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Aims 

 

 

This module has the aim to develop critical reflection on how a multidisciplinary field like 

nanotechnology comes together and how a research policy is constructed. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Introduction 

 

Since the 2000s and the launch of the National Nanotechnology Initiative in the United 

States, investment in nanotechnology has risen dramatically. 

 

What exactly is “nanotechnology”? Several definitions1 have underlined that the term 

groups together heterogeneous lines of research with a common interest in studying, 

manipulating, or manufacturing objects of nanometric size or structured objects of that 

scale. 

Emphasis is also placed on the properties of small-scale objects and taking advantage of 

these new properties is presented as the raison d'être of nanotechnology. 

However, the wide diversity of the field raises questions. For example, what links 

research on molecular electronics in general with work on the DNA "nanomachines" used 

to map pH levels in different organelles of a cell? Both claim to fall under the category of 

nanotechnology, as evidenced by the fact that the June 2013 volume of the journal 

Nature Nanotechnology published articles on both topics. 

Are size and the emergence of new properties sufficient criteria? 

 

Some believe that nanotechnology cannot be defined simply by emphasising new 

properties and the scale at which matter is manipulated. Proponents of this view take the 

question even further by asking what exactly brings this multi-faceted scientific and 

technological field together. Sociologist Brice Laurent,2 for example, suggests 

approaching nanotechnology as an overall scientific policy. Among other arguments, he 

defends this claim by underscoring the existence of a "grand narrative" of the history of 

nanotechnology. He also underlines that predictions are made about the future and then 

implemented through visionary statements, roadmaps, and political instruments that 

contribute to defining the field. 

 

These are the two aspects that we will discuss in this module. 

We will first illustrate how certain great "founding myths" of nanotechnology have 

contributed to bringing together a multidisciplinary field and how the future is used as a 

resource for constructing a policy of scientific research and innovation. 

Our discussion will examine 2 main examples: 

– Feynman's talk, given December 29, 1959 at Caltech and quoted indiscriminately 

as THE first speech dealing with the potential of nanotechnology. 

– And Moore's Law, an empirical “law” that put a figure to the increasing complexity 

of integrated circuits and processors over the years. By fixing targets for competitiveness 

on an industry-wide scale, this law contributed significantly to shaping the future of 

microelectronics and weighed heavily upon investment decisions in nanotechnology in the 

early 2000s. 

 

 

 

 

1  Forging a heroic history of nanotechnology   

 When nanotechnology is outlined – whether by politicians, researchers, or 

different institutions (such as the CEA or the CNRS "sagascience" multimedia pedagogical 

report3) – this often entails a "grand narrative" of the inception of the field. And this 

                                                 
1
See, for example, the report published in 2004 by the Royal Society and the Royal Academy of Engineering. It 

can be accessed at the following link: http://www.nanotec.org.uk/finalReport.htm – Accessed June 7, 2013. 
2
Laurent, B. (2010). Les politiques des nanotechnologies, Paris: Éditions Charles Léopold Mayer. 

3
http://www.cea.fr/technologies/nanotechnologies-et-nanosciences/nanosciences-et-nanotechnologies-quelques-

reper – Accessed June 7, 2013. 



grand narrative generally begins with a reference to Feynman. 

The English-language Wikipedia encyclopaedia article on the "History of nanotechnology" 

provides a telling example.4 In June 2013, this article was organised in 5 sections: 

– Conceptual origins 

– Experimental advances 

– Government support 

– Growing public awareness and controversy 

– Initial commercial applications 

 

The first section on the "conceptual origins" of nanotechnology went back over the three 

main figures usually mentioned when tracing a history of the field. The first of these is 

the physicist Richard Feynman. 

 

Why Feynman? 

Because in December 1959, this physicist – famous for his lectures that trained 

generations of students and winner of a Nobel Prize for his work in quantum 

electrodynamics – gave a talk at the California Institute of Technology (Caltech) in the 

United States, during the American Physical Society Congress. 

This now famous talk was entitled "There's Plenty of Room at the Bottom". 

It is presented as being a visionary talk; THE first talk in which someone glimpsed the 

countless possibilities of miniaturisation and of the rationalised manipulation of matter, 

atom by atom. 

 

That being said, the collaborative encyclopaedia Wikipedia also reports that certain 

scholars in the history of science and technology have put into perspective the actual 

influence of this talk on the development of research in what is now referred to as 

nanotechnology. 

Here we will examine this influence, asking the following questions: 

– Was the Feynman talk really a catalyst for the development of nanotechnology? 

– Why and how is Feynman's talk called upon when it comes to constructing 

nanotechnology development programmes? 

 

 

                                                                                                                                                         
 http://www.cnrs.fr/cw/dossiers/dosnano/decouv/hist/hist.htm – Accessed June 7, 2013. 
4
http://en.wikipedia.org/wiki/History_of_nanotechnology#cite_note-30 – Accessed June 7, 2013. 



Richard P. Feynman 

  

Born May 11, 1918 in New York. 

Died February 15, 1988 in Los Angeles. 

He studied at MIT before doing a PhD 

at Princeton on the principle of 

stationary action applied to quantum 

mechanics. 

In 1942, before he had even completed 

his doctoral dissertation, he joined the 

Manhattan project that went on to 

develop the first atomic bomb a few 

years later. 

After the Second World War, he was 

appointed Professor at Cornell 

University in the state of New York but 

did not stay there. He accepted a post 

at Caltech in California, partly due to 

the mild climate. 

It was at Caltech that he developed the 

work on quantum electrodynamics that 

went on to win him the Nobel Prize in 

Physics, shared with Tomonaga and 

Schwinger. It was also at Caltech that 

he conducted research on the 

superfluidity of helium and developed 

the Feynman diagrams in the context 

of his work on particle physics. 

