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Name Abbrev. Sci. Unit Representative objects with this 

size scale

metre m 1 Height of an about 7-year-old child.

deci- dm 10−1 Size of our palm.

centi- cm 10−2 Length of a bee.

milli- mm 10−3 Thickness of ordinary paperclip.

micro- µm 10−6 Size of typical dust particles.

nano- nm 10−9 The diametre of a C60 molecule is about 1 nm.

pico- pm 10−12 Radius of a Hydrogen Atom (in ground state) is

about 50 pm.

femto- fm 10−15 Size of a typical nucleus of an atom is 10 fm.

atto- am 10−18 Estimated maximal size of an electron.

Just how small is nano?
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Scaling Down to Nanometer
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Scale of Things

ZnO Nanorods 
Diameter ~ 100 nm

Abalone Shell  
(Length) ~ 2 x 10-1 m

10-10 m

10-9 m 10-1 m

1 m10-8 m

10-7 m

10-6 m

10-5 m

10-4 m

10-3 m

10-2 m

Microspheres: 
Diameter ~ 1.2 µµµµm

Ag2S Nanocubes
~ 40--50 nm

Nanocrystal: 
Diameter ~ 16 nm

STM Image of C60
Molecular Chain

Human Hair: Diameter ~ 90µµµµm

Housefly: Length ~ 8.5 mm

ZnO Nanorod 

(HRTEM image)
Spacing between

Atomic Planes ~ 0.6nm Stingray Red Blood 
Cell~ 11.6 µµµµm

STM image of Si(111)-(7x7)

Ant’s Compound 
Eyes ~180µµµµm

CuS Dendrites
~ 4 µµµµm
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Atoms
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up to about 0.5 nm

Living objects consists of self assembled “nano-machines”, i.e. 
cells, that actually work for some time (outside of the realm of
isolated system where the second law of thermodynamics 
requires that everything gets more disordered over time), nothing 
man made is comparable so far



9



10



11

Note the size range, it is exactly where 
quantum mechanics applies, …

smell for example is thought of to arise 
from molecules binding to rather 
unspecific receptors in the nose but 
vibrating there at very characteristic 
frequencies, it is these vibrations that 
give us the sense of a small
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“Diameter”
of chain: 2 
nm
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Size Scales
Caeser’s last breath

• 1 mole at STP occupies 22.4l, one breath 
is ca. 0.05 Mole N2

• Mass of earth’s atmosphere 5 x 1018 kg 
(80% N2), 1 mole of N2 weighs 28 g.

• Moles N2 in atmosphere is ca. 2 x 1020

• Fraction exhaled by Caesar: 0.05/ 2 x 1020 

2.5 x 10-22: 150 “Caesar Molecules”/mole

• In each breath we breath in:  0.05 x 150 or 
about 7 molecules 
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National Nanotechnology Initiative [1] spelled out the magnitude of the 
challenge to post secondary education in 2002, i.e. that 

“about 2 million nanotechnology workers will be needed 
worldwide in 10-15 years“

by 2007 “nanoscience and engineering education” needs to be 
“enabled in at least 25 % of research universities”.

Except for projected size of “nanotech workforce” [2], many of the 
predictions of 2002 were borne out by actual developments [3], 
forecasted 2 million “nanotech-workers” and $1 trillion market of 2015 
should triple to 6 million workers and $3 trillion market in 2020.

1. M. C. Roco, “The Vision and Action Plan of the National Nanotechnology Initiative”, Proc. Comp.  Nanosc. Techn., vol. 2, pp. 1-5, 2002.

2. P. Stephan, G. C. Black, T. Chang, “The Small Size of the Small Scale Market: The Early-Stage Labor Market for Highly Skilled 

Nanotechnology Workers”, Res. Policy, vol. 36, pp. 887-892, 2007.

3. Nanotechnology Research Directions for Societal Needs in 2020, Retrospective and Outlook, National Science Foundation, Springer, 2010, 

see also http://www.wtec.org/nano2/.
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Crabbed and obscure definitions are of no use beyond a 
narrow circle of students, of whom probably every one has 
a pet one of his own.
Frederick Pollock, 1845-1937

http://www.yourdictionary.com/crabbed
crab·bed (krab'id)
adjective
peevish; morose; cross
hard to understand because intricate or complicated
hard to read or make out because cramped or irregular: crabbed handwriting

Juliet: 
"What's in a name? That which we call a rose
By any other name would smell as sweet."

“It depends on whom you ask. Some folks apparently 
reserve the word to mean whatever it is they do as 
opposed to whatever it is anyone else does.”

S. M. Block, Stanford University
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“The grand aim of all science is to cover the 
greatest number of empirical facts by logical 
deduction from the smallest number of 
hypotheses or axioms.”

Albert Einstein, 1879 – 1955, physicists

“One good definition is worth three axioms.”

Godfrey Harold Hardy, 1877-1847, mathematician
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Nanoscience
From Wikipedia, the free encyclopedia
Redirect page
Jump to: navigation, search
Nanotechnology

Nanoengineering

Nanoengineering is the practice of engineering on the 
nanoscale. It derives its name from the nanometre, a unit of 
measurement equalling one billionth of a meter.
Nanoengineering is largely a synonym for nanotechnology, 
but emphasizes the engineering rather than the pure science 
aspects of the field.

from wikipedia, March 2011
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Nanotechnology (sometimes shortened to "nanotech") is the study of 
manipulating matter on an atomic and molecular scale. Generally, 
nanotechnology deals with structures sized between 1 to 100 nanometre in 
at least one dimension, and involves developing materials or devices within 
that size. Quantum mechanical effects are very important at this scale, which 
is in the quantum realm.

