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Preface

The Europidische Akademie zur Erforschung von Folgen wissenschaftlich-
technischer Entwicklungen Bad Neuenahr-Ahrweiler GmbH is concerned
with the study of the consequences of scientific and technological advance
both for the individual and social human life and for the natural environ-
ment. It intends to contribute to finding a rational way for society to deal
with the consequences of scientific and technological developments. This
aim is mainly realised by proposing recommendations for options of action
with long-term social acceptance. The results of the work of the Europiis-
che Akademie is published in the series “Wissenschaftsethik und Tech-
nikfolgenbeurteilung” (Ethics of Science and Technology Assessment),
Springer Verlag.

This book is dedicated to Nanotechnology, considered by many as a key
to the 21°* century. This fascinating field of research and development is
driven by inputs from different academic disciplines. Accordingly, confor-
mal with its acknowledged work principle, the Européische Akademie set up
an interdisciplinary project group of recognised scientists from various
European universities and other institutions to tackle the issue. I would like
to give my thanks to Professor Dr. Glinter Schmid (group chair), Professor
Dr. Harald Brune, Professor Dr. Holger Ernst, Professor Dr. Armin Grun-
wald, Dr. Werner Griinwald, Professor Dr.-Ing. Heinrich Hofmann, Profes-
sor Dr. Harald Krug, Professor Dr. Peter Janich, Professor Dr. Marcel Mayor,
Professor Dr. Ulrich Simon and Professor Dr. Viola Vogel for their coopera-
tion as well as to Dr.-Ing. Wolfgang Rathgeber for coordinating the project
on behalf of the Europdische Akademie and to Dipl.-Chem. Daniel Wyrwa
for assisting the group. Special thanks go to Katharina Mader and Friederike
Wiitscher for the editorial work in preparing the text for print.

Bad Neuenahr-Ahrweiler, January 2006 Carl Friedrich Gethmann



Foreword

Technological challenges, resulting from political, social, economic or eco-
logical demands, can nowadays only be mastered by a strong integration of
different scientific disciplines. This is especially the case in Nanotechnology,
where the situation is arbitrarily complex due to the fact that Nanotechnol-
ogy ranges over all disciplines of natural sciences including medicine and
engineering. In nanoscience and -technology the classical differences
between physics, chemistry and biology lose their significance, synonymous
with a novel view of natural sciences. Nanotechnology is therefore much
more than an other kind of discipline, based on nanoscaled products in the
sense of a simple continuation of microtechnology. This description is by
far too simple. The incredible chances and possibilities offered by Nano-
technology make it indeed the key technology of the new century, as is fre-
quently reported.

Faced with the accelerating developments in nanoscience and, in conse-
quence, in nanotechnology, the Europiische Akademie Bad Neuenahr-
Ahrweiler GmbH started an initiative with the aim to evaluate the state of
the art in nanoscience and nanotechnology, considering not only the natu-
ral sciences, but — to the same extent — philosophical, ethical, toxicological
and, last but not least, economic aspects. Besides the description of the state
of the present situation, the book also considers possible future develop-
ments as far as they can be foreseen and gives recommendations to decision
makers.

The working group, consisting of internationally acknowledged experts
from all fields of nanoscience and -technology, began its activities on Ist July
2003 and organized from this time on monthly working sessions. The pro-
ject was finished on 31% December 2005. On 8 October 2004, a Mid-Term
Meeting was held in the Academy with prominent representatives of all
fields of nanotechnology for getting response and valuable critics on the
project at that stage. For this unrenouncable help the group would like to
thank Dr. Gerd Bachmann (VDI-Technologiezentrum Diisseldorf), Profes-
sor Dr. Peter Biuerle (Universitit Ulm), Professor Dr. Paul Borm (CEL Tech-
nohouse, Hogeschool Zuyd), Professor Dr. Harald Fuchs (Universitit Miin-
ster), Professor Dr. Uwe Hartmann (Universitit des Saarlands, Saar-
briicken), Professor Dr. Christoph Hubig (Universitit Stuttgart), Professor
Dr. Martin Mohrle (Universitidt Bremen), Professor Dr. Reinhard Nesper
(ETH Zirich), Professor Dr. Andreas Offenhiduser (Forschungszentrum



X Foreword

Jilich), Dr. Markus Pridohl (Degussa AG, Hanau), and Dr. Eberhard Seitz
(Forschungszentrum Jiilich).

Personally, I am anxious to thank the members of the working group for
the enthusiastic cooperation over two and a half years, the valuable contri-
butions during the numerous intense discussions, the patience, and the
absolute will to bring this difficult task to a successful end. Special thanks go
to Dipl.-Kfm. Nils Omland (WHU Koblenz) for his assessment of patent
data used in this study.

The group’s work was exemplarily supported by the co-workers and
members of the Europiische Akademie, among numerous others especially
Mrs. Margret Pauels, Dr.-Ing. Wolfgang Rathgeber and Dr. Gerd Hanekamp.
Their overwhelming hospitality contributed substantially to the effective
study progress. The excellent working atmosphere caused regular anticipa-
tion of the next meeting by each group member.

Essen, December 2005 Giinter Schmid
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Appraisal and Recommendations

By meeting at the nanoscale, the differences between classical disciplines,
from physics via chemistry to biology, from engineering to medicine, are
disappearing. Due to this merger of disciplines, our approaches to science
and technology are fundamentally changing. The newly created knowledge
base and resulting technological advances will revolutionize many sectors of
our society. Consequently, the challenges and opportunities are multidimen-
sional: scientific, technical, economical, cultural, ethical, educational and
risk related.

Scientific and Technical Needs

Research and development at the nanoscale will be key drivers to innovation
and ultimately economic vitality. Central to such innovations are (a) nano-
tools to explore, analyze and manipulate at the nanoscale, (b) molecular
assembly processes to construct novel materials and devices from nanoscale
building blocks, (c) new concepts for information technology, (d) technolo-
gies to interface biological and synthetic systems and finally, the creation of a
new knowledge base that will lead to major innovations in biological sci-
ences and medicine.

Nanotools: The improvement of existing and the development of new tools is
of decisive importance for any kind of techniques, however, it is the more the
case for Nanotechnology. The state of the art in Nanotechnology could only
been reached by fundamentally new tools. Analytic tools are the driving
forces in Nanotechnology. For instance, without the development of scan-
ning tunnelling microscopy (STM) and subsequently a dozen or more other
scanning probe techniques, Nanoscience and -technology on the present
level are unthinkable. Improved spectroscopic tools have become as impor-
tant as modern high resolution electron microscopic devices allowing us the
observation of biosystems in unexpected details. Modern nanotools in bio-
nanotechnology will allow us to quantitatively understand how cells work.
Intensive further research and development of nanotools is an unrenounce-
able condition for further progress in Nanoscience and -technology.

Molecular assembly: The assembling strategies are in part inspired by natural
processes, from where we can learn how molecular systems interact in a pre-
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dictable way in order to generate manifold structures and functionalities
which range from simple control and molecular recognition to complex
properties. Hence, future research should not only be focused on the dupli-
cation of biotic design principles, but nature’s strategies shall inspire new
solutions how to engineer at the nanoscale. Technologically relevant prob-
lems that could be addressed by bioinspired approaches include the self-
assembly of three-dimensional electronic circuits or the development of new
concepts of information technology beyond optics and solid state electron-
ics. Going beyond biology, self-assembly strategies further need to be com-
bined with micro- and nanofabrication tools which will ultimately result in
materials and devices with integrated nanoengineered building blocks. A
particular challenge in assembling nanoscale building blocks is to generate
functions that go beyond the capabilities of the individual building blocks.
Research on this topic has to aim at the development of quantitative and
synthetic molecular construction techniques that lead to novel physical,
chemical and biological functions. This will enable to combine the complex
functionalities of large organic or bioorganic molecules with the size specific
properties of inorganic nanoscaled objects following reliable design rules
resulting in new emerging systems and properties.

Information technology: Information technology and enhanced miniaturiza-
tion will profit from the understanding of nature’s design and system’s inte-
gration principles. Future nanoelectronics will essentially depend on the
development of design rules for the set-up of complex architectures compat-
ible with scalable technologies for the synthesis of the respective building
blocks. This will by far exceed the present day paradigm of information
exchange, since three-dimensional architectures will enable fundamentally
new logical concepts. Furthermore, quantitative simulations and model
building, as well as the integration of the myriad of digital information
require major computational efforts.

Interfacing biology with engineered systems: Of particular interest is the inter-
face between synthetic and living systems. Interfacing living cells with engi-
neered nanosystems is needed for many biomedical applications, from tissue
engineering, drug delivery to sensors implanted within human tissues to
obtain real-time information on biological processes and functions. Consid-
ering the cost explosion of the health care sector, microfabricated platforms
with integrated nanoscale systems are needed to build portable devices at
low cost to analyze samples from body fluids and gases without major time
delays.

Nanotechnology in biosciences and medicine: Today’s medicine is often
focused on developing therapies for preexisting diseases, often treating
symptoms rather than curing the disease. In part, this is due to the lack of a
comprehensive understanding of how cells work and how cell functions are
regulated. Advances in Nanotechnology provide new tools to bring about
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major changes leading to a transitioning of biology into a quantitative sci-
ence. This includes how cellular building blocks are chemically modified
typically in a spatiotemporal dependency, how they facilitate and interact in
signaling pathways and other cellular processes, and how these building
blocks are assembled and disassembled into larger functional units. Deci-
phering the hierarchical architecture of molecular networks and under-
standing the regulation is needed for the comprehension of biological sys-
tems on the nanometer scale. The technological advances will come from
various disciplines and include the development of new nanoscale probes
and imaging techniques in combination with intelligent computational
tools to analyze molecular events in living cells with high spatial and tempo-
ral resolution. They will be complemented by new devices for in- and ex-
vivo sensing and diagnostics. The goal is to ultimately derive the engineering
principles that control and regulate cellular functions, from growth, differ-
entiation, motility, contractility, to apoptosis. The biggest longterm pay-off
for society might come from the early detection of diseases and their more
effective treatment.