Finally, it was still at Caltech that he 

gave the series of lectures that were 

later published in book form as The 

Feynman Lectures on Physics. 

 

Source: 

http://en.wikipedia.org/wiki/Richard_F

eynman – Accessed June 29, 2013. 

For those who would like to know 

more, a comic strip biography of 

Feynman was published in 2012 by 

Ottaviani and Myrick. 

 

 

Illustration 1: Richard 

Feynman 



 

2   Mainly retrospective interest shown in this talk 

  

 Although Feynman's talk is often called upon today in brief histories of 

nanotechnology, between 1960 and 1983 references to the speech were few and far 

between. For example, when Norio Taniguchi – a professor at the University of Tokyo 

working on semiconductors and credited with coining the term "nano-technology" – first 

used this neologism in 1974 to designate processes of micro-manufacturing allowing 

characteristic control at the order of a nanometer, he made no mention of Feynman's 

talk. Moreover, although "There's Plenty of Room at the Bottom" was re-published several 

times during the three years following the talk at Caltech (see illustration 2), 

anthropologist Chris Toumey – who has analysed how this talk has been taken up over 

the years – only identified 7 citations in the scientific papers published in the 20 years 

after it was given.5 

Toumey notes that this period saw the invention of tools such as the scanning tunnelling 

microscope and the atomic force microscope. These instruments played an important role 

in the advent of nanotechnology and, in his view, Feynman had no influence on their 

development. 

Toumey also remarks that only one reference to Feynman's talk in a scientific journal 

actually approached the text in its entirety as a vision of a field to explore i.e. 

nanotechnology. The other articles only referred to the Nobel Prize winner's comments 

                                                 
5
Toumey, C. (2009). Plenty of Room, Plenty of History. Nature Nanotechnology, 

Illustration 2: Differents 

publications of Feynman's talk"There's Plenty of Room at the Bottom" and the talk "Infinitesimal Machinery" 

given in 1983 and in which he revisited "There's Plenty of Room at the Bottom". 

Figure taken from the following article: Toumey, C. (2006). Reading Feynman Into Nanotechnology: A Text for 

a New Science. Techné, 12:3, p.133-168. 



about the improvement of electronic microscopes or his predictions concerning the 

miniaturisation of computers. 

In Toumey's view, the interest shown in Feynman's talk as a visionary talk has mainly 

been retrospective. It is only from 1992 onwards – after the invention of the scanning 

tunneling microscope and the atomic force microscope, after atoms had been 

manipulated by IBM scientists using a STM, and after Science had published a special 

issue on nanotechnology – that the number of citations of Feynman's talk in scientific 

publications rose above 100.   

 

From 1985-1986 onwards, the interest shown in Feynman's talk did indeed increase. In 

1985, two students from Stanford – Tom Newman and R. Fabian Pease – claimed one of 

the prizes promised by Feynman in his talk. 

Then, when Binnig and Rohrer received the Nobel Prize in 1985 for inventing the 

scanning tunneling microscope, they briefly mentioned Feynman's talk in their 

acceptance speech.6 In interviews given to the anthropologist Toumey, both scientists – 

along with other nanotechnology luminaries (such as Eigler and Whitesides) – stated that 

their work was not directly inspired by Feynman's talk. However, they did say that these 

microscopes opened up possibilities for manipulating matter and could make the "tiny 

machines" to which Feynman had referred. 

 

Citations of the 1959 talk began to rise. The term "nanotechnology" was also increasingly 

used.  

It was around this time, in 1986, that Eric Drexler – a student at MIT at the time – 

published his book Engines of Creation. The Coming Era of Nanotechnology. 

 

 

 

The book is often presented as the work that popularised the word "nanotechnology". In 

prophetic terms, Drexler proposed drawing on biology in order to manufacture molecular 

"assemblers". More specifically, he suggested taking inspiration from the molecular 

machines that exist in our cells7 to create more efficient assemblers than those produced 

                                                 
6
This talk is available online at the following link (accessed June 14, 2013: 

http://www.dcsc.tudelft.nl/~jrvanhulzen/thesis/plan/spm%20design/binning%20overview%20of%20stm.pdf 
7
For those interested in an artist's vision of some of these molecular machines, animations have been created by 

Illustration 3: Cover of K. Eric Drexler's book, Engines of 

Creation (1986) 



by evolution. His vision was also that of an engineer. For him, the era of nanotechnology 

would rely on optimising these molecular machines. Even though Drexler only cites 

"There's Plenty of Room at the Bottom" a few times in Engines of Creation, the book's 

key idea extends Feynman's notion of manipulating matter in a controlled manner. 

Drexler became aware of Feynman's talk in 1979 and has laid claim to the legacy of the 

famous physicist in other articles.8 

 However, Drexler's book did not stop at discussing the feasibility of molecular 

assemblers. He also specified all the things that these miniature machines would enable 

us to build. He imagined a future that was the era of nanotechnology, predicting its many 

applications, its effects on our society, and also the possible ways in which it could spin 

out of control. Moreover, to give more substance to this future, Drexler founded a think-

tank called "The Foresight Institute" the year his book was published. This organisation 

works towards promoting the development, but also helping to "avoid the dangers",9 of 

nanotechnology, artificial intelligence, biotechnology, etc. 

 

 Drexler's futuristic visions had a certain impact. 

