, is being called into action 
in medical therapies. A buckyball-based AIDS 
treatment is just about to enter stage I clinical trials.  
 
In summary, the use of nanoparticles, nanocapsules 
and nanoparticles for drug delivery is an area seeing 
a great deal of activity that could have a major impact 
on the medical and pharmaceuticals industry. The 
technologies are relatively near market, once one 
allows for the notoriously long timescales in most 
western countries for clinical testing. Some countries 
are trying to speed things up with a fast-track 
approach for particularly damaging diseases. 
 
Antibacterial and Antiviral Nanoparticles. Another interesting area in which 
nanotechnology could impact on the biological world relates to the fact that certain 
nanoparticles are disruptive to bacteria and viruses simply by virtue of their physical 
nature. Silver, an old antibacterial, has had its effectiveness enhanced by being 
made nanoparticulate, an approach already available in dressing. A cream exists that 

Buckyball representation. 
Courtesy of Daniel T. Colbert, Center 
for Nanoscale Science and 
Technology, Rice University 
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is essentially tiny spheres of fat that coalesce violently in the presence of bacterial 
spores, disrupting them in the process. Sprays that can be inhaled to protect against 
various pathogens are even being developed. 
 
Nanotubes.  Once again, nanotubes hold promise of being useful in biological 
applications. There are already tubes small enough to suck out a nucleus from a cell 
and place it in another - this is the technique behind cloning - but nanotubes are finer 
still and offer the potential of making probes and delivery mechanisms that are even 
more precise. 
 
Nanoengineered Prosthetics.  On a slightly larger scale, there is great scope in the 
medium term for nanoengineered prosthetics. We already know that we can plug 
devices into the parts of our nervous systems designed for processing visual or 
auditory information. Where we fall down here is usually just a matter of scale - we 
just don't make listening or seeing devices as small as nature does. Nanotechnology 
should change all that, but the fabrication techniques that are initially going to yield 
results are likely to be painfully slow and thus expensive. Nevertheless, the potential 
is definitely there to replace at least our organs for seeing, hearing and touch, 
although connecting these devices up to our nervous systems and avoiding classical 
problems such as rejection is a challenge. Restoring sight to the blind and hearing to 
the deaf, or producing artificial limbs through which the recipients can experience the 
sensation of touch, will be wonderful achievements, but probably not huge markets. If 
we could improve on nature in this regard, as some imagine, there might be a bigger 
market, but even if you could create a vastly superior eye, for example, how would 
you connect it to a brain geared to receiving impulses from a normal one? 
 
In an example of synergies between our application areas, materials with greatly 
improved strength and surface properties designed to encourage or discourage cell 
growth or increase biocompatibility, offer the potential for use in all manner of 
implants, from artificial hearts to hip joints. Nanocrystalline solids, coatings made 
from nanoparticles and nanoporous materials are all showing promise here or near-
term commercialization. 
 
Cellular Manipulation.  Cells are extraordinarily complex systems about which we 
are still quite ignorant. For this reason, it will be a long time before we see 
nanorobots doing complex work in our bodies. However, as we learn more we are 
likely to find ways to manipulate and coerce cellular systems and will achieve a lot 
that way—persuading lost nerve tissue to regrow, for example, or even growing 
replacements for parts of our body in the laboratory.  This is already being looked at 
for reconstructive surgery, where one might grow the support structure for a new 
nose. Devices have 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. Others are working on power packs for such devices that are 
biocompatible and can produce electricity from glucose and oxygen in the blood. 
 
Agriculture.  Outside the medical world, our general ability to see and do more on 
the scale of biological systems will enhance our ability to manipulate other 
organisms, and the biggest market this is likely to impact is agriculture. However, 
genetic engineering methods are moving along quite nicely without any need to call 
themselves nanotechnology. A more likely area in which nanotechnology will enter 
the agricultural industry is the world of analysis and detection, using the tools we've 
already mentioned, or variants of them. Monitoring in the field, for plant health or 
pathogens, for example, will see an impact from improved sensors and portable 
analysis devices. 
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Dendrimers.  An interesting area that never 
used to be called nanotechnology, but now 
generally is, is the world of dendrimers, which 
are designer complex molecules. They are 
essentially polymers but have a multiply-
branched structure that can be built up a step 
at a time, producing different configurations 
and chemical properties. These are already 
being looked at as drug-delivery systems and 
even as detectors for inside cells. Attempts 
are being made to combine such capabilities 
into multifunctional dendrimers that could 
pass into a cell, deliver a drug, monitor that it 
is having an effect and communicate this 
back to the outside world. 
 