Commercial Needs

The patent analyses have shown that Europe is lagging behind Japan and the
US in many fields of Nanotechnology. This finding could result from differ-
ent perceptions about the effectiveness of patents as an important instru-
ment for the creation of competitive advantages. Managers and policy mak-
ers must understand that professional intellectual property management is
essential for the successful commercialization of Nanotechnology. Policy
makers can give support by 1) creating a strong and attractive intellectual
property regime, and 2) by providing the right intellectual property infra-
structure at research institutions:

A strong intellectual property regime makes it possible for inventors to
get an effective patent protection in all fields of Nanotechnology. Inventors
can only leverage the advantages of patents (e.g., by means of licensing or
the exclusive offering of products) in the field of Nanotechnology, if patent
protection is legally strong. The attractiveness of patent protection is further
impacted by the efficiency (time and money) of the patenting process at the
various patent offices. The European patent system is not favorable to inven-
tors, start-up firms and SMEs, because a common European patent does not
exist and the costs of obtaining a European patent are too high, especially
compared to the US. This institutional obstacle puts European inventors in
an unfavorable position when it comes to protecting and commercializing
new discoveries in the field of Nanotechnology.

Patents are an important instrument for knowledge protection and the
creation of competitive advantages in many industries. Empirical research
suggests that professional patent management and a strong portfolio of



4 Appraisal and Recommendations

high-quality patents are important drivers of business performance in high-
tech industries (Ernst et al. 2005; Shane 2001). These findings should raise
the awareness of the value of intellectual property among scientists and
managers and must lead to initiatives to improve patent management in
firms and research institutions. Professional patent management especially
requires the establishment of the right organizational structures and the cor-
responding processes to handle patent-related matters in the R&D process.
Start-up firms, SMEs and research institutions should benchmark their
patenting activities against existing best practices in order to increase the
proficiency of their patent management (Ernst et al. 2005).

The relatively low patenting activity in Europe should not be viewed as an
indicator of inferior research performance. The analysis of scientific Nano-
technology publications clearly revealed that European scientists produce the
most scientific publications in many fields of Nanotechnology. This finding
leads to the conclusion that Europe faces the problem of transferring research
results consequently and effectively into development and subsequently into
commercial applications. European research institutions must therefore
increase their willingness and their possibilities to move research results into
the subsequent development of new products. This requires a change in cul-
ture, incentives and structures in many research institutions. A critical aspect
in this regard is that it takes good management to turn research results into a
successful new product (Brockhoff 1999; Hauschildt 2004). A scientist may
not have the motivation or the capabilities to build up a management team or
to found a start-up to commercialize research results. To avoid this pitfall, the
formation of cross-disciplinary teams (esp. scientists and business people) at
research institutions must be encouraged in order to successfully found and
to spin-off start-up firms. New forms of collaborations between established
firms and research institutions should be established in order to get market
feedback early in the research and development process and to foster the
knowledge transfer from research institutions into firms. Finally, the estab-
lishment of professional and capable technology transfer centers at research
institutions, as e.g. in the US, can further improve the transfer of Nanotech-
nology from research into commercial applications.

Societal and Ethical Aspects

The further development of Nanotechnology should be accompanied by
continuous research on the impact on environment and health as well as on
ethical and political questions associated with possible risks, but also in view
of the expected benefits.

Currently, classical risk assessment is — according to knowledge gaps con-
cerning hazards resulting from nanoparticles — not applicable in the field of
Nanotechnology. Quantitative measures of the probability of damage and of
the extent of possible hazards are not yet available. Insofar it is not surprising



Appraisal and Recommendations 5

that lively discussions about the applicability of the “strict precautionary
principle” take place in the industrialized countries. According to our analy-
sis and to the review of the state of the art in toxicological research on
nanoparticles given above we do not see a “reasonable concern” which would
legitimate hard measures, like a moratorium, but with respect to responsibly
dealing with artificially designed, new nanoparticles specific caution is
required. Such particles should be handled analogously to new chemicals
even in case that the chemical composition is well-known beyond the nano
character. Dealing with new nanoparticles is still based on a case by case
approach because established nomenclature and classification schemes are
not well-prepared to be applied to nano-particles. Beyond risk management
and regulation the level of public risk communication has to be observed
carefully because irritations in this communication could have dramatic
impact on public acceptance and political judgment. It is necessary to distin-
guish between scientifically assessed risks and the public perception of risk,
which has to be taken seriously even in case that it seems to be inadequate
against the results of scientific risk assessment.

Knowledge about risks includes knowledge about the validity and the
limits of that knowledge. Communicative and participative instruments of
technology assessment could help improving mutual understanding and
public risk assessment. Scientists should not leave these discussions to the
mass media and politicians but should engage themselves in those debates.

Education

Education in the field of Nanotechnology is established on the level of bache-
lor, master and doctoral schools at only a few places. The reason for this can be
found in the fact that Nanotechnology is a young research field with a very
high degree of interdisciplinarity. Therefore, the content of teaching is not well
defined and a job description for a nanoscientists or an engineer in Nanotech-
nology is also missing. Because the content of teaching depends very often on
the background of the institute or department responsible for the courses,
curricula focused on Nanoscience like physics of small systems, or on nanos-
tructured materials and finally such that try to fulfil the demand for an inter-
disciplinary program in Nanotechnology are offered. The latter have the diffi-
cult problem to select the right courses as well as the right level of difficulty
and of being too large and, because of time limitations, too superficial.

Recommendations

1. The project group defines Nanotechnology based on effects and func-
tions independently of any longitudinal measure. Size is relevant only
derivatively and thus is not addressed in the definition. It is recom-
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mended that this definition as Nanotechnology in the narrower sense be
used to specify the field. This narrowing of the scope is not supposed to
preclude priority settings in research funding (s. chapter 2).

. Funding in Nanotechnology in Europe is mainly restricted to top-down tar-
get oriented programs. However, diversity of research approaches is a crucial
requirement for knowledge creation and innovation. Therefore, funding pri-
ority should be given to basic research on a broad level and basic knowledge
has to be better transferred by engineering science and technology into prod-
ucts. This step has not yet been taken over by most of the industrial part-
ners and the gap between basic research and application is still existing
for many of those nanosystems with new functions. It is therefore recom-
mended to strengthen the efforts of transient research in this field and to
encourage industry to better close the information gap between basis and
practice (see chapter 3).

. It is also recommended to encourage the change in culture and incentives at
universities and research institutions which are dealing with Nanotechnol-
ogy versus new forms of collaboration to stimulate the transfer between sci-
entific institutions and facilitate the contact to the industry (s. also chapter
4).

. Materials (section 3.1) and their specific properties in the nanoregime
create novel applications preferentially in the field of information storage
systems (section 3.2), in biology and in medicine (section 3.3). The
research in each of these fields needs profound knowledge of the experts,
but for applying the materials an interdisciplinary knowledge exchange is
indispensable. It is recommended to create a pool of experts from the differ-
ent branches who are acquainted with research and development and the
industrial needs to support decision makers in politics and enterprises. This
kind of proceeding could also be developed for other potential fields of
application (s. section 3.4) and would help (s. recommendation 2) to close
the gap between basic research and industry.

. Many more of the inventions and innovations which have been and will
be made in Nanoscience and Nanotechnology have to be patented to
secure the intellectual properties of the inventor, the university and/or
the industry. As in Nanotechnology patents already have to be applied in the
early stage of research and development, it is therefore recommended to
establish a more attractive European Intellectual Property regime in order to
foster the commercialization of Nanotechnology inventions and to improve
the competitive position of European inventors and firms (s. chapter 4). In
regard to recommendation 2 it is also recommended to encourage and facili-
tate a professional Intellectual Property Management at universities and
research institutions to support researchers in their business venture to
transfer knowledge into application.

. There is a tendency to reduce research activities at the universities. This is
problematic for two reasons: Firstly, excellence in teaching is tightly cou-
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pled with excellence in research. Secondly, diversity in basic research orig-
inates mainly from universities. Consequently, politics must provide sus-
tainable strengthening of research capabilities at the universities (s. chap-
ter 7).

7. The many and engaged debates about societal and moral aspects of Nano-
technology show a high degree of uneasiness among the population. Pos-
sibly adverse effects of nanotechnological products are presently discussed
in the public mostly on the basis of speculations and many of these
debates are very emotional and not based on facts. It is therefore recom-
mended to identify risks in studies performed in related institutions and
to place future debates on “facts and figures” so that society is informed in
a transparent and understandable way by experts who are trained for this
(s. also recommendations 8—10).

8. Knowledge on the behavior of nanomaterials in living organisms and in
the environment is largely missing. Research is now starting only at
selected institutes and rarely as a combined activity between materials
and bio-, medical research. It is recommended to foster a common research
based on similar standards so that results can be compared and industry can
use the recommendations in their production of Nanotechnology based
products. Regulations have to be reconsidered according to the outcome of
research (s. chapter 5).

9. ELSI (Ethical, Legal and Social Implications) activities should be specifically
dedicated to recognisable ethical concern in specific areas of nanotechnologi-
cal advance (chance/risk considerations, enhancement of human perform-
ance) and should be a parallel research activity to basic, materials/engineer-
ing research, industrial application and the medical observation of Nano-
technology risks (s. chapter 6).

10.The future of education in Nanoscience and Nanotechnology depends on
the acceptance of Nanotechnology in the industrial environment. The
more research activities can be transferred into products and the daily
life, the more a profound education in all fields of Nanotechnology will
be required. It is recommended at this stage to educate students in one of the
established domains like physics, chemistry, biology or engineering and to
superimpose in a second stage the truly multidisciplinary education in
Nanotechnology, for example at the master level or in graduate schools. In a
parallel step, it is recommended to improve the continuous education of
engineers, medical doctors and other people dealing with Nanotechnology so
that nanomaterials are used in an adequate way without any healthy risks
and by exploiting all the new and interesting functions of these materials (s.
chapter 7).



1 Introduction and Summaries

1.1 Introduction

Since Nanotechnology is considered a key to the 21 century, its promises
have been assessed by various scientific communities. By meeting at the
nanoscale, various disciplines, from physics via chemistry to biology, from
engineering to medicine contribute synergetically to the newly created
knowledge base and the resulting technological advances. Considering that
large societal sectors will be impacted, the unique aspect of this 2-year study
was to assess Nanotechnology from various interrelated perspectives: scien-
tific progress, industrial relevance, economic potential, educational needs,
potential adverse health effects, and philosophical aspects.

The goal of this study is to derive recommendations which consider the
large range of societal implications reflecting the different views in an inte-
grative manner. The study attempts to link previously isolated statements,
bundling the various concepts and giving unified recommendations to deci-
sion makers in relevant society sectors as politics, economy and research. Spe-
cial attention was given to the European situation with respect to commercial
consequences, an aspect that turned out to have serious consequences.