 A lecture organised at the Foresight Institute in 1998 on molecular engineering 

received support from the American National Science Foundation. A few years before, in 

June 1992, Drexler had also spoken to the U.S. Congress. In relation to this presentation, 

Senator Al Gore referred to "There's Plenty of Room at the Bottom" underlining the 

directions mapped out by Feynman in his talk given before the American Physical Society. 

  These futuristic visions and the worst-case scenarios predicted by Drexler – such 

as "Grey Goo" in which humans would lose control of the self-replicating machines – have 

been viewed with caution or even reticence by some. These include, for example, 

scientists presented by Toumey as nanotechnology luminaries such as Stan Williams, 

from HP Labs, James Tour, the professor at the head of the team that produced the 

"NanoCar" at Rice University, and Don Eigler, from IBM.10 Sociologist Laurent also reports 

that, in the early 2000s, Drexler's visions centred on molecular assemblers were not 

well-received by certain industry stakeholders from the Nano Business Alliance, created 

in 2001 to defend the interests of the nanotechnology and microsystems industry with 

the federal administration. These critics of Dexler's visions considered the latter to be too 

disconnected from actual market interests and believed they ran the risk of scaring 

consumers. Therefore while Drexler lays claim to Feynman's legacy, he is a far more 

controversial figure within nanotechnology than the physicist. 

 

3  The 2000s: Nanotechnology development placed under Feynman's 

patronage 

 

 While Drexler is a much less consensual figure than Feynman, the latter's limited 

definition of nanotechnology focused on molecular engineering did not meet with 

unanimous approval either. Drexler and the Foresight Institute did receive some support 

from the National Science Foundation in 1998 for one of the lectures organised by the 

think tank, as mentioned above. However, in the nanotechnology programmes that were 

soon to be funded, the "nano" label was applied to research that was very different from 

the work centred on molecular engineering. Sociologist Laurent indicates that in 1999, 

the authors of the report produced by the Interagency Working Group on 

                                                                                                                                                         
people at Harvard including the following video "Inner Life of Cell": http://multimedia.mcb.harvard.edu/ 

 http://fr.wikipedia.org/wiki/The_Inner_Life_of_the_Cell 

 Pages accessed June 11, 2013. 
8
Drexler, E. (2004). Nanotechnology: From Feynman to Fundings. Bulletin of Science Technology and Society, 

24: 1, p. 21-27. 
9
To take up the expression used on the Foresight Institute website: http://www.foresight.org/FI/ Accessed June 

11, 2013. 
10

For further reading on Drexler's influence, see Toumey, C. (2006). Reading Feynman Into Nanotechnology: A 

Text for a New Science. Techné, 12:3, p.133-168. 



Nanotechnologiy – a prelude to the launch of the National Nanotechnology Initiative – did 

not restrict nanotechnology to the manufacturing of molecular machines. They included 

the construction and use of functional structures of which at least one of the 

characteristic dimensions was of nanometric size. This definition of nanotechnology 

therefore included miniaturisation work conducted in electronics or work in chemistry. 

 Nonetheless, despite this lack of concensus regarding the content of the term 

"nanotechnology" and the boundaries of the related research programme, reference to 

Feynman's talk remained cohesive. This can be seen in the following paragraph in the 

technical summary of the report by the Interagency Working Group on Nanotechnology: 

 

"In 1959 Nobel laureate physicist Richard Feynman delivered his now famous 

lecture, “There is Plenty of Room at the Bottom.” He stimulated his audience 

with the vision of exciting new discoveries if one could manufacture materials 

and devices at the atomic/molecular scale. He pointed out that, for this to 

happen, a new class of miniaturized instrumentation would be needed to 

manipulate and measure the properties of these small—“nano”—structures. It 

was not until the 1980s that instruments were invented with the capabilities 

Feynman envisioned."11 

A little later, at the beginning of 2000, the President of the United States, Bill Clinton, 

visited Caltech and gave a speech presenting his science and technology budget to an 

audience of students and researchers. In this speech he too made reference to Feynman, 

in the following terms: 

 

"My budget supports a major new National Nanotechnology Initiative, worth 

$500 million. Cal Tech is no stranger to the idea of nanotechnology, the ability 

to manipulate matter at the atomic and molecular level. Over 40 years ago, 

Cal Tech's own Richard Feynman asked, "what would happen if we could 

arrange the atoms one by one the way we want them?" 

Imagine the possibilities: materials with ten times the strength of steel and 

only a small fraction of the weight – shrinking all the information housed at 

the Library of Congress into a device the size of a sugar cube – detecting 

cancerous tumors when they are only a few cells in size. Some of our 

research goals may take 20 or more years to achieve, but that is precisely 

why there is an important role for the federal government.”12 

The launch of the National Nanotechnology Initiative (NNI) by Clinton was thus placed 

under the patronage of Feynman. Here again, the scope of the political programme was 

broader than the programme for developing molecular assemblers promoted by Drexler. 

Under the influence of stakeholders interested in nanotechnology and its applications, the 

field covered by the NNI was extended to include both research aimed at creating new 

materials and work in electronics. 

 Finally, in the 2000s, when government investment in nanotechnology was rising 

exponentially, the number of references to Feynman's talk increased in a similar fashion 

(see figure 4). Feynman was thus edified as the tutelary unifying figure, playing the role 

of a visionary who had predicted the advent of nanotechnology before anyone else. 

 

 

                                                 
11

 Nanotechnology Research Directions: Vision for Nanotechnology in the Next Decade 
IWGN Workshop Report, U.S. National Science and Technology Council, 1999, Washington D.C.. p.vii. 