Genetic Engineering and Nanotechnology.  
Medicine and agriculture are huge markets, so revenues for nanotechnologies in 
such areas could be substantial. The impact needs to be kept in perspective, 
however. Genetic engineering, already well established, will probably have a far 
larger impact on both medicine and agriculture 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 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 when it comes to 
understanding and controlling nature's sophisticated and complex molecular 
mechanisms we are mere beginners, albeit ones with vast potential. 
 
P o w e r  a n d  P r o c e s s e s  a n d  t h e  E n v i r o n m e n t  
 
As with the data storage industry, several nanotechnologies are converging on this 
area and promising disruptive changes in the near and medium term. Energy 
generation and distribution could be particularly affected over the next decade. 
 
Catalysts.  Many industrial processes will be affected by nanotechnology through 
catalysts, which probably had a part to play in the making of most things around you. 
They are used to refine our fuels, liberate energy in fuel cells and batteries, to make 
pharmaceuticals and agrochemicals, plastics and paints, and in environmental 
technologies such as remediation or the catalytic converter on your car. According to 
one estimate they play a part in the production of $3 trillion in services. Another 
claims that nearly half of all pharmaceutical production will be dependent on 
nanotechnology within 15 years -- a market of some $180 billion per year. 
 
Early impact is already being seen from our improved capabilities in making 
nanoparticles, the reason being that nanoparticles make better catalysts. A catalyst 
(a substance that initiates or enhances a reaction without being consumed itself) 
does its work at the point where it contacts the reactants, i.e. its surface. Since 
volume changes as the cube of the linear dimension, but surface area changes only 

 

Dendrimer 
Courtesy of Dendritech, Inc 
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as the square, when you make a particle smaller in diameter (the linear dimension), 
the volume, and thus mass, decreases faster than the surface area. Thus a given 
mass of catalyst presents more surface area if it consists of smaller particles. 
Equally, a given catalytic surface area can be fitted into a smaller space. Advances in 
making nanoporous materials and nanostructured surfaces offer similar benefits. 
 
Given the widespread application of catalysts, improvements can often expect a 
large market. It should be noted, though, that nanostructured catalysts have already 
been used in industry for decades—zeolites, catalytic minerals that occur naturally or 
are synthesized, have a porous structure that is often characterized on the 
nanoscale. 
 
Catalysts are also of major importance in cleaning up the environment, allowing us to 
break down harmful substances into less harmful ones. Improved catalysts will make 
such processes more economical. Petroleum and chemical processing companies 
are using nanostructured catalysts to remove pollutants, creating a $30 billion 
industry in 1999 with the potential of $100 billion per year by 2015. 
 
Fossil fuels. Catalysts are already widely used in the refining of oil but also promise 
improvements in converting gas or coal to automotive fuels. Given that there are 
significant reserves of gas too remote to be economic (because of the cost of 
liquefying it for transportation) and truly vast reserves of coal around the world, 
continuing improvements in the economic viability of these conversion technologies 
could have a major impact on dependence on oil. Since the largest coal reserves are 
not concentrated in the same nations as oil reserves, the geopolitical consequences 
could be significant. 
 
Additionally, improved catalysts are promising cleaner exploitation of fossil fuels, with 
reductions in sulfur- and nitrogen-based pollutants and even carbon dioxide 
emissions. The creation of hydrogen from fossil fuels promises a bridge to a 
hydrogen economy exploiting renewable energy.  
 
Fuel Cells. Improved catalysts offer a nice example of how taking an existing 
technology and making it better can open up whole new markets—nanostructured 
catalysts look likely to be a critical component in finally making fuel cells a reality, 
which could transform our power generation and distribution industry (at the very 
least, our laptops and cell phones would run for days on a single charge). 
 