The world is facing major challenges that cannot be sufficiently addressed by
current technologies. These challenges include environmental protection,
exploding health care expenses, as well as energy and resource limitations. While
the large range of emerging nanotechnologies will not bring universal solutions,
as sometimes misleadingly expressed in the public, Nanotechnology will most
likely make essential contributions to addressing those challenges. In contrast,
being of enormous societal relevance, Nanotechnology and its consequences are
also subject of intense public debate. Fuelled by fears, anti-“Nano” campaigns
and calls for a moratorium on any kind of Nano research are getting started. An
early fact-based debate and risk assessment will enable society to get involved in
addressing relevant questions and concerns, helping to avoid mistakes commit-
ted with the treatment of nuclear energy or genetically modified organisms,
where lack of adequate public communication has led to broad front rejection of
these technologies. Neither must risks be denied, nor must chances be overesti-
mated — otherwise much harm could be done. An honest and transparent dis-
cussion is the basis for widespread acceptance of any new technology.
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The Europiische Akademie GmbH has adopted the aim of discussing
matters of technology assessment rationally, seeking an independent dis-
course with society. In accordance with the insight that technology assess-
ment should be carried out in an interdisciplinary way, the group consists of
chemists, physicists, engineers, biologists, toxicologists, philosophers and
economists. Its scheme of work was to lead a dialogue across the borders of
the disciplines. While desirable in any scientific endeavour, this way of oper-
ating was essential for the assessment of Nanotechnology where the tradi-
tional borderlines between established disciplines are disappearing.

The group’s starting point was first to ask which properties and functions
of materials are changing at the nanoscale in accordance with our definition
(s. chapter 2) and then how those unique properties can be exploited for
technological applications as summarized in table 3.1. Due to the endless
range of potential applications, we then focused on emerging technologies
in information storage (table 3.2) and major biomedical challenges (table
3.3). These tables served as a basis to organize our chapters, to highlight rel-
evant technologies and comment on their respective relevance. The conse-
quences following from these considerations are reflected in our recommen-
dations. This structural organization is unique and gives fundamentally new
insights into the treated matter. The book’s overall setup becomes apparent
by the summaries in the next subchapters.

There exist numerous other reports on Nanotechnology. These reports,
however, stretch different aspects of Nanotechnology and take approaches that
are not comparable to ours. Usually, they follow a descriptivistic line, not ques-
tioning the label “Nano” attributed to various fields of science and technology
by various actors, and examine typical or exemplary application areas and
related societal implications (Paschen et al. 2004). This conception is adequate
for giving a survey of Nanotechnology in a wider sense. In contrast to that, we
introduce our own definition and concentrate on Nanotechnology in a stricter
sense. This enables us to set an orientation mark throughout the whole book.

There are topics we did not consider in our study. For example, Intellectual
Property (IP) problems of Nanotechnology have not been treated due to the
fact that the corresponding legal questions remain unsettled so far. Besides,
they are not of decisive importance for the ends of this study. However, the
authors are aware that this topic will play a significant role in the further com-
mercial development of Nanotechnology. Neither were the juridical aspects of
risk management treated in chapter 5 due to size limitations. Also, the tables of
chapter 3 may miss some entries. This is either because we do not know them
— due to conscious or unconscious lack of knowledge — or because we feel that
they will not play a significant role in the further development of Nanotech-
nology. Besides, this work was not driven by an encyclopaedical impetus. We
just tried to discuss subjects we consider representative for this fascinating
field of science. Hopefully, this will contribute to a clearer picture of what
Nanotechnology is today and what it could or should be tomorrow.
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1.2 Summaries
Chapter 1: Introduction and Summaries

The general idea of the study was a multi-perspective treatment of Nano-
technology leading to integrated acting recommendations. Public percep-
tion of Nanotechnology with its hopes and fears entails the goal of a trans-
parent technology discussion which is based on facts. Technology Assess-
ment (TA) can be carried out in a variety of ways. The approach of the
Europdische Akademie zur Erforschung von Folgen wissenschaftlich-tech-
nischer Entwicklungen Bad Neuenahr-Ahrweiler GmbH (European Acad-
emy for the Study of Consequences of Scientific and Technological Advance)
is an interdisciplinary treatment by experts from different science branches.
The way of work and the methodology of the project group “Nanomaterials,
Nanodevices, Nanocomputing. Determination of Present Position and Per-
spectives” determine the structure and contents of this book. No claim for
completeness is stated, instead only selected aspects of Nanotechnology of
exemplary character are treated.

Chapter 2: Nanotechnology and Philosophy of Science

Theory of science reflects research practice of sciences and their results with
the aim of critically checking subjects and methods (technical laboratory
methods as well as term and theory formation procedures) relatively to the
claims and aims of the researchers. Questions of different subject determina-
tions of the nano domain, of measurement techniques in the nanoscale
(against the background of historical controversies), different forms of (con-
structive or empirical) progress and the principle of methodical order for the
orientation of theory along laboratory techniques have to be treated as well as
aspects of discovery, invention and application, which can be judged as
researchers’ actions following purposes and means. Known distinctions
include the ones between nature and technology or between top-down and
bottom-up approaches. Conclusions with respect to the understanding of tra-
ditional disciplines and of new microscopy techniques arise. Further conclu-
sions refer epistemically to the character of Nanotechnology as paradigm
change, ethically to the acceptability of research consequences and side effects,
and politically to the question where research aims and purposes come from.

On the basis of these considerations, the authors suggest a new, recursive
definition of Nanotechnology: Nanotechnology comprises the emerging
applications of Nanoscience. Nanoscience is dealing with functional sys-
tems either based on the use of sub-units with specific size-dependent prop-
erties or of individual or combined functionalized subunits.

Conceptually different from Nanotechnology as defined above are scaling
effects, where laws that already hold in the macroscopic world are just trans-
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formed to other size scales by miniaturization of existing structures. Never-
theless, many of these effects are designated as Nanotechnology in common
language use and play an important role. Thus, some of them are mentioned
in the course of the book. The authors of this study agree that lateral dimen-
sions between 1 and 100 nm can be a good indicator of Nanotechnology, but
decided not to include this size specification in their definition to stress the
decisive importance of specific size-dependent properties.

Chapter 3: Fields of Research and Technology

In chapter 3 all physical, chemical, material, and biological effects and con-
nections, summarized in tables 3.1-3.3, are discussed and assessed in appro-
priate length. From these texts result the recommendations presented in
“Appraisal and Recommentations” The explanations concerning table 3.1
are dealing with the detected nano-effects in agreement with the definition
in chapter 2, resulting from the combination of physical and chemical prop-
erties. Important developments in this sense are, for instance, high-strained
and transparent ceramics based on nanoscopic building blocks. Other for-
ward-looking developments are linked with quantum size effects. Table 3.1
also contains molecular units that are either functionalized units by them-
selves like molecular magnets or that are used as building blocks for the con-
struction of more complex systems from which, for instance, molecular
motors, machines or switches can be developed. Also the so-called
supramolecular chemistry offers great opportunities to generate nanoscaled
systems with hitherto unknown properties.

The evaluation of the effects captured in table 3.2 is of special future rele-
vance, since they all open novel opportunities on the field of data storage and
future computer generations, respectively. There exist already technologies in
the test phase, for instance the Millipede system. Others, like the quantum dot
computer or even the quantum computer are still in the state of fundamental
research. This is also valid for storage capable and switchable molecular systems
or optical computing. Further developments of the Atomic Force Microscopy
(AFM) promise numerous applications. Examples are the Magnetic Force
Microscopy (MFM) and the Magnetic Resonance Force Microscopy (MREM),
promising candidates for the optimization and practical applications of nano-
sized magnetic systems. Scanning-Near-Field Optical Microscopy (SNOM)
and Scanning-Near-Field Magneto-Optical Microscopy (SNMOM) represent
new optical procedures with a dispersion below the wavelength of light.

The consequences from table 3 reflect the possibilities for the use of
biosystems in combination with artificial building blocks. These lead to
completely new approaches in medicine, whereby the further development
of nano-tools is of considerable importance. The dominating tendency in
the living nature for self-assembling can be utilized to transfer artificial
nano-building blocks with biomolecular units into novel hybrid systems.
The interaction of nanoparticles with biosystems also gives rise to critically
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assess toxicological aspects. Here, transport mechanisms through living sys-
tems play a dominant role. A better understanding of transport mechanisms
will help to reliably assess the health risks originating from nanoparticles.

In contrast to the strict scientific definition in chapter 2, the expression
“Nanotechnology” is commonly also used for proceedings which would be
better described by “Scaling Effects” It is the matter of size-dependent
behaviour that develops continuously from microscopic to nanoscopic
dimensions without coming to a significant change of properties at a dis-
tinct dimension. Possibly, in the nanometer regime the phenomena may
become stronger or even weaker. Examples of successful scaling effects are,
for instance, the self-cleaning (Lotus effect) or the antireflection behaviour
(moth eye effect) of micro-/nanostructured surfaces. In order to take these
developments into account, some relevant examples are listed at the end of
the chapter, but are not part of the tables and the related texts.

Chapter 4: Commercial Perspectives of Nanotechnology

Technological and economic opportunities in the field of Nanotechnology
are assessed based on the analysis of patent data. Such patent data analyses
are an adequate approach to analyze development trends in the field of
Nanotechnology. Patents have been found to correlate significantly with the
level of R&D expenditures and the probability for successfully commercial-
izing these R&D results. There are different tools and methods for the assess-
ment of patent data. The meaningfulness of information gained hereby
depends largely on the specific analytical tool used for the examination.
Multiple indicators for analyzing the patenting behavior of inventors, com-
panies, regions, countries etc. exist. Such patenting indicators and portfolio
illustrations are used for the presentation of the results gained by the study.

The patent analyses differentiate according to the specific sub-fields of
Nanotechnology as defined and explained in the previous chapters of this
book. The patent analyses are based on the number of patent families filed
between 1983 and 2002 in the major industrialized countries in the field of
Nanotechnology. The patent analyses indicate the importance, the growth
dynamic and the patent position of European inventors relative to other
countries for each sub-field of Nanotechnology.

One important result of the patent analyses is that Europe’s patent posi-
tion is weaker compared to the USA and also Japan in many fields of Nano-
technology. Especially the USA have a dominating patent position in almost
every field of Nanotechnology. Europe should therefore take initiatives to
improve its patent position. This includes in particular strengthening basic
research in Nanotechnology to create long-term and sustainable competitive
advantage; increasing the awareness of the value of intellectual property
rights for creating a competitive advantage and for attracting venture fund-
ing for Nanotechnology enterprises; establishing an attractive European
Intellectual Property regime for inventors and entrepreneurs; introducing
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and supporting a professional Intellectual Property Management at research
institutions and in firms and improving the effective transfer of basic
research results into development and commercial applications.