12
 Source: http://www.aip.org/fyi/2000/fyi00.008.htm  Accessed June 7, 2013. 



 

 A grand narrative of the development of nanotechnology was therefore 

constructed. This insistence on Feynman having predicted the development of 

nanotechnology gave the impression that these developments was unavoidable. Telling 

the story in this way also wrote nanotechnology programmes into a more prestigious 

history that began with a talk given by a Nobel Prize winner and went on to be marked 

by other advances that were also crowned by Nobel Prizes: Binnig and Rohrer in 1985 for 

the scanning tunneling microscope, and Smalley, Kroto, and Curl in 1996, for fullerenes. 

 

 

So what are the important points to retain? 

 

� That in 1959, Feynman gave a talk at Caltech before the American Physical 

Society identifying: 

– Some of the possibilities that the observation and controlled manipulation of 

matter on small scales could allow, 

– Some of the technological challenges that had to be met to achieve this. 

 

� That his talk seems to have remained restricted to a limited audience at the 

time, despite being published in several journals. 

 

� That several major advances in instrumentation enabling the observation and 

manipulation of matter on a nanometric scale occurred without drawing any 

inspiration from Feynman's 1959 talk. 

 

� That retrospectively, from the mid-1980s onwards, this talk has often been 

presented as the visionary talk that inspired the development of 

nanotechnology. This can be seen in political speeches such as the one given 

by Clinton in 2000 when he announced the launch of the NNI, but also in a 

number of documents that give an overall presentation of nanotechnology. 

 

� That constructing a grand narrative of the history of nanotechnology 

beginning with Feynman's talk contributes to presenting nanotechnology 

development policies as self-evident and gives them a certain aura because 

the "father" of nanotechnology was no less than a Nobel Prize winner. 

 

 On the photos  immortalising Clinton's speech at Caltech in January 2000 to 

launch the NNI, two men can be seen on the stage, behind the rostrum where the 

president was speaking. One of them is Gordon Moore. He is the name behind Moore's 

Law, to which we shall now turn our attention. 

4  Moore's Law: A tool that contributed to shaping the development of the 

electronics industry 

 Feynman's talk is not the only discursive element foregrounded when it comes to 

Illustration 4: Evolution of the number of citations of Feynman's talk (source: Google Scholar; Accessed June 7, 

2013) 



presenting nanotechnology. When brief overviews of the field are provided, situating 

nanotech in the history of science and technology, reference is also often made to 

Moore's Law.13 

a.  What is Moore's Law? 

Moore's Law is an empirical law that describes and predicts the development over time of 

the number of components on an integrated circuit (which is directly linked to the size of 

these components). 

To be strictly accurate, we should talk about Moore's Laws in the plural as his idea was 

not fixed and evolved over the decades. 

i.  First version of Moore's Law: 1965 – Ten-year predictions 

about the future of the semiconductor industry 

 In 1965, Gordon E. Moore – who was director of the research and development 

laboratories at Fairchild Semiconductor – published an article for the special 35th 

anniversary issue of the magazine Electronics.14 The title of the article was "Cramming 

more Components onto Integrated Circuits". Moore wrote it in response to a request for 

predictions about the future of the semiconductor industry. 

 

Gordon Earle Moore 

 

Born January 3, 1929 in San Francisco (USA). 

Doctorate in chemistry and physics from Caltech (USA). 

After completing post-doctoral studies in 1956, he joined Shockley (inventor of the 

transistor) and worked for the Shockley Semiconductor Laboratory. In 1957, he left 

his job along with 7 other colleagues to found the company "Fairchild 

Semiconductor" specialised in manufacturing transistors and integrated circuits. 

In 1968, with Robert Noyce he co-founded the company that went on to become 

Intel Corporation. He became President of the company in 1975 then Chair of the 

Board and CEO from 1979 to 1987. 

In 2013, Forbes Magazine estimated his net worth at 4.1 billion dollars, making him 

the 316th  wealthiest person on the planet. 

 

Sources:  http://en.wikipedia.org/wiki/Gordon_Moore and 

http://www.forbes.com/profile/gordon-moore/  

Sites accessed June 29, 2013. 

  

When he wrote his article, integrated circuits (or microchips) were still in their infancy. 

The first integrated circuit dates from 1958 and not everyone working in semiconductors 

was convinced that the future of industry lay in the development of these circuits. In this 

initial article, one of Moore's aims was to show that improving integrated circuits was 

going to be crucial both to the future of the semiconductor industry and to economic 

growth. 

So what did Gordon Moore say in this 1965 article? 

                                                 
13

 See, for example, the timeline given on the NNI site at the following link: http://www.nano.gov/timeline 

(accessed June 18, 2013) 
14

The text is available online here: 

 http://web.eng.fiu.edu/npala/EEE4996/Gordon_Moore_1965_Article.pdf (accessed June 18, 2013). It is 

accompanied by an interview with Gordon E. Moore conducted for Intel®. For those who would like to see 

Mr. Moore recount the history of the "law" that bears his name in a video, a short film can be downloaded 

from the Intel website at the following link (see the links provided at the bottom of the page): 

http://www.intel.com/cd/corporate/techtrends/emea/fra/209837.htm (accessed June 27, 2013). 

http://en.wikipedia.org/wiki/Gordon_Moore


First he speculated about the possibilities that he believed would be opened up by 

improving integrated circuits. At a time when this technology was still mainly used only 

by the military, NASA, and some companies, he spoke of home computers, of automatic 

controls for automobiles, and of portable communications equipment. He underlined both 

the promising results obtained from integrated circuits and their reliability. 