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

----------------

Technology is the usage and knowledge of tools, techniques, crafts, 
systems or methods of organization in order to solve a problem or serve
some purpose. The word technology comes from Greek τεχνολογία
(technología); τέχνη (téchnē), meaning "art, skill, craft", and -λογία (-logía), 
meaning "study of-".The term can either be applied generally or to specific 
areas: examples include construction technology, medical technology, and 
information technology. 
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US National Nanotechnology Initiative (NNI):

A possible definition

• Technology and research development at the atomic, molecular or 
macromolecular levels, in the length scale of approximately 1 to 100 
nanometer range, to provide a fundamental understanding of 
phenomena and materials at the nanoscale and to create and use 
structures, devices and systems that have novel properties and 
functions because of their small and/or intermediate size.
…
• Within these larger scale assemblies, the control and construction of 
their structures and components remains at the nanometer scale.

M.C. Roco

Clear enough, so there is purpose to “usage and knowledge of tools, 

techniques, crafts, systems or methods of organization”, so 
nanotechnology it there to do both, the science and the 
engineering at the nanometer length scale
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Pieter Stroeve, University of California, Davis

Nanotechnology is an exciting interdisciplinary field

which has tremendous potential to develop … novel 

materials, devices, sensors and processes. The
development of this dynamic field depends on close
collaboration between chemists, physicists, biologists,
material scientists, and engineers to bring together their
expertise to solve unique problems.

historically first definition of nanotechnology: 
“mainly consists of the processing of, 
separation, consolidation, and 
deformation of materials by one atom or 
by one molecule” N. Taniguchi, “On the Basic Concept of 

Nano-Technology”, Proc. Int. Conf. Prod. Eng. Part 2, pp. 18, 1974.
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Predictions 2002 , M.C. Roco, NSF 

US $1 trillion of nano-enabled products , 
“about 2 million nanotechnology worked 

will be needed in 10 to 15 years”

In 2010: “both the number of worldwide 

nanotech-workers and the size of the 

“nanotech-enabled products market” will 

double approximately every three years.

David M. Berube, Nano-Hype: the Truth Behind 
the Nanotechnology Buzz, Prometheus, 2007.

K. Kulinowski, “Nanotechnology: From “Wow” to “Yuck”?”, 
Bulletin of Sci. Technol. & Society, vol. 24, pp. 13-20, 2004.

“ Presumably, once the hype 
recedes, a more serious discussion 
about the true nature of 
nanoscience and nanotechnology 
can proceed, though this may be an 
incorrect assumption.” D. M. Berube
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“Nanotechnology has become a favorite, and successful term 

among America’s most fraudulent stock promoters, see M. 

Reisch, Chem. Eng. News 82 (2004) 82” quoted from V. Balzani, small 1(3), p. 
278-283 (2005)

Allegedly, significant innovations come along only twice per century
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Predictions, M. Roco, NSF 

2002 US $1 trillion of nano-enabled products , “about 2 million nanotechnology worked will be needed in 10 
to 15 years”

2010: “both the number of worldwide nanotech-workers and the size of the “nanotech-enabled products 
market” will double approximately every three years”.
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“The nature of nanotechnology 
seems to be as obscure as its 
origin.” V. T. Yadugiri, R. Malhotra, ‘Plenty of room’ – fifty years after the Feynman 

lecture, Current Science 99(7), 900-907, 2010

So when we have clarified what its 
nature might be, we should also explore 
its origin(s).
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P. J. A. Borm and D. Berube

“One thing is sure: to fully comprehend and 

realize its potential, a renaissance of science and 

education is needed, accompanied by open minds in politics, 

investment funds, and grant-awarding bodies. This includes giving 

full attention to sustainable development, which may be enabled 

by new methods and protocols for testing nanomaterials for their

potential adverse effects. We would benefit by heeding the 

following: ‘nano’ is a society of creative ‘yes-sayers’ associated, and 

as such it may well be that this discussion will prelude the end of 

environmental protectionism.”

57-59
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“… nanotechnology is presently more concept than fact, although 
it is certainly a media and funding reality”.

Edward L. Wolf, Nanophysics and Nanotechnology, An Introduction to Modern Concepts 
in Nanoscience, Wiley-VCH, 2nd revise and expanded edition, 2006

“Nanotechnology is science at the size of individual atoms and 

molecules.” Chi Anyansi-Archibong, and Silvanus J. Udoka, Potential Ethical 

Concerns in Nanotechnology, Chapter 16, pp. 261-271, Nanotechnology and 
Microelectronics: Global Diffusion, Economics and Policy, N. Ekekwe (ed.), IGI 
Global, 2010 

How can a technology possibly be a 
science? NNI definition is clear about the purpose, i.e. technology 

being the usage and knowledge of tools, techniques, crafts, systems or 
methods of organization in order to solve a problem or serve some purpose. 
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“Nanoscience is about the phenomena that occur in systems 
with nanometer dimensions.”

Stuart M. Lindsay, Introduction to Nanoscience, Oxford University Press, 2010

“Nanoscience” is the emerging science of objects that are 
intermediate in size between the largest molecules and 
the smallest structures that can be fabricated by current 

photolithography; that is the science of objects with smallest 

dimensions ranging from a few nanometers to less than 100 nanometers.

George M. Whitesides small vol. 1, no. 2, (2005) 172-179

“… the science of materials whose properties scale with 

size.”