Chapter 5: Risk Assessment and Management

The European Commission has stated in a communiqué in 2004 that “any
potential public health, safety, environmental and consumer risk has to be
addressed upfront by generating the data needed for risk assessment” and this
should be achieved by “integrating risk assessment into every step of the life
cycle of nanotechnology-based products, and adapting existing methodolo-
gies and, as necessary, developing novel ones” (European Commission 2004 ).
Exactly these important issues as well as already known problems are being
discussed intensely. As in any other technology;, first of all risks of Nanotech-
nology must be identified. Hence, the characterization of potential risks plays
an important role but the positive acquisitions of new nanotechnological
products regarding environment and health have to be considered as well.
One important aspect of a possible risk of nanomaterials or nanoparticles is
their distribution in the environment and the associated exposure of living
organisms or the direct exposure of humans at working places that will
increase during the expected large-volume production within the next years.
With regard to such an exposure the ultrafine particles that reach the deepest
parts of the lung will play the most important role especially within the dis-
cussion about possibly induced diseases. Besides some first evidences for bio-
logical or medical relevant effects within organisms, there exists only a small
number of studies that demonstrate possible negative effects on living organ-
isms or the environment, on the basis of which a risk characterization could
be achieved. Mainly the present knowledge on the effects of ultrafine particles
results from environmental and laboratory studies on unintentionally
released particles derived generally from combustion processes. An extrapo-
lation of these results on newly produced nanoparticles with surprising new
features and properties gives rise for the assumption that they exhibit poten-
tially negative effects in biological systems that have to be addressed in the
near future. For such studies various models are introduced and discussed
that are useful for the characterization of adverse effects of nanomaterials.
Nevertheless, until the knowledge has reached a reasonable level, the precau-
tionary principle requires that nanoparticles are handled in a very careful
way, that systematic long-term monitoring activities are conducted and that
continuous and comprehensive processes of analysis and assessment of the
knowledge available will be performed.

In the societal debate on Nanotechnology during the last years the
ambivalence of speculative visions has become clear. The point of departure
of the societal risk debate on Nanotechnology has been the “dark side” of
far-ranging visions which initially have been regarded as positive visions. In
spite of the situation that such visions (self-replicating nanobots, as an
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example) are merely speculative in nature, from a scientific point of view, the
societal risk debate led to negative consequences concerning the public rep-
utation of Nanotechnology. In the fields of possible risks of nanoparticles
for the environment and health as well as concerning the communication
about far-reaching visions, our analysis shows that a rational discussion
about possible risks is required as a transparent process accompanying the
scientific advance. Fears against possible new hazards must be taken seri-
ously, as well as new positive expectations and benefits, against the back-
ground of the scientific knowledge have to be announced.

Chapter 6: Ethical Aspects of Nanotechnology

Parallel to the public discussion on the benefits and risks of Nanotechnol-
ogy, a debate on the ethics of Nanotechnology has been hesitatingly begun.
It has been postulated that a new “nano-ethics” was necessary. In this debate,
the — positive as well as negative — visionary and speculative innovations
which are brought into connection with Nanotechnology stand in the fore-
ground. It turns out that there are hardly any genuinely new ethical aspects
raised by Nanotechnology. It is much rather primarily a case of gradual
shifts of emphasis and of relevance in questions which, in principle, are
already known and which give reason for ethical discussions on Nanotech-
nology. Major moral challenges from nanotechnological advance are (1) the
impact of the precautionary principle on various development paths of
Nanotechnology, (2) research and development at the interface between bio-
logical (especially human) and technical systems or to bridge the gap
between both types of systems, and (3) enhancement of human perform-
ance via the concept of “converging technologies” New questions are mainly
posed by the fact that previously separate lines of ethical reflection converge
in the field of Nanotechnology. Ethics in and for Nanotechnology needs co-
operation between various sub-disciplines of ethics and philosophy as well:
bioethics, ethics of technology, philosophy of science, philosophy of technol-
ogy, health care ethics, and anthropology. The proposal of an independent
“nano-ethics”, however, seems exaggerated.

Novel aspects are emerging via the big factual importance of visions and
utopia in public debate. The possible postponement or abolishment of
aging, crossing the borderline between humans and technology or other
futuristic visions, are leading to challenging ethical questions. Therefore,
such visions should — independent from their plausibility — be subject to
ethical reflection. Analysing and assessing such visions requires developing a
new methodology towards a “vision assessment”.

However, in spite of ethical concern about specific aspects of Nanotech-
nology, a fundamental objection against Nanotechnology, based on moral
convictions, cannot be recognised. There is no “core argument” against
Nanotechnology which would be necessary to catalyst a broader movement.
Such dramatic and singular technological interventions into society and
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nature as the Hiroshima bomb or the Cernobyl accident will not be related
with Nanotechnology. Also the secular dimension of the technical possibility
of manipulating the human genome cannot be reached by Nanotechnology
(except in some of the more futuristic visions, but that is a different topic).
Such singular events or revolutionary developments (revolutionary with
respect to human self-understanding, not to economic factors) show the
potential to create great movements, proponents as well as opponents. But
the debates show that Nanotechnology — up to now — does not have this sec-
ular dimension — in spite of the fact that many people talk about its revolu-
tionary character. With regard to the question for a possible objection
against Nanotechnology on the basis of moral convictions this means that
the heterogeneity of Nanotechnology — many people prefer to speak about
nanotechnologies — protects, in a certain sense, against coherent objection,
focussed on one specific line of argumentation.

The many and engaged debates about societal and moral aspects of Nano-
technology show a high degree of uneasiness among the population with the
many proclamations of the revolutionary nature of Nanotechnology. Such
uneasiness is no objection but a call for more open debate, more explanation
and more deliberation. However, uneasiness could develop into opposition if
it would not be taken seriously. Therefore, problems with the nanotechnolog-
ical advance which express themselves via certain debates in the public or in
the media should be taken seriously. Nanoscientists should engage them-
selves, together with ethicists, in such discussions in order or contribute to
preventing irrational and fundamentalistic biases.

Chapter 7: Knowledge Transfer in Nanotechnology

Nanotechnology and Nanoscience are present in the curriculum of universi-
ties, especially in universities with a strong orientation towards science and
engineering. During the last years more than 100 universities have started edu-
cation in this field. It is very interesting to note that roughly two different
approaches can be observed: i) The curriculum is very strongly focused on
physical, material or engineering aspects of Nanoscience/-technology; ii) edu-
cation programs with a very large interdisciplinarity. The most challenging
approach is the second one, because the danger to teach too superficial
because the content of the curriculum is too large is relatively high. It is there-
fore proposed to teach Nanoscience/-technology only at the master or even
better at a doctoral school level. The time necessary before the students of this
new field enter the job market is too long for the industry. To fulfil their needs,
universities or other organisation active in the postgraduate formation has to
establish training courses similar to that given for patent attorney. Universities
can also introduce minors in Nanoscience to increase in short term the num-
bers of academics educated in Nanoscience. For the interested citizen, bal-
anced information, which shows the high potential as well as the risk and
social impact of this new technology has to prepared in a continuous way.



1.3 Zusammenfassungen 17

1.3 Zusammenfassungen
Kapitel 1: Einleitung und Zusammenfassungen

Das Grundprinzip der vorliegenden Studie ist eine multiperspektivische
Behandlung der Nanotechnologie, die zu integrierten Handlungsempfeh-
lungen fiihrt. Die 6ffentliche Wahrnehmung der Nanotechnologie mit ihren
Hoffnungen und Befiirchtungen bedingt das Ziel einer transparenten, fak-
tenbasierten Technologiediskussion. Technikfolgenabschitzung (technology
assessment) kann mit verschiedenen Methoden betrieben werden. Der spezi-
fische Ansatz der Europdischen Akademie zur Erforschung von Folgen wis-
senschaftlich-technischer Entwicklungen Bad Neuenahr-Ahrweiler GmbH
ist eine interdiszipinire Betrachtung durch Experten unterschiedlicher
Fachbereiche. Arbeitsweise und Methodik der Projektgruppe ,Nanomateri-
als, Nanodevices, Nanocomputing. Standortbestimmung und Perspektiven
bedingen Struktur und Inhalt des vorliegenden Buches. Dabei wird kein
Anspruch auf Vollstindigkeit erhoben, stattdessen werden ausgewihlte
Aspekte der Nanotechnologie exemplarischen Charakters behandelt.

Kapitel 2: Nanotechnologie und Wissenschaftstheorie

Wissenschaftstheorie reflektiert die Forschungspraxis der Fachwissenschaften
und deren Ergebnisse mit dem Ziel, Gegenstinde und Methoden (technische
Labormethoden ebenso wie Verfahren der Begriffs- und Theoriebildung) rela-
tiv zu den Anspriichen und Zielen der Forscher kritisch zu priifen. Fragen der
verschiedenen Gegenstandsbestimmungen des Nanobereichs, der Messtech-
nik im Nano-Maf3stab (vor dem Hintergrund historischer Kontroversen), ver-
schiedene Formen des (konstruktiven oder empirischen) Fortschritts und das
Prinzip der methodischen Ordnung zur Orientierung der Theorie an der
Labortechnik sind dabei ebenso zu behandeln wie Aspekte des Entdeckens,
Erfindens und Anwendens, die sich als Handeln der Forscher nach Zwecken
und Mitteln beurteilen lassen. Bekannte Unterscheidungen sind die von Natur
und Technik, top-down oder bottom-up-Vorgehen. Es ergeben sich Folgerun-
gen flr das Verstindnis der traditionellen Disziplinen ebenso wie fiir das Ver-
stindnis neuer Mikroskopiertechniken. Weitere Folgerungen betreffen episte-
misch den Charakter der Nanotechnologie (NT) als Paradigmenwechsel,
ethisch die Verantwortbarkeit von Folgen und Nebenfolgen der Forschung
und politisch die Frage nach der Herkunft der Forschungszwecke und -ziele.

Auf Grundlage der angestellten Uberlegungen schlagen die Autoren
der Studie eine neue, rekursive Definition der Nanotechnik vor:
Nanotechnologie umfasst die aufkommenden Anwendungen der Nano-
wissenschaften. Nanowissenschaften beschiftigen sich mit funktionalen
Systemen, die entweder auf dem Gebrauch von Untereinheiten mit spe-
zifischen grofSenabhingigen Eigenschaften oder von einzelnen oder
kombinierten funktionalisierten Untereinheiten basieren.
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Konzeptionell von der so definierten Nanotechnologie sind scaling effects
abzugrenzen, bei denen bereits im Makroskopischen geltende Gesetzmif3ig-
keiten durch Miniaturisierung bestehender Strukturen lediglich in anderen
Groflenordnungen tiberfithrt werden. Viele solcher Effekte werden im tigli-
chen Sprachgebrauch aber trotzdem als Nanotechnologie bezeichnet und
spielen eine wichtige Rolle. Daher finden einige von ihnen im weiteren Buch
Erwdhnung. Die Autoren der Studie stimmen darin tiberein, dass laterale
Abmessungen zwischen 1 und 100 nm ein guter Indikator fiir Nanotechno-
logie sein kénnen, haben sich aber entschieden, diese Grofienangabe nicht in
ihre Definition aufzunehmen, um die herausragende Bedeutung der spezifi-
schen groflenabhingigen Eigenschaften zu unterstreichen.