He then went on to look at the relationship between the decrease in costs and the 

increase in the number of components on integrated circuits. In this respect, he said two 

things: 

• First, he stated that at a given moment in technological history, the manufacturing 

cost per component for integrated circuits tends to decrease  the more components are 

added to a single semiconductor substrate of a given diameter. This decrease continues 

until it reaches a minimum. At this point, cost increases again as the advantages of 

increasing the number of components per circuit are counter-balanced by the difficulty of 

manufacturing such component-dense products without defects. 

 

• Second, Moore noted that the lowest point of the curve representing cost per 

component against the number of components per integrated circuit had evolved in an 

almost completely regular fashion in 1962, 1963 and 1964. Over these three years, the 

complexity for minimum component cost had doubled approximately every year (see 

illustration 6 taken from Moore's 1965 article). Moore formulated the law that bears his 

name on the basis of these three points: he estimated that this doubling of complexity 

for minimum cost would continue for the ten years to come. At this pace, the number of 

components per integrated circuit for minimum cost would reach 216 in 1975, i.e. more 

than 65,000 components per integrated circuit. This initial prediction is what is referred 

to, among other things, as Moore's Law. This term used to designate Moore's 

extrapolation was only put forward in the 1970s by Carver Mead, a Caltech professor who 

was a friend of Moore's and also worked on integrated circuits. 

 

Illustration 5: Reproduction of the cost curve put forward by G.E. 

Moore in his 1965 article representing the evolution of the manufacturing cost of a component in relation to the number of 

components per integrated circuit. 



 

ii.  Second version of Moore's Law: 1975 – New prediction of 

the curve. 

  

 In 1975, Moore returned to his 1965 prediction in a paper delivered at a 

conference at the Institute of Electrical and Electronics Engineers.15 His prediction 

regarding the speed at which the complexity of integrated circuits would increase had 

proved accurate. In 1975, Intel – the company Moore had cofounded in 1968 and of 

which he was currently president – was producing a charge coupled device with almost 

65,000 components on one chip. The trend forecasted by Moore had proved accurate, 

despite developments in technology with the introduction of MOS transistors between 

1969-1974. 

 In his 1975 article, Moore identified the factors that he believed had allowed the 

development of the trend he had predicted in the early 1960s i.e. the regular increase in 

the complexity of integrated circuits. He also outlined new predictions about how the 

density of components on the circuits would continue to increase. 

 

According to Moore, what were the factors that had allowed the number of electronic 

elements per integrated circuit to double each year? 

He identified three: 

1. Technological progress, particularly in lithography, had enabled a reduction in the 

size of transistors and other components. 

2. The higher density of components without a huge rise in costs was also 

encouraged by progress in production processes and by improving the properties of 

materials. 

3. Finally, improvements made to the structure of circuits also contributed to the 

exponential rise in the number of components on the chips. 

Would these factors continue to affect the development of chip technology? 

In Moore's view, in 1975 and the following years, neither the laws of physics nor 

engineering practices were likely to slow down the reduction of transistor size and the 

                                                 
15

 Moore, G. E. (1975). Progress in Digital Integrated Electronics. In Electron Devices Meeting, 1975 

International (Vol. 21, pp. 11-13). IEEE. 

Illustration 6: Increase in number of 

components on an integrated circuit over time– Taken from Moore's 1965 article 



improvement of production processes. However, he believed that in the future 

improvements in circuit structure would weigh less heavily upon the increase in number 

of components on chips. 

 

 

These reflections led him to predict that the annual rate of increase of complexity would 

slow down. In 1975 Moore predicted that, in the following years, the complexity of chips 

for minimum cost per component would not double every year but every two years. And 

he underlined once again the economic prospects of this increase, as well as the possible 

applications, made even more likely by reduced production costs. 

  

 These predictions concerning the complexity of integrated circuits proved 

surprisingly accurate. Figure 8 plots the increase in the number of transistors in 

processors against their date of introduction. The evolution of the scatterplot using a 

logarithmic scale with a base of 10 for the y axis can be approximated by a line with a 

slope of 5/34. According to this curve, the numbers of transistors on Central Processing 

Units on the market has doubled every: 

 

 
  
 

        

        
           

 

Illustration 7: Photo of Gordon Moore taken from the Intel® website - 

http://www.intel.com/content/www/fr/fr/history/museum-gordon-moore-law.html 



 

 Moore's Law is often mentioned when outlining the dramatic surge in the 

performance of electronics in the second half of the 20th Century and the early 21st 

Century. However, this is sometimes expressed in ways that stray from Moore's actual 

statements, for example losing the emphasis he placed on the reduction in component 

cost. Anecdotally, it is increasingly written that in 1975 Moore had predicted that the 

complexity of circuits would double every 18 months. Moore categorically rejects this.16 

He had only spoken about the increase in the number of transistors on a chip. Moore 

does explain, however, that, on the basis of the improvement in transistor performance, 

one of his colleagues at Intel® had concluded that the performance of circuits would 

double every 18 months.  

iii.  A performative statement 

Is Moore's Law important just because it was able to describe how the complexity of 

integrated circuits or microprocessors would develop? 

The answer is no. This "law" in fact played a performative role. 

                                                 
16

See the interview available online: http://web.eng.fiu.edu/npala/EEE4996/Gordon_Moore_1965_Article.pdf 

(accessed June 18, 2013) 

Illustration 8: Plot of number of transistors in CPUs against their date of introduction  

 (source: Wikipédia - http://en.wikipedia.org/wiki/Moore%27s_law, accessed June 27, 2013) 



Why? Because as underlined by Schaller,17 a doctor in philosophy who has worked on the 

process of technological innovation in the microelectronics industry since the 1950s, 

Moore's law has weighed heavily upon the roadmaps that define and coordinate the focus 

of companies and investments in the microelectronics industry, and it continues to do so 

today. Moore's Law is seen by some actors in microelectronics as being a self-fulfilling 

prophecy. For example, in an interview conducted by Schaller in 1999, Steve Schulz – 

who was a senior member of the technical staff at Texas Instrument at the time and is 

now CEO of Silicon Integration Initiative Inc – stated: 

 

"This industry [microelectronics] has followed the density curve of Gordon 

Moore for so long that it has gone beyond mere conventional wisdom: it has 

become gospel, a sort of self-fulfilling prophecy. For years, I have referred to 

"Moore's Law" as "Moore's Suggestion," because our ability to sustain that 

rate depends upon the power of suggestion, not upon any fundamental laws. 