J. W. Steed, J. L. Atwood, Supramolecular Chemistry, Wiley 2009

What the involved scientist and text book authors say
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“… there is no such thing as nanotechnology. 

Nanotechnology is now the buzzword and an umbrella 

term to designate nothing less than the state-of-the-art 

in science and technology in what is the normal 

progression and evolution of the relationship of 

humankind with its habitat and environment.”

D. Jost, “Nanotechnology for Policymakers, An Introduction from the Physical Science Perspective”, nccr trade 

regulations, Swiss national center of competence in research, working paper no. 2009/21, May 2009; 

http://phase1.nccr-trade.org/images/stories/publications/IP9/ed.Nanotechnology Introduction v9 march2009.pdf

Wow, nothing less than the state-of-the-art in science and technology will 
be difficult to teach in a 4 credit hours course over 10 
weeks !! So there need to be priorities, omissions, …

perhaps best thing students can pick up might be capabilities for life long 
learning in this field?

background and intelligence to work out for themselves what nanoscience 
and –technology may mean over their lifetime? 
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Problems: Much of what the public thinks will be shaped by the 
media, that will also be what some of the incoming student 
expect, so we have to fight both scaremongers and 
unrealistic visionaries

since we have to provide nanoeducation, and nanotech is 
according to NNI more or less technology and research 
development at the length scale of 1 to 100 nm, to provide a 
fundamental understanding of phenomena and materials at the 
nanoscale and to create and use structures, devices and systems 
that have novel properties and functions because of their small 
and/or intermediate size.

i.e. both nanoscience and nanoengineering, we have to strike a 
balance, in my opinion, science first, engineering second

science shall allow the students to recognize the 
faults of the visionaries!!!

# I
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The Gray-Goo Problem, By LAWRENCE OSBORNE, New York Times: December 
14, 2003
For years, many members of the scientific community have been excited by the prospect of 
nanotechnology, the design of machines and robots on a molecular scale. But scientific ethicists 
and environmental activists are increasingly alarmed by its potential abuses. In January, the ETC 
group, a Canadian watchdog organization for socially responsible technology, released ''The Big 
Down,'' a report on nanotechnology. No less a figure than Prince Charles, having read the report, 
publicly announced that he was distressed by something called the gray-goo problem, in which a 
swarm of millions of rapidly self-replicating microscopic robots, in a ravenous quest for fuel, would 
consume the entire biosphere until nothing remained but an immense, sludge like robotic mass. 
How would it happen? As Eric Drexler, a former researcher at M.I.T., predicted in his 1986 book, 
''Engines of Creation,'' in the future we will be able to enlist nanobots to build things for us -- circuit 
boards, cars, chairs, TV sets, whatever. The strategy would be to create nanofactories or ''auto-
assemblers'' the size of cells, which would be programmed to collect raw material from the natural 
world (atoms, molecules) and convert it (slowly, piece by piece) into the building blocks of the 
desired product. In order to build the product on a human scale, these auto-assemblers would have 
to be able to reproduce themselves -- also using raw material from the natural world -- in massive 
numbers. 
Gray goo is what would happen if one of the auto-assemblers went haywire and the self-replication 
never stopped. According to Drexler's calculations, in just 10 hours an unchecked self-replicating 
auto-assembler would spawn 68 billion offspring; in less than two days the auto-assemblers would 
outweigh the earth. 
The executive director of the ETC group, Pat Mooney, says that the threat of gray goo lies far in the 
distant future. But his group's report stresses an equally worrisome but more immediate danger: the 
green-goo problem. Green goo is roughly the same as gray goo, only it involves the re-engineering 
of living things to do our bidding. Such cyborg organisms would eat and reproduce as nature 
intended, but they would be technologically enhanced -- with unforeseeable consequences. 
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Leonardo da Vinci, 1452-1519, Italian artist and 
scientist, the original Renaissance man

American inventor David 
Bushnell,1775, “The Turtle”
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Artist’s impression of a (very 
large) nanobot pinching a red 
blood cell (diameter 6 – 8 µm), 
note that micro-machines do 
scarcely exist, 

Fully fledged nano-machines 
and bots are currently science 
fiction, most importantly they 
may never look like some 
miniature version of the 
machines we are used to, 

Nanobot ??? – Artist’s Impression

G. Stix, Sci. Amer. 285(3) 26, 2001: Nanotechnology is “long on vision and short on 
specifics”, well what if some of the specifics were just increments of plain old materials 
science and engineering as applied to the nanometer length scale?

C. W. Shong, S. C. Haur, A. T. S. Wee, Science at the 

Nanoscale, An Introductory Textbook, Pan Stanford, 2010.
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1773 - 1858 1879 - 1955

http://en.wikipedia.org/wiki/Brownian_motion#Einstein.27s_Theory
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Marian Ritter von Smolan Smoluchowski (1872-1917)
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http://www.elmer.unibas.ch/bm/index.html
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Some more visions by some 
artists, lesser than Michelangeo, 

do note parts of the 
machinery are of “stuff” so 
homogenous that one does 
not see an internal structure 
at the length scale of atoms 
and molecules

http://www.youtube.com/watch?v=zqyZ9bFl_qg
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“Friction, resistance to movement”
is generally very high at the 
nanoscale, (almost everything is 
pretty sticky), but can be small for 
certain high symmetry 
arrangements, e.g. the inner tubes 
in a multi-walled carbon nanotube 