Kapitel 3: Forschungs- und Technologiefelder

In Kapitel 3 werden simtliche in den dortigen Tabellen 1-3 gesammelten
physikalischen, chemischen, materialwissenschaftlichen und biologischen
Effekte und Zusammenhidnge in angemessener Ausfiihrlichkeit diskutiert
und bewertet. Aus diesen Texten resultieren die entsprechenden Empfehlun-
gen im vorgeschalteten Kapitel ,,Appraisal and Recommendations®

Die Ausfithrungen zu Tabelle 1 behandeln aus der Kombination physika-
lischer und chemischer Eigenschaften resultierenden ,Nanoeffekte“ im
Sinne der Definition in Kapitel 2. Wichtige Entwicklungen in diesem Sinne
sind etwa neuartige Effekte im Bereich hochfester und transparenter Kera-
miken, die auf nanoskopischen Bausteinen basieren. Andere zukunftswei-
sende Entwicklungen sind mit Quantum Size-Effekten verbunden. Tabelle 1
beinhaltet auch molekulare Einheiten, die entweder selbst funktionalisierte
Nanosysteme darstellen wie z.B. molekulare Magnete, oder die als Bausteine
zum Aufbau komplexerer Systeme verwendet werden, woraus beispielsweise
molekulare Motoren, Maschinen und Schalter entwickelt werden konnen.
Auch die sog. supramolekulare Chemie bietet groflartige Moglichkeiten zum
Aufbau nanoskaliger Systeme mit zuvor ungekannten Eigenschaften.

Die Auswertung der in Tabelle 2 erfassten Effekte ist von besonderer
Zukunftsrelevanz, da sie allesamt neuartige Moglichkeiten auf dem Gebiet der
Datenspeicherung bzw. zukiinftiger Computergenerationen eréffnen. Es exis-
tieren bereits in der Erprobung befindliche Technologien wie z. B. das Milli-
pede-System. Andere wie Quantenpunktcomputer oder gar Quantencompu-
ter befinden sich dagegen noch in der Grundlagenforschung. Dies gilt auch fuir
speicherfihige und schaltbare molekulare Systeme oder das Optical Compu-
ting. Weiterentwicklungen der Atomic Force Microscopy (AFM) versprechen
vielfiltige Einsatzmoglichkeiten. Beispiele sind die Magnetic Force Micros-
copy (MFM) und die Magnetic Resonance Force Microscopy (MREM), viel
versprechende Kandidaten zur Optimierung und Nutzung nanoskaliger Mag-
netsysteme. Scanning-Near-Field Optical Microscopy (SNOM) und Scan-
ning-Near-Field Magneto-Optical Microscopy (SNMOM) stehen fiir neuar-
tige optische Verfahren mit einer Auflosung unterhalb der Lichtwellenlinge.
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Die Konsequenzen aus Tabelle 3 reflektieren die Moglichkeiten zur Nut-
zung von Biosystemen in Kombination mit kiinstlichen Bausteinen. Diese
fithren zu v6llig neuartigen Ansitzen in der Medizin, wobei die Weiterent-
wicklung von Nano-Werkzeugen von grofler Bedeutung ist. Die in der
belebten Natur vorherrschende Tendenz zur Selbstorganisation kann sinn-
voll genutzt werden, um kiinstliche Nanobausteine mit biomolekularen Ein-
heiten in neuartige Hybridsysteme zu tiberfithren. Die Wechselwirkung von
Nanopartikeln mit Biosystemen gibt auch Anlass zur kritischen Bewertung
toxikologischer Aspekte. Hierbei spielt der Transportmechanismus von
Nanopartikeln durch lebende Systeme eine dominierende Rolle. Ein besseres
Verstindnis der Transportmechanismen wird helfen, die von Nanoteilchen
ausgehenden Gesundheitsrisiken zuverlédssiger abschétzen zu konnen.

Entgegen der streng wissenschaftlichen Definition im Kapitel 2 wird der
Begriff ,Nanotechnologie® gemeinhin auch fiir Vorginge benutzt, die besser
mit ,,Skalierungseffekte“ beschrieben wiirden. Es handelt sich gréf3enabhin-
gige Erscheinungen, die sich kontinuierlich von mikroskopischen zu nano-
skopischen Dimensionen entwickeln, ohne dass es bei einer bestimmten
Dimension zu einem signifikanten Eigenschaftswechsel kime. Im Nanome-
terbereich verstirken sich allenfalls die Phanomene oder werden sogar
schwicher. Beispiele fiir erfolgreiche Skalierungseffekte sind etwa die Selbst-
reinigung (Lotus-Effekt) oder das Antireflexverhalten (Mottenaugeneffekt)
mikro-/nanostrukturierter Oberflichen.

Um diesen Entwicklungen Rechnung zu tragen, sind relevante Beispiele
am Ende des Kapitels angefiihrt, jedoch nicht Bestandteil der Tabellen und
der zugehorigen Texte.

Kapitel 4: Kommerzielle Perspektiven der Nanotechnologie

Die Entwicklungspotentiale der Nanotechnologie werden anhand einer
Patentanalyse aufgezeigt. Patente sind geeignete Indikatoren fir die Unter-
suchung technologischer Entwicklungstrends. Sie korrelieren signifikant mit
der Hohe der Forschungs- und Entwicklungsaufwendungen und der Ver-
marktung der daraus resultierenden Erfindungen. Es existieren verschiedene
Ansitze und Methoden zur gezielten Auswertung von Patentdaten. Die Aus-
sagekraft von Patenten hingt entscheidend von den eingesetzten Auswer-
tungsmethoden ab. Kennzahlen erleichtern die Analyse der Patentierungsak-
tivitdten von Erfindern, Unternehmen, Regionen, Lindern etc. Solche Kenn-
zahlen und Portfolio-Darstellungen werden fiir die Prisentation der
gewonnenen Ergebnisse verwendet.

Die Patentanalyse differenziert nach verschiedenen Technologiefeldern
innerhalb der Nanotechnologie, wie sie auf Basis der Definition von Nano-
technologie in den vorausgehenden Kapitel dieses Buches beschrieben wer-
den. Die Auswertungen basieren auf den zwischen 1983 und 2002 auf dem
Gebiet der Nanotechnologie angemeldeten Patentfamilien in den wesentli-
chen Industrielindern. Die Patentauswertungen fiithren jeweils in den ver-
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schiedenen Technologiefeldern der Nanotechnologie zu Erkenntnissen iiber
die Bedeutung verschiedener Technologiefelder, tiber die zunehmende oder
abnehmende Patentierungsdynamik und iiber die Position europdischer
Erfinder im internationalen Vergleich.

Ein wesentliches Ergebnis ist, dass Europa, gemessen an seiner Patentpo-
sition, auf dem Gebiet der Nanotechnologie hinter den USA und Japan
zuriickliegt. Insbesondere die USA haben eine dominierende Patentposition
in vielen Feldern der Nanotechnologie. In Europa sind daher Mafinahmen
zu ergreifen, um die Patentposition auf dem Gebiet der Nanotechnologie zu
verbessern. Dazu gehoren insbesondere die Stirkung der Grundlagenfor-
schung, die Verbesserung des Patentmanagements in allen F&E-betreiben-
den Institutionen, die Schaffung von optimalen Rahmenbedingungen zur
Erlangung von gewerblichen Schutzrechten sowie die Verbesserung des
Transfers von Ergebnissen der Grundlagenforschung in die Entwicklung
und Vermarktung von Innovationen.

Kapitel 5: Risikobewertung und -management

Die Europiische Kommission hat in einem Communiqué aus dem Jahr 2004
festgestellt, dass ,die potentiellen Risiken bezogen auf die Gesundheit,
Sicherheit, Umwelt und den Konsumenten stirker berticksichtigt werden
missen, indem vor allem die schwache Datenlage in dieser Hinsicht
verbessert werden muss. Dies sollte geschehen, indem der gesamte Lebens-
zyklus der nanotechnologischen Produkte betrachtet werden soll und die
bereits existierenden Methoden darauf angewendet oder neue entwickelt
werden sollen (European Commission 2004). Wie bei jeder neuen Tech-
nologie miissen auch im Zusammenhang mit der Nanotechnologie zuerst
einmal die Risiken identifiziert werden, um ihnen dann auf geeignete Weise
zu begegnen. Wichtige Aspekte bei der Diskussion um eine Gefihrdung
durch Nanopartikel oder Nanomaterialien sind deren Verteilung in der
Umwelt und die damit einhergehende Exposition lebender Organismen als
auch die direkte Exposition am Arbeitsplatz, die sich bei der zu erwartenden
Produktionssteigerung in den kommenden Jahren mit grofler Sicherheit
ebenfalls erh6hen wird. Daher spielen in diesem Zusammenhang mogliche
Erkrankungen eine bedeutende Rolle, die durch Feinstpartikel, welche bis in
die tiefsten Bereiche der Lunge vordringen kénnen, ausgelost werden. Neben
einigen Hinweisen auf solche medizinisch relevanten Effekte gibt es aller-
dings nur wenig belastbares Material zu negativen Einfliissen auf Lebewesen
oder die Umwelt, die bereits eine verniinftige Risikocharakterisierung
zulassen wiirden. Im Wesentlichen gehen die aktuellen Erkenntnisse auf
Untersuchungen von unbeabsichtigt in die Umwelt emittierten ultrafeinen
Stduben zuriick, die meist aus Verbrennungsprozessen stammen. Eine
Extrapolation dieser Ergebnisse lasst allerdings erwarten, dass Nanopartikel
aus technischen Produktionen, die mit auflergewohnlichen Eigenschaften
ausgestattet sind, auch im biologisch/medizinischen Bereich nachteilige
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Effekte haben werden, die frithzeitig erkannt werden miissen. Dazu werden
verschiedene Modelle diskutiert, die fir die Charakterisierung solcher
Effekte von Bedeutung sind. Bis die Datenlage sich verbessert hat, gebietet
das Vorsorgeprinzip (precautionary principle) einen besonders sorgsamen
Umgang mit Nanopartikeln und eine systematische Langzeit-Beobachtung
sowie eine kontinuierliche Auswertung des verfiigbaren Wissensstandes.