We invest at that rate necessary to fulfill our prophecy, because we believe 

the investment will always provide much greater returns."18 

How did Moore's Law become a sort of guidebook weighing so strongly on the 

definition of technology roadmaps and therefore on the focus of investment in 

microelectronics? This is the question that we shall now address. 

5 How Moore's Law and its transposition in roadmaps  contributed to defining 

the direction taken by the electronics industry 

iv.  American action in response to the dramatic rise of the 

Japanese microelectronics industry 

 The years following "Moore's Second Law" were characterised by a set of changes 

in research and innovation activity.19 In the United States, there was concern about 

Japanese competition, particularly in the microelectronics industry. These cracks 

appearing in American market leadership – against a backdrop of the financialisation of 

the economy – had a substantial impact on how relationships between actors in science 

and technology were reorganised, and also led to profound changes in intellectual 

property law. In microelectronics, the new fragility of American leadership was ascribed 

to practices in capital and investment management, seen as less efficient than in Japan. 

The question of how this could be redressed to allow the U.S. to regain its position as 

leader in the microelectronics industry was the subject of much debate in the late 1980s. 

 In 1984, the United States Congress voted the "National Cooperative Research 

Act" which relaxed anti-trust legislation and encouraged companies to launch research 

programmes that were too risky for one company to attempt alone. In 1987, this led to 

the creation of SEMATECH.20 The mission of this organisation was to work on production 

processes upstream from the manufacturing of industrial products, as this was seen as 

the Achilles heel of American industry. 

 In 1988, the United States Congress also set up a National Advisory Committee on 

Semiconductors (NACS) through the "Semiconductor Research and Development Act". 

The committee's conclusions, in a 1989 report entitled "A Strategic Industry at Risk", 

underlined that the American semiconductor industry was in danger, despite being vital 

to the country. Possible solutions were put forward to redress the loss of market share to 
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Japan. 

 The first solution related to creating a capital fund sustained by the industry and 

the government, as well as by private and institutional investors. The idea was to create 

funding sources allowing American firms to enjoy the same conditions as Japanese firms, 

which the committee believed benefitted from both cheaper capital and long-term 

investments. This suggestion was abandoned, however, because when the final report 

was published, the United States semiconductor industry had received a new lease of life 

thanks to the advent of microprocessors. Japan, which was dominating the Dynamic 

Random Access Memory (DRAM) market, therefore lost some of its market share.   

 The second suggestion also related to investment management. Building an 

integrated circuit calls upon a series of operations: photolithography, deposition, etching, 

etc. Each of these operations was conducted by costly specialised instruments produced 

by different companies. The highly technical nature of these tools could impede 

technological progress. If one firm suggested a change without consulting the others, and 

if the whole production chain was not ready to take this change into account, then this 

development might not be productive. In order to encourage improvements to spread as 

effectively as possible, the idea was to improve coordination between companies and 

research agencies. This would allow the expenses incurred in "pre-competitive" research 

and development programmes –  i.e. programmes aimed at developing core technologies 

that are useful to the semiconductor industry as a whole – to be optimised and 

synchronised. The committee took the example of x-ray lithography – difficult and 

expensive but potentially useful to the whole industry – and expressed regret that, in this 

particular case, the American industry was not as efficient as its Asian competitor: 

"The US effort in X-ray lacks the breadth, cooperation, and organization of the 

program in the Far East."21 

(National Advisory Committee on Semiconductors, 1989, p. 20, cited in a 

2007 article by Miller & O'Leary) 

In order to remain competitive, the National Advisory Committee on Semiconductors 

therefore suggested improving the coordination of research funding and evaluation. 

Emphasis was placed on roadmaps as the tool through which to achieve this. 

v.  1992 – First roadmap by the Semiconductor Industry 

Association (SIA) to coordinate the development of the 

American semiconductor industry 

 In April 1991, the NACS and the White House Office of Science and Technology 

Policy set up workshops with representatives from U.S. semiconductor manufacturers, 

equipment makers, materials suppliers, private research institutions, universities, federal 

government agencies, and laboratories in order to create a technological roadmap for the 

semiconductor industry. The final report was entitled "Micro Tech 2000 Workshop Report: 

Semiconductor Technology Roadmaps". This document attempted to define a research 

development strategy over a decade that would allow America to equal and even surpass 

Japan in the semiconductor field. 

 According to Schaller, a philosopher of science who has worked on these roadmaps 

in the semiconductor field, the report gave rise to a variety of reactions. He states that 

researchers were generally satisfied with its content. Manufacturers, however, felt that 

the outlined pace of technological advance was unrealistic given the funding available to 

them. Nonetheless, while the feasibility of this roadmap did give rise to debate, the idea 

of working towards coordinating the trajectory of the microelectronics industry as a whole 

was considered useful and the initiatives continued. The NACS was established for a 
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three-year period. It therefore ended in 1992 and the SIA (Semiconductor Industry 

Association) took over. Gordon Moore then came back on the scene. He was still CEO of 

Intel and also Chair of the SIA Technology Committee. This Committee recommended 

creating a task force to evaluate the possibilities of implementing the Micro Tech 2000 

report. In his view, this report could be the starting point for devising an industry-wide 

roadmap taking into account the work at SEMATECH and the American Semiconductor 

Research Corporation. The task force set up by the SIA Technology Committee therefore 

focused on how it was possible to ensure American leadership, not in technology but in 

the production of semiconductors in a context of economic competition. 