Sure nanobots will need moving parts, 
rotations about some axes, resistance 
to rotation is usually very high
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Stephen Mann, Life as a 
Nanoscale Phenomenon, 
Angew. Chem. Int. Ed. 47
(2008) 5306-5320  
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The confluence of energy scales is illustrated in this graph, which shows how thermal, chemical, mechanical, and electrostatic 
energies associated with an object scale with size. As the characteristic object size approaches that at which molecular machines 
operate (shaded), all the energies converge. The horizontal line shows the thermal energy scale kT which, of course, does not 
depend on an object's size. We estimate binding energy (purple) by considering an electron in a box; for comparison, the graph 
shows measured binding energies for hydrogen bonds (square), phosphate groups in ATP (triangle), and covalent bonds (circle), 
along with characteristic energies for nuclear and subatomic particles. In estimating the bending energy (blue), we took an elastic 
rod with an aspect ratio of 20:1 bent into a semicircular arc, and to compute the fracture energy (green) we estimated the energy in 
chemical bonds in a longitudinal cross section of the rod. The electrostatic energy (orange) was obtained for a spherical protein 
with singly charged amino acids of specified size distributed on the surface. 

R. Phillips, S. R. Quake, “The 
Biological Frontier of Physics”, 

Physics Today, May 2006, pp. 38-43.
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Fluctuations

•  √N/N → 1 in small systems
• Complexity increases with N 

exponentially

• Adequate complexity and 
fluctuations

• Electron transfer in chemical 
reactions – occurs on the nanoscale

• Proteins fold and unfold, …

Emergent Phenomena
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S.M. Lindsay, Introduction to 
Nanoscience, Oxford University Press, 
2010
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In order to make statements about the present and future, it 
is worthwhile to consider the past

much confusion in the general public and the social sciences comes from 
misconceptions about recent emergence of nanoscience 

So are nanoscience and -engineering new? Are they dangerous? Are they 
disruptive, …, are they very different from classical engineering in the sense 
that classical physics is very different from quantum physics?

Indian Ink (masi), since about 4th

century BC (the times of Alexander the Great)

+

Gum Arabic

+

Acacia Senegal, F. 
E. Köhler, Köhler's 
Medizinal-Pflanzen 
(1887)…also known as gum acacia, chaar 

gund, char goond or meska

complex 
mixture of 
polysaccharides 
and 
glycoproteins

commonly 
known as 
soot, pure 
carbon
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Well, without a nano-
(materials) science, some 
nanotechnologies were 
either short lived, or 
depended on the 
availability of conducive 
raw materials

Indian wootz steel (from about 300 BC onwards) 
and Damascus swords (from about 900 AD until 
the special Indian iron ore sources with 
conducive impurity content became depleted 
around 1700) contain (crystalline) nanowires of 
the mineral cementite that may have grown from 
carbon nanotubes, see M. Reibold et al. Nature 444, 286 

(2006). 
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To be explained by 
plasmonics and 
Mie scattering
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http://www.aip.org/history/
einstein/brownian.htm
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Michael Faraday, 
Experimental relations of 
gold (and other metals) to 
light; the Bakerian lecture, 
Phil. Trans. Royal Soc. 
London, vol. 147, pp. 
145-181, 1857

So qualitative nanoscience is some 150 
years old !
Leading eventually to improved silver based photography, colloids, sols 
and gels, polymers (collectively soft materials), catalysts, … are all 
nanoengineered products

Faraday’s conjecture on 
size dependency of a 
physical property

“… a mere variation in the size 
of the particles gave rise to a 
variety of resultant colours …”
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Einstein, Albert (1905), A new determination of molecular dimensions. PhD thesis, ETH 
Zürich, completed April 30, submitted July 20, published (after update) in Annalen der 
Physik, Feb. 8, 1906, PhD booklet of 16 pages, Buchdruckerei K. J. Wyss, Bern, 1906

“A NEW DETERMINATION OF MOLECULAR DIMENSIONS”

“It will be shown in this paper that the size of molecules of substances dissolved in an 

undissociated dilute solution can be determined from the internal viscosity of the solution and of the 

pure solvent, and from the diffusion rate of the solute within the solvent provided that the volume of 

a solute molecule is large compared to the volume of a solvent molecule.”

Final result of theory, two equations in two unknowns, NP3 = (3M/10p) (m*/m - 1) and NP = RT / 

6pm D

“… We will carry out the calculation for an aqueous solution of sugar. From the data on the 

viscosity of the sugar solution cited earlier, it follows that at 20°C, NP3 = 80. …

We obtain NL = 2.08 · 1016. Neglecting the differences between the values of a at 9.5°and 20°, the 

values found for NP3 and NP yield

P = 9.9 · 10-8 cm 

N = 3.3 · 1023.  (in 1911 corrected to 6.56 1023)

… The value found for N shows satisfactory agreement, in order of magnitude, with values found 

for this quantity by other methods.  (Bern, 30 April, 1905)”

from 1905/1906 onwards Nanoscience 
becomes quantitative
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from 1905/1906 onwards Nanoscience 
becomes quantitative, published February 8, 1906

ibid vol. 34, pp. 591-
592, 1911

A. Einstein, “Eine neue 
Bestimmung der 
Moleküldimensionen”, Annalen der 
Physik, vol. 19, pp. 289-306, 1906
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Arthur von Hippel’s 1956 vision for the then emerging field of 
materials science and engineering 

”… instead of taking prefabricated 

materials and trying to devise 

engineering applications consistent 

with their macroscopic properties, one 

builds materials from their atoms and 

molecules for the purpose at hand.”