In der gesellschaftlichen Diskussion zur Nanotechnologie wurde in den
vergangenen Jahren die Ambivalenz von spekulativen Visionen deutlich. Die
Risikowahrnehmung der Nanotechnologie entziindete sich zuerst an der
»dunklen Seite“ von eigentlich als positiv gedachten Visionen. Sind diese
Visionen (z.B. selbst replizierende Nanoroboter) zwar wissenschaftlich rein
spekulativ, hat die daran ansetzende Risikokommunikation dennoch zu
negativen Folgen fiir das Ansehen der Nanotechnologie gefithrt. Sowohl zur
Frage der moglichen Gefihrdung von Umwelt und Gesundheit durch
Nanopartikel als auch im Umgang mit weit reichenden Visionen zeigt sich,
dass begleitend zu den Forschungsaktivititen eine rationale Diskussion und
Kommunikation zu den moglichen Risiken der Nanotechnologie durchge-
fiihrt werden muss. Dabei miissen Angste vor neuen Gefihrdungen ebenso
ernst genommen werden, wie neue positive Errungenschaften vor dem Hin-
tergrund belastbaren wissenschaftlichen Wissens herausgestellt werden
miissen.

Kapitel 6: Ethische Aspekte der Nanotechnologie

Parallel zur offentlichen Diskussion iiber Chancen und Risiken der Nano-
technologie ist zogerlich eine Debatte tiber Ethik in der Nanotechnologie
angelaufen. Eine neue ,,Nano-Ethik® wird als dringend bezeichnet. Im Vor-
dergrund stehen dabei die — positiven wie negativen — visiondren und speku-
lativen Entwicklungen, die mit der Nanotechnologie in Verbindung gebracht
werden. Es stellt sich heraus, dass es kaum genuin neue ethische Aspekte der
Nanotechnologie gibt. Vielmehr sind es zumeist graduelle Akzent- und Rele-
vanzverschiebungen in prinzipiell bereits bekannten Fragestellungen (wie
z.B. Fragen des gerechten Zuganges zur Nutzung der Nanotechnologie oder
der Sicherung der Privatsphire), die zu ethischen Diskussionen der Nano-
technologie Anlass geben. Neue Fragen werden vor allem dadurch aufgewor-
fen, dass sich im Feld der Nanotechnologie bislang getrennte ethische Refle-
xionslinien treffen, so vor allem Bioethik, Medizinethik, Anthropologie und
Technikethik sowie die Uberlegungen zur Kiinstlichen Intelligenz. Beson-
dere Relevanz werden diese ethischen Fragen im Umfeld der Diskussion um
»Konvergierende Technologien“ und die mogliche ,,technische Verbesserung
des Menschen® erhalten. Die Forderung nach einer eigenen ,,Nano-Ethik®
erscheint jedoch tibertrieben.

In gewisser Weise strukturell neuartige ethische Aspekte entstehen durch
die grofle Rolle der nanotechnologischen Visionen in der 6ffentlichen Dis-
kussion. Die Abschaffung des Alterns, die Moglichkeit der Uberwindung der
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Grenze zwischen Mensch und Technik oder andere Visionen werfen teils
dramatische Fragen auf — allerdings zu eben mehr oder weniger zurzeit rein
hypothetischen Erwdgungen. In diesem Feld stellt sich die Notwendigkeit, in
methodische Entwicklungen eines ,,Vision Assessment® zu investieren, um
die Fehlallokation von Ressourcen (seien dies Forschungsgelder oder das
knappe Gut ,offentliche Aufmerksamkeit®) aufgrund blofler ,,Hypes“ zu
vermeiden.

Angesichts der Felder, in denen moralische Aspekte der Nanotechnologie
thematisiert werden, stellt sich die Frage, ob sich hier grundsitzliche ethi-
sche Vorbehalte gegeniiber der Nanotechnologie verbergen oder sich ihre
eventuelle Formierung ankiindigt. Hinweise darauf, dass sich eine moralisch
motivierte Ablehnungsfront gegeniiber der Nanotechnologie ausbildet, gibt
es nach der vorgenommenen Analyse jedoch nicht. Es fehlt das Spezifische,
das den motivierenden Kern einer solchen bilden kénnte, wie es das in man-
chen Vorstellungen Ungeheuerliche des Eingriffs in die Erbsubstanz durch
Gentechnologie oder die durch Hiroshima und Cernobyl illustrierten Kata-
strophenbefiirchtungen in der Kernenergie waren. Die Heterogenitit der
Nanotechnologie in sich selbst ist in gewisser Weise ein Schutz vor fokussie-
renden und kohirenten Gegenpositionen.

Was aber aus den verschiedenen Thematisierungen ethischer Aspekte der
Nanotechnologie spricht, ist ein eher allgemeines Unbehagen — nicht nur
gegeniiber der Nanotechnologie, sondern allgemeiner gegeniiber Wissen-
schaft und Technik angesichts der erheblichen Innovationsgeschwindigkeit.
Unbehagen ist noch keine Ablehnung, sondern ein Ruf nach Erklirung, Dis-
kussion, Auseinandersetzung etc. Gleichwohl kann Unbehagen in Ableh-
nung umschlagen, wenn sie nicht ernst genommen wird. Dies bereits sollte —
iiber die fachlichen Notwendigkeiten im Einzelfall hinaus — Anlass genug
sein, den ethischen Fragen und ihrer offenen Austragung im weiteren Ver-
lauf der gesellschaftlichen Diskussion um Nanotechnologie gentigend Auf-
merksamkeit zu widmen.

Kapitel 7: Wissensvermittlung in Nanotechnologie

Nanotechnologie und -wissenschaft ist an vielen Universititen, speziell in
technischen, stark in den Vorlesungsplanen vertreten. Mehr als 100 Universi-
titen bieten entsprechende Kurse an. Es konnen 2 unterschiedliche Ansitze
fiir die Lehre in diesem Bereich beobachtet werden: 1.) Die Ausbildung ist
stark auf ein Gebiet wie zum Beispiel Physik, Biologie, Materialwissenschaf-
ten oder Ingenieurwisenschaften fokussiert, 2.) es wird eine sehr breite inter-
disziplindre Ausbildung angestrebt. Die grof3te Herausforderung stellt sicher
dieser interdisziplindre Ansatz dar. Es ist sehr schwierig angesichts der Grofle
des Gebietes und der nur beschrankt zur Verfiigung stehenden Zeit nicht in
eine zu oberflichliche Lehre zu kommen. Dies ist der Grund fiir die Empfeh-
lung, keine eigenstindige Lehrginge ,Nanotechnologie“ anzubieten, son-
dern die Nanotechnologie ab dem Niveau des Masters oder noch besser ab
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dem Doktorat zu vermitteln. Da es noch linger dauern wird, bis die ersten
Abginger dem Arbeitsmarkt zur Verfiigung stehen und der Bedarf der
Industrie und Behorden vor allem in den nichsten Jahren grofler sein wird
als das Angebot, sollten von den Universititen zusitzliche Nachdiploms-
kurse angeboten werden. Zudem ist eine sachliche und verstandliche Infor-
mation der interessierten Bevolkerung notwendig, damit auf einer sachli-
chen Basis die Vor- und Nachteile der Anwendung der Nanotechnologie in
alltdglichen Produkten diskutiert werden kann.



2 Nanotechnology and Philosophy of Science

2.1 Icons of Nanotechnology

No new development in science is exclusively limited to lab work. Rather, it
must attract public attention in order to plausibly present itself as impor-
tant, promising and, above all, worth of being funded. Informing and self-
advertising is part of the scientific business. Where public attention seeking
gains priority over actual research, occasions arise for submitting self-under-
standings — or for creating them in the first place. These are mechanisms that
give shape and contents to scientific communities through reference to com-
monly shared objects, methods, terminologies, interpretations, promises,
etc. Where representatives of a new enterprise go public, attractive pictures,
symbols and signals are needed. They serve as brands with a high recogni-
tion value. They are the “icons” of the new trend.

Typical icons most frequently encountered in both popular and scientific
presentations of Nanotechnology are the famous title of Richard P. Feyn-
man’s paper “There’s Plenty of Room at the Bottom”, the letters “IBM”
formed by singular Xenon atoms (Donald M. Eigler 1989), and the figure of
a small man formed by a few particular molecules. While the latter two refer
to the possibility of manipulating and visualizing atomic or molecular
objects, and promise new products, atom by atom, into a “bottom-up” way,
the Feynman phrase is the heading of a programmatic talk which, as both
vision and order, is carried like a banner for the advancing group of nano
research soldiers. This Feynman program not only is of historical impor-
tance for science and technology, but it also matters for philosophy of sci-
ence. This program, at a first glance, appears to grow from technological
challenges with regard to demands of new technologies through progressive
miniaturization. On closer inspection, however, this program touches upon
many questions relating to basic research and philosophical interpretation.

The starting point of Feynman’s talk does not refer to “fundamental
physics” but rather focuses on “solid state physics in the sense that it might
tell us much of great interest about strange phenomena that occur in com-
plex situations” where “the problem of manipulating and controlling things
at a small scale” turns up.

In a first step, Feynman discusses the technology of reducing the size of
letters by a factor of 25,000 in both writing and reading. As an answer to the
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question “How do we write small?” Feynman proposes to reverse the lenses
of an electron microscope “to demagnify as well as magnify”. But why only
demagnify the Encyclopedia Britannica and not the holdings of the Library
of Congress joined with those of the British Museum Library and the
National Library of France — “some 24 million volumes of interest in the
world” - to fit them on a pin-head?

Roughly estimated using a body’s entire material (about 100 atoms per
bit) rather than its surface for information storing could demagnify the
book holdings of those libraries and write them “in a cube of material one
two-hundredth of one inch wide — which is the barest piece of dust that can
be made out by the human eye. So there is plenty of room at the bottom!”
The storage of information in the nucleus of the tiniest cell that organizes
complex creatures such as us, with about 50 atoms in the DNA coding one
bit in the cell, is hardly puzzling to a biologist. Feynman mentions a number
of technical tasks which, according to the physical knowledge of his time, did
not conflict with known physical laws: improvement of electron micro-
scopes, making single atoms visible, answering fundamental questions of
molecular biology by “seeing” the processes in the DNA, and the synthesis of
materials or objects on the atomic level.