The development of fuel cells will probably be impacted by nanotechnology in other 
ways too, certainly by structuring components in them on a nanoscale but also in 
terms of storing the fuel, where the nanotube, yet again, shows promise for storing 
hydrogen for use in fuel cells. A relative of the nanotube, the nanohorn, has been 
touted as ready to hit the market in two years in a methane-based fuel cell for 
powering mobile phones and laptops. 
 
Fuel cells for cars still look to be some time from commercialization,  especially ones 
consuming hydrogen, which is ultimately the cleanest fuel, liberating only water as 
exhaust (imagine the effect this would have on polluted cities). Fuel-cell-based power 
generators for commercial premises already exist and it is probably more likely that 
these will move into the domestic market before any take-up in cars is seen. A 
consideration here is efficiency. Apart from the fact that fuel cell generators are 
already very efficient, electricity delivered to your door suffers losses during delivery 
averaging 5 to 15 percent, and sometimes even higher. There are no such losses 
when delivering fuel. 
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Batteries. Prototype batteries using nanoparticles have been developed that offer 
ten times the charge and discharge rate (with 100 times having been suggested as 
possible at times) of conventional rechargeable batteries. Some improvement in 
battery capacity per volume (energy density) has also been offered from 
nanostructured materials, but not a great deal. 
 
Solar Cells.  Typical silicon-based commercial photovoltaic cells (ones that make 
electricity from light) have efficiencies of about 15%, with over 30% having been 
achieved in the laboratory (photosynthesis, by comparison is about 1%. efficient) but 
are very expensive, which has limited their uptake. New organic solar cells offer great 
price savings but have efficiencies of just a few percent. Recent research, though, 
has come up with an approach that is more efficient than organic versions, should be 
very cheap, and that is based on tiny structures, called nanorods, that can be tuned 
to respond to different wavelengths of light. This capability to exploit a wider part of 
the spectrum means that efficiencies matching or exceeded current commercial 
varieties. 
 
Another recent development in this area is a cell that is again cheap to produce, in 
theory, and that produces hydrogen rather than electricity, with efficiencies of 
between 5 and 10 percent already achieved and better promised. Commercialization 
of this cell has been promised this year. 
 
When looking at renewable energy such as solar, wind and wave power, it mustn't be 
forgotten that the energy is not always produced when needed and thus there is an 
important interaction here with storage technologies such as batteries or fuel cells. 
 
Light Sources.  In the world of light transmission, organic LEDs are looking like a 
promising way of making cheaper and longer-lasting light sources, reducing power 
consumption in the process. By contrast, at least one group of researchers has 
created a bulb driven by nanotubes. Efficiencies promise to match or exceed those of 
fluorescent lighting. 
 
 
 
 
CONCLUSION 
 
We used the word 'revolution'. Having read our description of many of the 
technologies that are on the horizon, or already impacting our world, one might argue 
that many don't seem particularly revolutionary in the way that computers or the 
invention of electricity have been. Apart from the obvious rejoinder that early 
computer manufacturers did not envision the internet, early developers of electrical 
technology did not envision telephones, television or computers, and the Wright 
Brothers surely didn't anticipate globalization enabled by satellite communications, 
it's the breadth of impact of nanotechnology that has to be appreciated, which is 
something we hope to have communicated here.  The world will be changed, bit by 
bit, over a period of many years, and it is the summation of all these effects that will 
cause most transformations. As we have shown, sometimes these effects promise to 
combine, often synergistically, to add up to a revolutionary change in a market, and 
sometimes a nanotechnology looks set to achieve that on its own. Additionally, there 
will be the inevitable unanticipated effects, both primary and secondary, and these 
too could prove revolutionary, as the examples of electricity, computing and manned 
flight show. Throughout this there will be periods of discontinuous and accelerating 
change. Discontinuous changes challenge investors and technologists alike. 
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More than anything else, nanotechnology is an enabling technology. When mankind 
first started making spears and flint axes, the results might not have seemed world-
shaking, but tool making ultimately led to the technological world in which we now 
live. We are entering a new realm and creating new tools to operate there. It is the 
realm of the fundamental workings of biology and the fundamental properties of 
matter, and the cumulative effects will be vast. 
 