A. R. von Hippel, “Molecular Engineering”, Science, vol. 123 (issue 3191), pp. 315-317, 1956; MIT Techn. 
Rep. 101, October 1955; Molecular Science and Molecular Engineering, Technology Press of MIT Press and 
Wiley & Sons, New York, 1959.
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“I am not inventing antigravity, 
which is possible someday only if 
the laws are not what we think. I 
am telling you what could be 
possible if the laws are what we 
think; we are not doing it simply 
because we haven’t gotten 
around to it.”

There’s plenty …

Eng. 
Sci. 
23(5) 
22-36, 
1960

 

”... “it is an unwritten rule on Nature 
Nanotechnology that Richard Feynman’s 
famous 1959 lecture ‘There’s Plenty of room 
at the Bottom’ should not be referred to at the 
start of articles unless absolutely necessary,” 
wrote editor in chief Peter Rodgers in the 
December 2009 isue … 
Not that Rodgers has anything against the talk, 
he went on to say—he’d simply like to see a little 
variety in his opening lines. (He forbids 
references to Moore’s law for the same reason.) 
…”  
 

DS (might be Sara DiPalma, copy editor of Engineering 
and Science Volume LXXIII, Number 1, WINTER 2010) 
http://calteches.library.caltech.edu/705/1/ES73.1.2010.pdf 
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Gordon Moore’s 1st law, 1965 (1975), 
the number of components (transistors) 
on a chip doubles every 1 (to 2 years) 
(18 months?), while chip size increases; 
2nd law: investment required to set up a 
new semiconductor factory also grows 
exponentially, this may limit the industry

Bandwidth of information that can be 
transmitted through optical fibers 
doubles every 6 months, Internet
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Human beings have difficulties 
comprehending exponential growth

• There is some lake where sea roses grow, 
their growth is exponential

• It took 5 months for the sea roses to cover 
an area equivalent to one quarter of that 
lake

• How long will it take before that lake will 
be covered completely by sea roses ??? 
(and the exponential growth stops)
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Moore himself: “I never said 18 month, I said 1 
year and then 2 years, Moore’s law has been 
the name given to everything that changes 
exponentially. … if Gore invented the Internet, I 
invented the exponential.”

New version” number 
of transistors with time 
= 2time(t) (since 1962, 
while keeping the chip 
size constant) if t = 1 
year, 210 = 1024 fold 
increase in 10 years, if 
t = 2 years, only 32 fold 
increase if t = 1.5 
years, 101.6 fold 
increase
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Median price for desktop computers sold in the U.S.
Source: http://firstmonday.org/htbin/cgiwrap/bin/ojs/index.php/fm/article/view/1000/921 

Gordon Moore himself: “Fortunately, the software industry has been able to take 
advantage of whatever speed and memory we could give them. They have taken 
more than we gave, in fact. I used to run Windows 3.1 on a 60 megahertz 486, 
and things worked pretty well. Now I have a 196 megahertz Pentium running 
Windows 95, and a lot of things take longer than they used to on the slower 
machine. There’s just that much more software, I guess.”

Wirth’s law: “Software gets slower faster than hardware gets faster.”

wait 18 months and you get a computer that is twice as powerful as 
today for the same price (as today)? Comparing apples and oranges?

“Quality adjusted 
PC prices”
actually halved 
every 53 month 
between 1995 
and 2000 

www.nber.org/pa
pers/w8715
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“We found that Moore changed his interpretations of Moore’s Law during the 1960s and 1970s, 
and that its subsequent extensions have added qualitatively new and important aspects to it. 
Whereas the original formulations of Moore’s Law focused on counting components on integrated 
circuits, its extensions made claims of exponential increase in processing power and exponentially 
dropping quality–adjusted prices of computing. We reviewed the available empirical evidence 

for these different versions of Moore’s Law and found that they have little empirical 

support. Semiconductor technology has not developed according to Moore’s Law. The 

claims that future developments in semiconductors, computer technology, or information 

processing would be determined by the continuation of Moore’s Law are, therefore, 

obviously invalid.

This result is either trivial or quite illuminating. It is trivial in the sense that no one has seriously been arguing that 
Moore’s Law would be a deterministic natural law. It is supposed to be a rule–of–thumb that tries to give an 
overall picture of the dynamics of development in semiconductor technology and, more generally, in computer 
technology and information society.

The result, however, is also far from trivial. It implies that references to Moore’s Law 
qualitatively miss the character of development in semiconductor technology and the 
information society.

http://firstmonday.org/htbin/cgiwrap/bin/ojs/index.
php/fm/article/view/1000/921
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Moore’s Law gave us a compact and a deceptively exact way to express beliefs in 
technological determinism. Later it became transformed to economic determinism, which 
argued that people would buy computers because they will be ridiculously cheap. 
Moore’s Law also provided a convincing basis for arguing that the development of 
economies and societies is at the hands of technical experts. The fact that Moore’s Law 
has so often been misrepresented and used together with contradictory evidence 
indicates that it has expressed strong and fundamental convictions about the nature of 
progress. Contrary to what its users have often claimed to say — that the history of 

semiconductors and computing has followed a well–defined exponential path —
the rhetoric point of Moore’s Law has been directed towards the future, determined 
by technological development and understood by the speaker. 