Given the very small, highly active biological units, biology, according to
Feynman’s initial thoughts, has indicated a strategy for demagnifying com-
puter components to molecular size in order to achieve any desired high
performance with a minimum expense of material and energy. Of course,
radical miniaturization produces a range of new problems: If a car were
demagnified to the length of 1 millimeter, are its wheels sufficiently round
when they consist of atomic “balls”? On the other hand, problems with fric-
tion and lubrication would disappear. Where mass and inertia become irrel-
evant due to the reduced size, important new problems would arise with
regard to electric and magnetic properties, thus requiring new constructive
principles. A hierarchy of self-producing machines with iterative miniatur-
ization could realize the miniaturization of mobile working machines like
“the surgeon to be swallowed”.

So you have a scheme by which you can do things at one-quarter scale anyway — the
little servo motors with little hands play with little nuts and bolts; they drill little holes;
they are four times smaller. Aha! So I manufacture a quarter-size lathe; I manufacture
quarter-size tools; and I make, at the one-quarter scale, still another set of hands again
relatively one-quarter size! This is one-sixteenth size, from my point of view... Thus I
can now manipulate the one-sixteenth hands... At each stage, it is necessary to
improve the precision of the apparatus... We can make flats by rubbing unflat surfaces
in triplicates together — in three pairs — and the flats then become flatter than the thing
you started with... Where am I going to put the million lathes that I am going to have?
... For instance, if I made a billion little lathes, each 1/4000 of the scale of a regular
lathe, there are plenty of materials and space available because in the billion little ones
there is less than 2 percent of the materials in the big lathe. (Feynman 1960)
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With reduced size, new interesting problems will arise. “All things do not
simply scale down in proportion.” Materials are held together through Van
der Waals attraction on a molecular level. On the other hand, what could be
realized by rearranging atoms one by one? Purified, singular-atom-type sub-
stances? Controlled construction of mono-atomic or monomolecular lay-
ers? “Atoms on a small scale,” to be sure, “behave like nothing on a large scale,
for they satisfy the laws of quantum mechanics.” But “if we go down far
enough, all of our devices can be mass produced so that they are absolutely
perfect copies of one another.”

Feynman finally affirms that he is not attempting “to violate any laws; it is
something, in principle, that can be done; but in practice, it has not be done
because we are too big.

What then might be the aim of this new enterprise? He points out a few potential eco-

nomic applications, “but I know that the reason that you would do it might be just for

fun. But have some fun! Let’s have a competition between laboratories. (Feynman
1960)

Feynman phrased his program in an impressive, even enthusiasm-inspir-
ing way, which anticipated many details of current Nanotechnology at least
in the form of a goal. Included in his program are many questions relevant
to present-day Nanotechnology (compare chapter 3):

— How large or small is the area covered by this new kind of research? Feyn-
man’s paper provides indications of relevant sizes by referring to objects
of everyday life (such as letters, pages in books, or the surgical robot that
can be swallowed) on the one hand and by reference to objects like atoms
or molecules in chemical contexts on the other. What, then, defines the
new realm of nano objects? Is it really measures of size or scale that prop-
erly define or limit Nanoscience or Nanotechnology? Or should
Nanoscience and Nanotechnology rather be defined (as is attempted in
the present study) by referring to characteristic properties of materials or
processes, which only in a subsequent step are identified as belonging to
the nano scale? To put it differently, is the unit of “nano meter” decisive
for scientific description? In any case, measurement plays an important
role in this field as well. How should an art of measurement be designed
or conceived that catches up with the miniaturization and at the same
time is more precise by orders of magnitude as compared to the objects to
be measured?

— What are the driving forces behind this new kind of research? Is innova-
tion more like a consequence of casual discoveries of new effects, laws or
properties of substances that may ultimately lead to further technical
application? Or does (and should) progress rather happen through the
continuation of available technologies, e.g. in the form of industrial
product development as in the automobile or computer industries? So
who is needed, the discoverer or the inventor, the engineer? Are we deal-
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ing with results of fundamental research in search of new and economi-
cally profitable technical application or rather with new technical prob-
lems in search of solutions through scientific research?

— What does prevail in this new field? New scale-dependent natural laws or
new technical procedures easily compatible with well-known laws? Is it
an inquiry into nature or rather extension of the art of engineering?

— How do strategies of miniaturization relate to the strategies of bottom-up
construction? How are problems arising from these two strategies relying
on each other?

— How can the improvement of microscopy that Feynman requested be
accomplished? Are mapping procedures to be replaced by techniques for
the production or creation of new images that are not defined by the
principle of optical imaging?

— Do Nanoscience or Nanotechnology have consequences for the tradi-
tional understanding of physics, chemistry or biology? Does the new field
of research constitute a “paradigm change” or a “scientific revolution” in
the Kuhnian sense with far-reaching consequences such as the develop-
ment and establishment of a new scientific community, a new identity for
researchers and, possibly, a new curriculum? (In this place, the wide-
spread popular use of the term “paradigm change” in fields such as poli-
tics or advertising needs to be distinguished from the scientific use of the
term: in the latter, the two conflicting paradigms have to be identified and
their mutual exclusion, their incommensurable concepts, etc. must be
demonstrated.)

— Who, after all, are the ones who are going to ask the new questions, to
establish the new goals, to define the new criteria, to pay the fresh money,
and who is to be held responsible for the consequences, especially of
unforeseen possible side effects ranging from poisonous substances to
structural economic change?

To put it in a nutshell, the icon “There is Plenty of Room at the Bottom”
provokes a wide range of questions and problems which by no means are
scientific or technological ones, since they do not concern atoms and mole-
cules, machines and organisms, but the practice of the human researcher.
Rather, these questions are philosophical ones. The language in which they
are phrased does not refer to objects of laboratory research but to acting
human subjects, to persons. Dealing with these questions and problems is
the proper task of philosophy of science in the field of Nanoscience and
Nanotechnology. Therefore, a clarification is needed of what “philosophy of
science” is all about.
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2.2 The Approach

With regard to the effects mentioned, philosophy of science is trying to con-
tribute to the relevant disciplines in a job-sharing manner, which is not very
different from comparable cooperative examples such as the collaboration
between physicists and mathematicians, between biologists and chemists,
and so on. It is obvious that philosophers’ special competence in matters of
logic, concept formation, theory building, development of methodologies,
images of man or the world that are invested in or resulting from research,
criteria of being scientific, etc. can be useful both for research and the pres-
entation of its results.

For philosophy of science Nanotechnology is a particularly worthwhile
and maybe even a unique subject, because, given the novelty of Nanotech-
nology, a pertinent philosophy of the field does net yet exist. There are
hardly any relevant publications, Nanotechnology being not a “mature”
disclipline but rather a juvenile enterprise. The prospective thinking of sci-
entist and the reflective thinking of philosophers might support each other
in order to prevent the field from getting on a wrong track or to encourage
or to promote novel ideas. This philosophical contribution by itself is
obliged to being “critical” in the sense not of everyday language (refusal or
rejection) but in a sophisticated philosophical sense of promoting sharp
conceptual distinctions or well-founded judgments (compare Immanuel
Kants’ three famous critiques which, of course, also are no documents of
refusal or rejection).

Pursuing these aims, the following might be the leading questions for the
following philosophical investigation:

— What are the tacit assumptions and their technical realization that enter
into the quantitative determination of “nano”? Here the alternative needs
to be considered whether (a) the size of objects is supposed to define
Nanoscience and Nanotechnology, or (b) the novelty of properties and
effects limits the nano domain. Of course, in this domain, no less than in
any other field of experimental science, measurements are performed
(and raise questions as to the technical realizeability of procedures and
tools at the proper scale).

— How, and to which ends, do new technical means develop relative to
known and recognized scientific theories? Which forms of progress, tech-
nical or scientific, takes place in current nano research and development?
And how do they depend on the invested aims and purposes?

— What determines the relation between research and application? If (like
in this study) a distinction is drawn between Nanoscience and Nanotech-
nology (i.e., between fundamental research and applied technology), the
concept of application must be clarified. Who sets the aims for applica-
tions, and how do they influence basic research?
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In which way does basic research depend on the technical laboratory
equipment and on the theory behind it? How do basic concepts and theo-
ries interact with methods and their applications?

Are there proper nano laws? Should Nanotechnology be considered natu-
ralistically or culturalistically, i.e., as new images of nature or just as a new
form of technical know how? Does the project of progressive miniatur-
ization lead to new natural laws?

Do Nanoscience and Nanotechnology represent a paradigm change, or
do they display cumulative growth of knowledge? (Which concept of
“paradigm change” is applied when Nanotechnology is labeled in the for-
mer way by representatives of that research?) (Epistemological implica-
tions)

Are consequences and side effects of Nanoscience and Nanotechnology
predictable and therefore matters of responsibility? (Ethical implications)
Can Nanoscience and Nanotechnology be objects of rational preplan-
ning in terms of political or economic decision-making? (Political impli-
cations)



2.3 The Nano Domain as a Product of Non-Linguistic and
Linguistic Human Action

Nobody among the nano scientists would deny, of course, that natural sci-
ence as a whole and Nanoscience/Nanotechnology in particular, are brought
about by human activities including both manufacturing and talk. Even if
some nano scientists enjoy the idea that they were immediately dealing with
Nature herself, at least Nanoscience and Nanotechnology form part of cul-
tural history, not of nature. Briefly, Nanoscience and Nanotechnology
require reflection in terms of culture.

As is well known, “nano” is derived from the ancient Greek word “nanos”
(dwarf) — as almost all introductory texts assure us. This neglects the fact,
though, that “technology” contains the roots “techno” from ancient Greek
“techne” (art, man-made as opposed to natural), and “-logy” from the
ancient Greek “logos” (word, language, ratio, doctrine) which itself is derived
from the verb “legein” (to speak, to say, to read). Literally, “nano technology”
means “doctrine (or: theory) of the artificial mastery (or: ruling) of tiny
things”. That is to say that even the very name of the new field appositely
refers to the artificial character of the objects in question. Hence, even the
inclination to think of nature or of natural “nano objects” in the case of
Nanotechnology should be considered suspicious.

At a first glance, this conceptual diligence might be considered of minor
importance, if not completely irrelevant. Isn’t it obvious that it is people who
bring about Nanotechnology? So, why care? Taking a closer look at the prob-
lem of Nanotechnology demarcation will be helpful and instructive: The
unit “nano meter’, i.e., the millionth part of a millimeter, of course is a mere
linguistic convention, and it does not seem to imply any philosophical prob-
lem. It refers to the technical reproducibility of a measuring unit according
to the legal definition of “meter” by the Bureau International des Poids et
Mesures (Paris). However, except for elementary mathematics, the ratio “a
millionth” invariably refers to the well-established practice of relying on a
publicly approved system of measuring units. The reproducibility of units,
according to the legal definitions, forms a delicate epistemic problem, how-
ever. This is because a huge amount of empirical knowledge is invested into
those definitions in the first place; knowledge, to be sure, which itself is
based on measurement. In this sense, the nano meter carries along a prob-
lem of circularity as well: What does one need to know in order to reproduce
a measuring unit, and how does this knowledge itself depend on measure-
ment using the units as reference magnitudes?