One area we have not addressed in detail is the impact of all this on society and the 
consequent ethical considerations, including consideration of the dangers this new 
technology presents. The reason for this is our focus on the short- and medium-term. 
Within this period there is little that can be pointed to as a technology that needs to 
be carefully managed at this time, or that will warrant the ethical and societal 
concerns of a technology like genetic engineering. Longer term, the picture is very 
different, but not within the scope of this paper. 
 
However, as we have said, we think the cumulative effects of nanotechnology will 
impact the industrial and commercial landscape significantly, and there will likely be a 
few problems along the way. Given the piecemeal nature of the influence of 
nanotechnology, this, and its consequent effects on society, is very difficult to 
anticipate and plan for. This is reflected in an attempt by the US's National Science 
Foundation to avoid the mistakes that were made with genetic engineering and 
genetically modified foods. They produced a report on the societal implications of 
nanotechnology (http://itri.loyola.edu/nano/NSET.Societal.Implications/), which 
contains nothing that points to urgently-required pre-emptive action. 
 
The companies and markets of the dot-com boom were usually a step removed from 
the technology. Not so with nanotechnology—the technology is fundamental. You will 
be hard-pressed to find a nanotechnology company that doesn't have a scientist as 
founder or CEO. The fact that early nanotech business will be driven by science, and 
not simple science at that, argues for a very different competitive landscape—in any 
nanotechnology-related endeavor, the barriers to entry are automatically high.  By 
contrast, the failure of most specialist business-to-business companies could be 
attributed to low barriers to entry—once the concept had been grasped, all the major 
software makers could move in easily. 
 
The greater dependence of nanotechnology industries on complex science also 
argues for longer times to market, and thus longer times to an exit—investors will 
have to have patience. Mind you, a nanotechnology founded in 1999 was recently 
acquired by a major multinational. The success of the technologies will also be 
somewhat less susceptible to economic upturns and downturns by virtue of the fact 
that they will in many cases be leading to improvements in, or replacements for, 
existing products with established markets. The results will often lead to cost savings 
for manufacturers or consumers, something that is just as valuable in bad as in good 
economic conditions. Obviously nanotechnology will not be immune to 
macroeconomic effects. For instance, a lot of nanotechnological development 
depends heavily on government spending, which will be impacted by economic 
conditions. However, it appears to be widely recognized that those who don't keep up 
in the nanotechnology game will end up losing out, in a big way. 
 
An area of confusion that has become prominent since the first issue of this white 
paper revolves around the common discussion of a nanotechnology industry. This in 
turn encourages people to try and attach market statistics to this industry. In fact 
nanotechnology is not an industry but will touch on most other industries in various 
ways. Traditional approaches to tracking markets and industries will thus need to be 
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significantly revised if they are to tell us how nanotechnology is affecting the wealth 
of corporations and nations. 
 
In sum, revolution is indeed the correct word. The nanotechnology revolution won't 
come overnight but its progress will be relentless. 
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APPENDIX:  SOME NANOTECHNOLOGY MILESTONES 
 
This list is by no means meant to represent all the important milestones, but just a 
selection. 
 
1959 
Feynman delivers “Plenty of Room at the Bottom” 
Richard Feynman postulates that we can someday manipulate matter on an atomic 
scale. He states, " The principles of physics, as far as I can see, do not speak against 
the possibility of maneuvering things atom by atom. It is not an attempt to violate any 
laws; it is something, in principle, that can be done; but in practice, it has not been 
done because we are too big." This is often seen as year zero for nanotechnology 
because of the breadth and depth of Feynman's vision and the inspiration it gave to 
many, but there is no doubt there was nanotechnology before this and it would have 
developed as it has anyway, although maybe a little slower. 
 
1974 
First molecular electronic device patented 
Aviram and Seiden of IBM file the first ever patent on a molecular electronic device. 
 
1981 
Scanning tunneling microscope (STM) invented 
The device uses quantum tunneling currents between the microscope tip and the 
material being observed to produce images with atomic resolution. Inventors of the 
STM, Heinrich Rohrer and Gerd Karl Binnig, are awarded the Nobel Prize five years 
later. 
 
1985 
Buckyballs discovered 
Spherical cages of 60 carbon atoms are discovered by Richard Smalley, Robert Curl, 
Jr., and Harold Kroto. The new form of carbon these represent is dubbed 
buckminsterfullerene. They receive the Nobel Prize for their discovery eleven years 
later. 
 