…

In a way his prediction, however, was too successful. It allowed technologists, 
economists, and politicians to neglect important factors that have been driving social, 
technical, and economic development during the last decades. Although the increasing 
use of computing technology has made people more aware of, for example, social, 
cultural, organizational, political, ethical, and cognitive issues related to information 
processing, physics is still commonly seen as the hard core of future 

developments. As a result, many discussions on the future of Moore’s Law have 
focused on physical limits. In recent years economic considerations have gained 
legitimacy also in this context, partly because Moore himself has frequently predicted 
that the increases in chip complexity will not be limited by physics but by the 
exponentially increasing costs of manufacturing plants.”
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Micro-electronic was so successful for precisely the same 
reasons as nanoelectronics is going to be,

There is “plenty of room at the bottom”, for “mircometer-
electronics” say there is a factor 106 in comparison to our 
human length scale

For “nanometer-electronics” this factor is going to be 109 also 
new opportunities arise from “going quantum”
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TEM 
image

Already in 2002, the number of all transistors in DRAMs produced in the 
world in that year was greater than the number of grains of rice produced !!

The cost of producing one transistor in a DRAM was about 1/100 of the cost 
of producing one grain of rice !
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About 2 nm 
diameter
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Graphene: the new “electronic wonder-material”, loosely speaking kind of nearly all what 
nanotubes can do, graphene could possibly do better, there is no chirality problem and 
associated variability of physical properties as there are with mass produced nanotubes,

Before there was graphene by exfoliation or epitaxial SiC growth with subsequent 
desorption of Si, researchers would slice nanotubes open to have a nano-ribbon

Graphene is unique with respect to its linear E(k) dispersion relation, effective mass of 
electron and hole are zero,  vfermi ≈ 1/300 c

1985, by mass 

spectroscopy

1991,1993, 
by TEM

1950s/60s, 2004 by TEM 

2004 production by exfoliation, physical 

properties measured, Nobel prize physics 2010
Nobel prize chemistry 1996

FermivkE ⋅±=
r

h The only other system that has a linear dispersion 
relation is photons in free space !! E = p c !
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Bandgap of graphene can be tuned by widths of the nanoribbon (nm size in 
one dimension, µm size in the other dimension, so it can be a metal, a 
semiconductor, or an isolator just in dependence of its widths and the back-
gated voltage, a smaller widths semiconductor nanoribbon region could be 
contacted by a larger widths metallic region (avoiding the electric contract 
problems of nanotubes

*)( WW
Egap −= α

α ≈ 0.2 eV nm

W* ≈ 16 nm

are fitting constants from 
experiment
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There could 
be different 
kinds of 
organic 
molecule at 
different 
interjections
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http://www.sciencemag.org/site/special/insights2010/

Science 17 December 2010: 

Vol. 330 no. 6011 p. 1604 

DOI: 10.1126/science.330.6011.1604

Breakthrough of the Year First Quantum Machine

Adrian Cho

Summary

Until now, all machines have moved according to the not-surprising laws of 
classical mechanics, which govern the motion of everyday objects. In 
contrast, a tiny machine unveiled this year jiggles in ways explicable only by 
the weird rules of quantum mechanics, which ordinarily govern molecules, 
atoms, and subatomic particles. The proto-quantum machine opens the way 
to myriad experimental devices and perhaps tests of our sense of reality. 
That potential and the ingenuity of the experiment make it the Breakthrough 
of the Year. 
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Isolated quantum dots in a solution, their color depends just on the size 
(independent on the semiconductor material), have also been called “artificial 
atoms” because they have discrete and well separated energy level, just like 
atoms, may be modeled as particles in a box if different sizes.

Size matters !!



77



78



79

Density of electronic states as a function 

of dimensionality, at least one 

dimension should be below about 100 nm

C. W. Shong, S. C. Haur, A. T. S. Wee, Science at the 

Nanoscale, An Introductory Textbook, Pan Stanford, 2010.

)cos1(
8 2

24

22

0 Θ+=
R

II
λ

απ characteristic length 
smaller than λ visible light

Shape matters !!

Dimensionality 
matters !!
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When the size is small, shape matters as well
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Physical properties 
that are size 
dependent
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Example magnetic properties, 
Fe, ferromagnetism, the super 
paramagnetic limit, smaller than 
super paramagnetic limit
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0.7 nm

SEM
TEM
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Scanning tunneling 
microscopy

what we actually see is 
either the square of the 
wave functions of individual 
atoms or of an electron that 
is trapped at the surface by 
the potential energy 
distribution of the specially 
arranged surface atoms

http://www.youtube.com/watch?v=YcqvJI8J6Lc&feature=fvwrel
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Francis Crick, Central dogma

http://www.youtube.com/watch?v=D3fOXt4MrOM&NR=1 less than 4 min, DNA

http://www.youtube.com/watch?v=NJxobgkPEAo less than 3 minutes

Note the look and key specifics to 
what nature has been building for a 
couple of billion years
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Working nanoscale rotation 
motor, soft matter/ biological 
system evolved over a very 
long time, nature came up 
with the basic design just 
once, about a billion years 
ago.