 In 1992, 179 scientists and engineers met in Irvin, Texas. Like the MicroTech 2000 

workshop participants, they represented the leading U.S. semiconductor and computer 

companies, universities, government agencies, and national research laboratories. 

However, the proportion of industry actors had increased, and that of university and 

government agency representatives had decreased. The aim of this encounter was to 

forge a realistic common vision of the development of semiconductor technology for the 

coming 15 years. The resulting tool was the first technology roadmap published by the 

SIA. Through quantified predictions (see illustration 9), this document traced the path to 

follow for the years to come. The problem of production costs was taken into account as 

suggested by the item "wafer processing cost" measured in cost per cm2. This roadmap 

was thought of as a tool for the industry, that took into account the economic constraints 

weighing upon industry actors. The pace of development for technology using 

semiconductors suggested by this roadmap was in fact in keeping with the pace outlined 

by Moore's Law. Moore declared in 1997: 

"If we can stay on the SIA Roadmap, we can essentially stay on the [Moore’s 

Law] curve. It really becomes a question of putting the track ahead of the 

train to stay on plan.” 

 

Illustration 9: First roadmap for the semiconductor industry, published by the Semiconductor Industry 

Association following their November 1992 meeting. 



vi.  International roadmaps for the microlectronics industry 

 The SIA published several more roadmaps after the first one, regularly revising 

the stated objectives. The first of these – in 1994 and 1997 – were the fruit of the 

American industry alone. But in 1998, rumour had it that the Japanese semiconductor 

industry was about to organise workshops that could lead to international roadmaps thus 

stealing the show from the Americans, as it were. The SIA therefore reacted by beginning 

the process of revising other countries' roadmaps. The Taiwan and Korea Semiconductor 

Industry Associations agreed to participate, as did the European Electronic Component 

Manufacturers Association and the Electronic Industries Association of Japan. In 1999, 

the first International Technology Roadmap for Semiconductors (ITRS) came out. 

"The objective of the ITRS is to ensure cost-effective advancements in the 

performance of the integrated circuit and the advanced products and 

applications that employ such devices, thereby continuing the health and 

success of this industry."22 

The ITRS report would henceforth be produced collaboratively every two years by the 

Taiwanese, Korean, Japanese, European and American semiconductor industry 

associations, and updated every year.23 This continues to be the case today. 

 

 The process of devising roadmaps has opened up to new actors, but the influence 

of Moore's Law continues to make itself felt in these documents. In 2012, these 

roadmaps were still following the miniaturisation objectives suggested by Moore's Law. 

However, since the mid-2000s, these documents do not only explore the possible 

avenues for extending this exponential curve. Another area of reflection, entitled "More 

than Moore", focuses on other devices that do not necessarily follow the miniaturisation 

pace suggested by Moore's Law but allow added value. These include, for example, 

everything related to radiofrequency communication, power control, passive components, 

sensors, and actuators. 

 Moreover, in the most recent ITRS roadmaps, predictions are also made for the 

future and address the question of how to continue to improve processing power and 

memory capacity when the fundamental limits of dimensional scaling are reached. When 

isolating materials for transistors are no thicker than a few atoms, the quantum effects 

(tunneling current leakage) may impede how they function and the 2011 roadmap 

predicted that this physical threshold would be reached in the 2020s. In reaction, a 

substantial part of the reflection in this ITRS document focused on potentially fruitful 

technological avenues to explore such as carbon-based nano-electronics, spin-based 

devices, ferromagnetic logic, or nano-electro-mechanical-system (NEMS) switches. 

 The most recent versions of the ITRS roadmaps have therefore endeavoured to 

coordinate efforts to go "beyond 2020" or to do "More than Moore" by channeling efforts 

into fields relating to nanotechnology. 

6 Moore's Law, roadmaps, and nanotechnology 

 While the ITRS roadmaps suggest investing in certain areas of nanotechnology, the 

reference to "Moore's Law" itself has also had an impact on investment in 

nanoelectronics. 

 Where nanotechnology is concerned, an analogy can be made between: 

– how Moore's Law contributed to shaping the future of microelectronics by 

influencing the path outlined by the semiconductor industry's roadmaps, 

– and the way certain proponents of nanotechnology have contributed to influencing 

the directions taken by "nanotech" development programmes. 

For example, around 2005, Mihail Roco – senior consultant for nanotechnology at the 

American National Science Foundation – produced various documents and presentations24 

                                                 
22

http://www.itrs.net/about.html – accessed June 26, 2013. 
23

These reports can be accessed on the ITRS website: http://www.itrs.net/reports.html – accessed June 27, 2013. 
24

These "4 generations" are presented, for example, in the following article: Roco, M. C. (2005). International 



outlining his vision of the development of nanotechnology in the years to come (see 

illustrations 10 and 11). Between 2000 and 2020, he predicted 4 phases in the 

development and commercialisation of nanotechnology: 

1. From 2000 onwards, research focused on developing and producing industrial 

prototypes of passive nanostructures: products using nanoparticles, nanostructured 

materials, etc. 

2. From 2005 onwards (when Roco outlined these views), efforts were also 

concentrated on active nanostructures including nanosystems, targeted drugs, 

nanoelectronics components, etc. 