1986 
Atomic force microscope (AFM) invented 
Offering similar resolution to the scanning tunneling microscope, the AFM works like 
an old-fashioned phonograph, by moving a tip across a surface and detecting the 
vertical movements resulting from hills and valleys it encounters. 
 
Publication of "Engines of Creation " 
Dr. K. Eric Drexler presents the ideas of molecular nanotechnology to a wide 
audience, outlining the awesome potential and dangers he sees in its future. 
 
1987 
First observation of quantization of electrical conductance 
Groups in Holland and the UK observe step-like variations in conductance through 
tiny conducting strips, i.e. the conductance is quantized, demonstrating that 
nanoelectronics is not just smaller, but different. 
 
First single-electron transistor created 
Theodore A. Fulton and Gerlad J. Dolan of Bell Laboratories construct a transistor 
where the current being switched consists of the movement of a single electron. 
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1988 
First "designer protein" created 
William deGrado and his group at DuPont design a new protein from scratch, and 
then make it. 
 
1989 
"IBM" written with 35 xenon atoms 
Using the tip of a scanning tunneling microscope, scientists at IBM in Zurich show 
that individual atoms can be moved and positioned precisely. 
 
1991 
Carbon nanotubes discovered 
Sumio Iijima discovers tubes of graphite, called nanotubes, which turn out to have 
extraordinary strength and interesting electrical properties. 
 
1993 
First nanotechnology lab in the US 
The US's first laboratory dedicated to nanotechnology is created at Rice University. 
 
1997 
DNA-based nanomechanical device created 
New York University's Nadrian Seeman demonstrates that DNA can be used as a 
building block for nanoscale mechanical devices. 
 
1999 
Scientists create electronic molecular switch 
Yale scientists Mark Reed and James M. Tour create an organic switch in a single 
molecule. 
 
2000 
US launches National Nanotechnology Initiative 
Putting a hefty $422 million into nanotechnology research, the US government shows 
its recognition of the strategic importance to the U.S. of the field. Nanotechnology 
starts to enter the vocabulary of the public at large. 
 
2001 
Nanotube logic 
Researchers at IBM and Delft University create the first transistors, and then logic 
gates made entirely from carbon nanotubes 
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ORDERING INFORMATION 
 
This white paper is a preview of what is covered in the Nanotechnology Opportunity Report™.   

 

The Nanotechnology Opportunity Report™ provides a thorough analysis of the overall 

nanotechnology market and of the key technologies coming to market now and in the near future.  It 

will also includes an extensive guide to the 455 public and private companies, 95 investors, and 271 

academic institutions, and government entities that are involved in the near-term applications of the 

technology worldwide.  Analysis is provided on both markets & technologies. 

 

The Nanotechnology Opportunity Report™ is available for purchase at a cost of $1995 (print) 0r 

$2995 (searchable pdf).  Orders are being taken by calling +34 91 640 7440 or faxing the order form 

below to  +34 91 640 71 86 in Europe or email NOR@cmp-cientifica.com.  In the U.S. you can place 

an order by calling or faxing 877-295-4480. 
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The Nanotechnology Opportunity Report™ Order Form 
 
 
I wish to order ……… copies of The Nanotechnology Opportunity Report™ at the price of  
$1995   
 
Or ……… electronic copies of The Nanotechnology Opportunity Report™ at the price of  
$2995 
 
plus shipping and handling ($35 US & Europe, $55 Rest of World) 
 
Name   ………………………………………………………. 
 
Company/Institution ………………………………………………………. 
 
Shipping Address ………………………………………………………. 
 
   ………………………………………………………. 
 
 City  ………………………………………………………. 
 
 Zip/Post Code ………………………………………………………. 
 
 Country ………………………………………………………. 
 
Phone No.  ………………………………………………………. 
 
Fax No.   ………………………………………………………. 
 
E-mail   ………………………………………………………. 
 
 
Payment Details 
 
□ I wish to pay by credit card 

 
□ VISA  □ MasterCard  □ American Express 

 
Expires    ___/___ 
 
Card Number:   ……………………………………………………….  
 
Name as it appears on Card:  …………………………………………… 
 
Signature   ………………………………………………………. 
 
□ Invoice me 
Please provide full billing details below 