One can 
attach this 
motor to some 
suitable 
surface in a 
MEMS, as 
long as one 
feeds it with 
ATP, it will be 
a very efficient 
local source of 
energy 
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Linear motors, moving along a track of some 5 nm diameter and 1 – 4 µm in length

Efficiency 
about 60 %

http://www.youtube.com/watch?v=CUm1RAHt860
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ATP, 

Adenosine 
triphosphate 

ADP, 

Adenosine 
diphosphate + an orthophosphate 

+ chemical energy

Hydrolysis of

to

Ion channels, act like a transistor, 
also driven by ATP hydrolysis, also 
about 1 billion years old
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Big challenge is how to make these kinds of nanocrystals with 
a clever surface coating self-assemble



95



96



97

- kills bacteria and odor, e.g.  
impregnated socks, but may 
get released into the 
environment and end up in fish

Viruses are typically below 100 nm, 
while bacteria are typically at least 
one order of magnitude larger

Bacteriophages, sketch bottom left, 
are viruses that attack bacteria
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UP: Nanostructures 
we can assemble 
right now

RIGHT: 
Nanostructures 
nature assembles 
without us Importance of structural biology
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Nanotech can be classified as incremental, 

evolutionary, and radical (all direct quotes from C. Binns, 

Introduction to Nanoscience and Nanotechnology, Wiley, 2010)

• “incremental nanotechnology can .. be considered to be a 
re-branding of other, more traditional lines of research such 
as materials science

• evolutionary nanotechnology attempts to build 
nanoparticles that individually perform some kind of useful 
function

• radical nanotechnology … is the construction of machines 
whose mechanical components are the size of molecules”

My comments: while incremental nanotech is indeed an established part of 
materials science and –engineering (MSE), evolutionary nanotech is best developed 
within the nano-MSE framework.

Man-made (Drexlerian) radical nanotech (building everything from atoms and small 
molecules upwards) may be an illusion and remain so if one does not embrace 
physical biology (micro-/structural/quantum-biology) and starts building from 
specific molecules (utilizing look and key mechanisms, …)  for very specific purposes 
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Alternatively, one may use Vincenzo Balzani’s classification scheme, 

V. Balzani, small 1(3) 278-283 (2005)

First distinguish between Top–Down and Bottom–Up Approaches

Lump all kinds of materials problems that need to be solved for top-down 
miniaturization (as currently in the microelectronics industry) into incremental nano

Within the Bottom–Up Approaches, distinguish between 

.

“Case 1: Nanoscale “objects” are very simple 
from a chemical viewpoint and do not exhibit 
any specific intrinsic function (atoms, clusters 
of atoms, small molecules). Function arises 
from ensembles of such objects.”

incremental and evolutionary nano?

“Case 2: Nanoscale “objects” have complex 
chemical composition (supramolecular of 
multicomponent systems), exhibit 
characteristic structures, show peculiar 
properties, and perform specific functions. All 
of the artificial molecular devices and 
machines belong to this category.”

evolutionary and radical nano?
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idea is to 
incorporate 
biology, next step 
nano-bio tech

10-12

G. M. Whiteside, A. P. 
Wong, MRS Bulletin 31
(2006) 19-27

“individual 
materials 
scientist must 
learn biology”
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When nanotech is considered within the materials science 
and –engineering context, there are NO SPECIAL

PROBLEMS concerning implications, responsibilities, …, that 
context always had to make sure that new products are 
acceptable to society in order for a company to stay in 

business  

Why do we have the genetically modified food debate (more in Europe than 
in the US)? Was it not because Monsanto and others overdid it, creating 
seeds that were resistant to their brand of herbicides but also no longer 

capable of germination???   

major proponents of the implications, responsibilities, …., moral acceptability 

of nanotech are International Council on Nontechnology (ICON) at 

Rice University (offshoot of NSF Center for Biological and Environmental 
Nanotechnology (also at Rice), 

Ideas of starting a whole new scientific field: “Predictive nanotoxicology”, 
“predict effects – adverse or desirable – of engineered nanoparticles 

upon interaction with biological system”
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Everybody basically knows: “The notion of complete 
understanding controlling action is an ideal in the 
clouds, grotesquely at variance with practical life.”
Alfred North Whitehead, Adventures of Ideas, Mac Millan, New York, 1956, 114-115

there sure is potential for “nano-things” to go wrong, …
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“There is something civil servants have that 

the private sector doesn’t. And that is the duty 

of loyalty to the greater good – the duty of 

loyalty to the collective best interest of all 

rather than the interest of the few. Companies 

have duties of loyalty to their shareholders 

not to the country.”

David. M. Walker, comptroller general of the United States, 

quoted from an article by S. Shane and R. Nixon, “In Washington, Contractors 
Take the Biggest Role Ever”, New York Times, February 4, 2007
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Problems: Much of what the public thinks will be shaped by the 
media, that will also be what some of the incoming student 
expect, so we have to fight both scaremongers and 
unrealistic visionaries

So since we have to provide nanoeducation, 

And nanotech is according to NNI more or less technology and research development 
at the length scale of 1 to 100 nm, to provide a fundamental understanding of 
phenomena and materials at the nanoscale and to create and use structures, devices 
and systems that have novel properties and functions because of their small and/or 
intermediate size.

i.e. both nanoscience and nanoengineering, we have to strike a 
balance, in my opinion, science first, engineering second

Clarifying the deep connection between nanoscience 
and nanoengineering shall allow the students to 
develop a realistic perception of risks !!!

# II
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What to do about this? 

If you are working on “hard nanoscience”, tell your students, friends, and kids, …, but 
one needs to have knowledge of the real problem, so called Folk Theories are of 
limited utility (A. Rip, “Folk Theories of Nanotechnologists”, Science as Culture, vol.15, pp. 349-365, 2006.)

whoever pays for the piper calls the tune? Who is one of the main 

sponsors of international conferences on the implications and moral acceptance of 
nanotech? 

Swiss Re, a reinsurer which is heavily invested in insuring companies that 
have investments in the genetically modified food business

E. McCarthy and C. Kelty, “Responsibility and nanotechnology”, Social Studies of 

Science, vol. 40, pp. 405-432, 2010. http://sss.sagepub.com/content/40/3/405 

e.g. is not simply true that fear arises from ignorance, that public acceptance of 
nanotech will rise as people learn more about the technology !