3. From 2010 onwards, Roco predicted (in 2005) that work would focus on developing 

systems of nanosystems, grouping together research and development efforts in guided 

assembling of nanosystems, nanorobotics, evolutionary systems, etc. 

4. Finally, from 2015 onwards, Roco predicted (still in 2005), that researchers and 

engineers would be working on developing molecular nanosystems. This work will focus 

on designing systems at an atomic level, on systems with "emerging functions", not that 

far from Drexler's molecular engineering, in the end. 

 

 

A little like Moore's Law in microelectronics, this extrapolation suggested by one of the 

architects of the American National Nanotechnology Initiative anticipated how the field 

would develop. Furthermore, what interested Roco here was establishing an industrial 

agenda aimed at commercialising nano objects. Like Moore's Law, his prediction linked 

developments in science and technology with the economic dimension. However, 

compared to Moore's Law, his prediction was far more general: Roco identified the 

research and innovation fields to invest in and linked them to particular dates, while 

Moore predicted the increase in complexity of integrated circuits. 

In the end, these four generations suggested by Roco played a deciding role in the 

directions taken by the policies of nanotechnology development programmes such as the 

NNI. By publicising his vision of the future, particularly among leaders of research 

programmes, Roco contributed to deciding what nanotechnology actually is, and this 

influence continues today. For example, sociologist Laurent (2010) reports that the head 

of the nanotechnology development programme at the French national research agency 

(PNANO) believes that, under the influence of Roco's definition of the development logic 

for nanotechnology, this programme has evolved since 2009 to place nano-systems at 
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Illustration 10: Copy of a slide showing the 4 generations of nanotechnology according to Roco. 

This slide is taken from a presentation given at New York University Polytechnic School of Engineering, 

available online here: http://mechatronics.poly.edu/Control_Lab/Padmini/NanoSymposium/NNI_07-

0423_Roco@PolyNY_FrontiersNT_80sl.pdf (accessed June 27, 2013) 



the heart of the project .25 

 

 However, these "4 generations of nanotechnology" are not the only tool forging the 

future of the field. In nanotechnology, roadmaps are also devised to anticipate, 

coordinate, and implement these developments. Several organisations have published 

such documents on different facets of nanotechnology. 

These include industrial groupings, sometimes in partnership with research institutions 

and federal agencies, such as the "Chemical Industry R&D Roadmap for Nanomaterials by 

Design" published in 2003. 

They include the Foresight Institute, which produced a technology roadmap for 

productive nanosystems in 200726 following on from workshops on the subject. 

They include the European Technology Platform Nanomedicine, which published a 

roadmap on the subject in 2006 in partnership with the European Commission.27 This 

document aimed at providing information to direct future European research funding. 

According to the European Commission,28 European Technology platforms are industry-

led stakeholder fora that provide a framework within which to define research priorities 

and set research agendas in areas of technology where Europe wishes to enhance its 

competitiveness, its capacity for action, and the sustainability of its actions. These 

platforms define and update research priorities and link these to research agendas. The 

latter, developed collaboratively by industry stakeholders, public sector researchers, and 

government representatives, then serve to define the directions taken by European 

funding. They also drive forward a particular way of organising research, particularly 

through the strong promotion of partnerships between industrial and academic research, 

and the idea of linking together research and innovation so as to respond to economic 

imperatives of growth and competitiveness.   

Finally, more recently, they also include "Nanofutures" – the European Technology 

Integrating and Innovation Platform on Nanotechnology that works in collaboration with 

11 European Technology Platforms. This organisation published a roadmap in 2012 

entitled "Integrated Research and Industrial Roadmap for European Nanotechnology".29   

 

 Ultimately, the development of nanotechnology and the definition of related 

political programmes are both modelled by visions of the future. These scenarios 

anticipating the near or distant future are implemented through the definition of large 

funding programmes such as the NNI. This implementation is also mediated by 

instruments such as roadmaps, as was the case in microelectronics from the 1990s 

onwards. These offer a way of coordinating the efforts of industry-wide stakeholders in a 

given field of science and technology. By directing investments and research priorities, 

visions of the future and roadmaps both contribute to creating a future that is in line with 

their own predictions. 
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What are the main elements that should be retained here? 

� That Moore's Law predicted how the complexity of integrated circuits would 

develop and linked this to a reduction in component cost. 

� In 1965, Moore was working for a semiconductor manufacturer. He extrapolated 

on the basis of the trends of the previous 3 years, predicting that the number of 

components on circuits corresponding to minimum cost per component would double in 

the 10 years to come. 

� In 1975, Moore had become CEO of Intel and updated his prediction. According to 

him, the number of transistors on a chip would double every 24 months in the coming 

years. 

  

� That Moore's predictions both proved accurate. 

 

� That Moore's Law is often considered to be a self-fulfilling prophecy, given that its 

prediction acted as a point of reference for the objectives fixed by semiconductor 

researchers and manufacturers. 

 

� That the evolution of the semiconductor industry was largely influenced by the 

roadmaps drawn up by the Semiconductor Industry Association and the International 

Technology Roadmap for Semiconductors in order to coordinate investment and 

research in the field. These roadmaps were tools linking research in science and 

technology with the economic world, and they contributed to implementing visions of 

the future by guiding the efforts of all industry stakeholders. 

 

� That the imperative to "stay on the curve of Moore's Law" contributed to defining 

investments in nanotechnology at the turn of the 2000s. 

 

� That visions of the future also contributed to shaping political programmes for 

nanotechnology development and that instruments such as roadmaps are also used to 

structure research and development initiatives in nanotechnology. 

 