So called “hierarchical individualists” who like free markets and respect the authority 
of social elites find more to approve on in nanotech as they grow more familiar with it, 
conversely, more information seems to give so called “egalitarian communitarians”
more to be concerned about. R.A.L. Jones, Soft Machines blog,
ttp://www.nature.com/news/2008/081209/full/news.2008.1290.html
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Nanocrystals and -particles are 
everywhere 

e.g. phytoplankton (some microscopic 
plants) produce nano-particle 
containing aerosols, which influence 
the climate along with man-made 
nanoparticles from air planes, diesel 
engines, worn off tires, …
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Man has been making fires/nano-particles from some 0.5 to 1.5 million years and 
probably evolved to deal with the consequences, sure more children have asthma these 
days Carbon black is an assortment of 

nanoparticles in tires, have been in 
use for about 100 years, sure too 
short for humans to evolve, …
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Magnetite is ferrimagnetic 
(two opposing 
ferromagnetic spin system 
arrangements of unequal 
strength which leave a 
reasonably large total 
magnetic moment) 

The bacterial produce the 
nanocrystals by 
themselves, do have the 
genes to do the synthesis, 
do it all at low temperatures 
in special cells, man-made 
crystal growth is very 
different

There are attempts to grow 
these kinds of bacteria in 
order to get the magnetite 
nanocrystals out of them 
for magnetic hypothermia 
treatments of cancer cells
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In my personal opinion, it all hinges on precise 
definitions, …, imprecise definitions tend to lead to 
confusion, … so what is nanotechnology??

“… In other words, there is no such thing as 
nanotechnology. Nanotechnology is now the 
buzzword and an umbrella term to designate 
nothing less than the state-of-the-art in science and 
technology in what is the normal progression and 
evolution of the relationship of humankind with its 
habitat and environment.”

Dannie Jost, Nanotechnology for Policymakers, An Introduction from the Physical 
Science Perspective, World Trade Institute, University of Bern, April 2009, 
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“Magic Nano Story” of 2006

company Kleinmann GmbH of Sonnenbühl/Germany (a subsidiary of Illinois 
Tool Works Inc. of Glenview/Illinois) distributed a bath and toilet (glass and 
ceramic) cleaner/ sealant as “Magic Nano”

which they did not develop by themselves and that did not actually contain 
nanometer-scaled materials for the intended purpose of creating a 
hydrophobic surface sealing after a thorough cleaning

cleaner/sealant was supposed to be sprayed from a can 
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It is believed that the solvents in the sprayed aerosol caused respiratory irritations for 
about one hundred customers when the product was used in enclosed spaces such 
as bathrooms. 

Product was recalled, incident led to an “nano-hype media-field day” in 2006; 
(renewed call for a world-wide moratorium on the development of nanoproducts by a 
non-governmental organization). 

Had the synthesis/processing corner and most importantly the “nano-center”
of the nano-MSE Tetrahedron, been duly considered as part of the scaling up 
to industrial production, different properties and the intended product 
performance would have resulted and the whole incidence would probably not 
have happened!

Manufacturer (which was neither Kleinmann GmbH nor Illinois Tool Works Inc.) did 
not follow through with implementing the synthesis/processing procedures as 
prescribed by the developers from academia so that the beneficial nanoparticles 
simply fell out of solution and never made it into the final product. 

Spray can was replaced by aerosol pump in new product. 

I do not know if there are now nanoparticles in the new product 
and if they are now doing their intended job.
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Nanotech has been classified as 

incremental, evolutionary, and radical (all 

direct quotes from C. Binns, Introduction to Nanoscience and Nanotechnology, Wiley, 
2010)

• “incremental nanotechnology can .. be 
considered to be a re-branding of other, more 
traditional lines of research such as materials 
science

• evolutionary nanotechnology attempts to build 
nanoparticles that individually perform some 
kind of useful function

• radical nanotechnology … is the construction 
of machines whose mechanical components 
are the size of molecules”
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State of Oregon created in 2003 the Oregon Nanoscience 
and Microtechnologies Institute (ONAMI),
which puts “nanotechnology to work in microsystems”.

motto clarifies nature of “nanotech” developments that Oregon supports 

Functional nanostructured materials and devices on their basis, (i.e. mainly 
incremental and evolutionary (but only some radical) “nanotech”,), are developed 
within a materials science and engineering context in order to enhance the 
functionality of existing and novel microsystems. 

So these are the general directions our 
graduate students will do their research in, for 
the greater good of Oregon’s industry
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Web of Science now adds nearly 90 000 
nanotechnology articles per year 
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The energy challenge, nano-materials science and 
engineering has much to contribute

if all of Arizona, without Phoenix, Flagstaff, Tucson, and the Great Canyon,  were 
covered by PC could power all of the US
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Summary and Conclusions

nanoeducation challenge has been quoted  

aspects of nature of the nanoscience and –engineering “beast”
has been elucidated

specifics of desirable educational focus of graduate (and 
undergraduate) education for Oregon’s high tech industries 
were briefly touched

focusing on nanoscience as well as incremental and 
evolutionary nanoengineering seems to be sensible

embedding the course topic into the general materials science 
and engineering approach (as exemplified by a tetrahedron) is 
practical, at least for an introductory 1 quarter course

every instructor has to come up with his or her own course 
material, at least there are now a couple of good textbooks and lots of free material e.g. 

http://nanohub.org, http://community.nsee.us, web.pdx.edu/~pmoeck/nanoMSE.htm