Referring to certain objects as examples of size, such as (chemically iden-
tified) molecules, proteins, viruses, or the like, as we are used to do in every-
day practice when we, e.g., indicate the size of an object with the help of our
own fingers or arms, does not serve to circumvent this circularity, because
those exemplars have to be measured for size beforehand.
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That is to say that conventions to establish the nano meter as a measuring
unit depend on the mastery of technical reproducibility, and they do not
imply, but presuppose a wide range of nano know how. (It will be remem-
bered that, in the present study, the definition of Nanoscience and Nano-
technology is not done via the demarcation of a domain through size and its
measured extension, but rather via new phenomena hitherto unknown in
familiar domains.) Whatever definition of the nano scale is chosen, it
remains clear that measurement has to take place and poses technical prob-
lems that are as yet unsolved. Therefore, the following question will be dis-
cussed in more general terms:

2.3.1 What defines a Measurement?

What measurement is, and how measuring procedures are justified as com-
pared to different ways of collecting observational data, cannot itself be a
matter of measurement. Rather, this is a philosophical or a meta-theoretical
question. To the question, “What is measurement?” a scientist is likely to
answer: “Determining a rational number indicating the ratio between a
given unit and the object measured”. That procedure includes the use of a
measuring tool, the function of which relies on the natural laws realized in
the instrument. This is the prevailing opinion originating from a 19 cen-
tury empiricist tradition.

More precisely, it was the empiricist Hermann v. Helmholtz who
explained, in his famous article “Counting and Measuring, Regarded Epis-
temologically” (“Zdhlen und Messen, erkenntnistheoretisch betrachtet”,
1887), how to establish a system of operations that he paralleled to the
construction of the system of numbers in arithmetic, starting with integers
and leading over rational and irrational numbers all the way up to the real
numbers. He used the symmetric balance as a simple example. Equal
weight of two bodies confirmed by the horizontal position of the balance
levers corresponds to arithmetical equality. The equality of the numbers
gained by measurement operationally defines the equality of weight. Con-
sequently, all the arithmetical operations such as adding, subtracting and
multiplying measuring numbers are related to certain operations carried
out with bodies that are either put into or taken away from the balance
bowls.

This plain, intuitive understanding of how mathematics comes in into
the management of the bodily world through the use of instruments became
dominant in philosophy of science in its mainstream empiricist form
(Vienna Circle and its successors). Its prominent representatives, like Rudolf
Carnap and Carl Gustav Hempel, elaborated on this Helmholtzian approach
by means of formal logic. This doctrine also governs scientific textbooks in
those rare cases where they exhibit any concern at all for basic concepts and
their formation. But this theory contains a decisive mistake. (It is therefore
named “empiricist” doctrine here.)



2.3 The Nano Domain as a Product of Non-Linguistic and Linguistic Human Action 33

To point out that mistake, the process of attributing numbers to objects
through measurement must be considered in more detail. Arithmetical
equality is an equivalence relation, which means that it is symmetric and
transitive. Therefore, the equality of weight of bodies that are compared with
the help of balances also has to prove symmetrical and transitive. Since this
statement is meant to apply to all bodies, the empiricists considered it an
empirical hypothesis. In other words, symmetry and transitivity of weight
(as an exemplar of all measured magnitudes) has to be tested by measuring
tools.

2.3.2 A (Critique of the Empiricist Theory of Measurement

Following the assumption that only experience can decide whether weight is
a concept that proves symmetric and transitive with regard to equality, a cor-
responding measuring tool is needed. This, of course, assumes that the bal-
ance is working properly. Philosophers say that the balance is “undisturbed”.
If a person disturbed the balance by putting a finger on one side of the bal-
ance, thus pushing down the bowl, this alters what the balance would show
without human intervention. Therefore, any empirical test for symmetry
and transitivity of weight with balances requires a general criterion for the
undisturbedness of the balance (or any other measuring tool).

Empiricist v. Helmholtz still knew what later empiricists such as Carnap
and Hempel disregarded: that it properly is symmetry and transitivity that
define the undisturbed function of the balance. But, then, mathematical
properties of the concept of weight cannot conceivably be tested by empiri-
cal means; such a test would only lead to a trivial tautology: If the balance
shows symmetry and transitivity for any suitable pair or triplet of bodies,
then those bodies prove to be equal in weight in the sense of symmetry and
transitivity. (If bodies of equal weight are exchanged on both sides of the
balance, a horizontal position of the levers will result; the same holds for
three bodies A, B, and C when pairs AB, AC, and BC, respectively, are com-
pared).

Therefore, the assumption is wrong that the function of the symmetric
balance is causally effected or explained by a law of nature (the law of levers),
because that law can be controlled empirically only by means of bodies
whose weights have already been established through prior measurement.
The undisturbed function of a balance, thus, is not an empirical matter but a
technical aim of purposively acting persons who invent, produce and use
balances. Disturbed measuring tools do not falsify any natural law but rather
miss a human purpose. Therefore, this holds for all measurement-controlled
parameters: The criteria imposed on the function of the corresponding
measuring tool must be known in order to operationally define a physical
magnitude (and to subject it to factual control).

The empiricist view of measurement simply ignores the fact that meas-
uring tools (like tools and laboratory equipment in general) are not natu-
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ral objects but artificially, “technically” produced ones. It is their respec-
tive purpose that defines their function. And it is up to the competence of
the individual scientist to know both that purpose and how it can be real-
ized technically. (Some sensitivity for the words involved, such as “instru-
ment”, “apparatus”, and “tool” would provide sufficient clues as to the
dependence of those technical products on the purposes that are
invested.)

2.3.3 What Defines Nano Size?

Wherever the size of nano objects can be given only by means of quantitative
concepts and measurement, a complex system of technical purposes always
has to be invested. This forms the basis of any empirical statement. (Again be
reminded that the definitions of Nanoscience and Nanotechnology in the
present study do not rest on size or scale readings but on certain effects and
phenomena.)

The purposes that are being invested of course must to be made explicit
in cases of doubt or controversy. Generally speaking, any art of measure-
ment must be based on a system of explicit norms that are to be technically
realized. The theory developing those normative systems is called “proto-
physics” (derived from the ancient Greek “protos’, first).

Protophysics comes first in the sense of methodical order, which refers to
the sequence in which laboratory work is actually performed: Some actions
must precede (or be preceded by) others in order to be performable or suc-
cessful. Protophysics makes explicit what scientists are implicitly pursuing if
they are doing successful scientific research and measurement.

With regard to nanotechnology (NT), some questions still remain open
and cannot be answered in this place. Consider, for instance, the problems
pointed out by Feynman with regard to the process of progressive miniatur-
ization that has to be controlled through measurement. Or think of the
problem of specifying the magnification rate by electron and other NT-
based microscopes. The logical structure of the concepts used in presenting
quantitative results of Nanotechnology is one side, the ideal one, as it were,
of the norms that guide measurement. On the other side, there is the ques-
tion whether technical realization in nano size depends on concepts that lose
their meaning in the process of reducing the size of tools or artificial objects.
Taken for granted that protophysics can repair the empiricist view of meas-
urement, the following problem may still arise: The prefix “nano” simply
indicates a mathematical proportion. As mentioned before, the unit of
“nano meter” refers back to the legal definition of the meter (1,650,763.73
times the wave length of the spectral line of the krypton isotope Kr 86
changing from the 5d5 state to the 2p10 state in the vacuum), which is based
on extensive physical research and experience. The intrinsic circularity of
this reference was already noted above and described as an epistemic prob-
lem.
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Understandably, the introduction of units and their legal definition by a
suitable international institution is not guided by the philosophical interest
in founding and explaining measurement, but it serves a quite different pur-
pose: that of providing a reliable basis for communication among scientists.
It avoids exchanging samples for magnitudes — a problem that cannot be
handled as elegantly in, say, microbiology, because here the reproduction of
certain standard organisms is not possible in the same way as it is in the case
of measuring units. The formulation of the so-called laws of nature becomes
much easier if it can be related to units communicable among persons or
institutions. Else, natural laws could only be given through proportions as is
the case in Johannes Kepler’s famous laws of planetary motion: Kepler com-
pared the paths, velocities, and times of planets in a way that allowed him to
state his laws in terms of ratios rather than by naming units such as meter,
second, etc.

Measurement in NT, however, cannot be considered as being of the same
type as Kepler’s laws given the legal definition of the meter, because it is
questionable whether the knowledge and technology invested into that legal
definition are still valid when it comes to nano scales. A case taken from
analytical chemistry that is roughly analogous may illustrate this: The con-
centration of one substance in another one, for instance with regard to vol-
ume, can be given in a mathematically trivial way. The concept of volume is
independent of huge proportional factors. Mathematically, a concentration
of 1:10 is not simpler than one of 1:10'°. But the real measurement does
not live up to this ideal situation. Inevitably, any tool for volume measure-
ment meets a natural limit of tool precision. In other words, those
extremely small concentrations lose operational meaning. Any attempt to
realize such an extreme ratio would find its limits at the atomic structure of
the measuring vessel. This analogy makes plausible that measurement in
Nanotechnology is not at all well reflected at the present time. Does the
nano meter (and parts thereof), simple as it is mathematically, have any
operational meaning at all? We must content ourselves here with having
raised the problem. Obviously, there is still quite a bit of work to do for the
philosopher of science in the fields of Nanoscience and Nanotechnology.
This much is clear at least: Simple confidence on the part of the scientist is
lacking good reasons.

To briefly summarize the problems of measurement in the nano domain:
What the field is dealing with is not natural laws or natural objects or phe-
nomena, but rather artificially produced situations that depend on technical
purposes. This provides perspectives for answers to the question in how far
our everyday measuring procedures in the laboratory also can be used on
nano scales.



2.4 Epistemology of Innovation and Progress

The public attention that Nanotechnology has attracted centers on the con-
cepts of innovation and progress. Novelty follows upon novelty. Technical
progress is permanently announced, promised, or stated. Even new concepts
or forms of innovation are supposed in order to comprehend or propagate
Nanotechnology. There is undifferentiated talk about both discoveries and
inventions despite the fact that, in everyday language at least, Christopher
Columbus is usually called a discoverer whereas Thomas Alva Edison is
known as an inventor, and not the other way around. There is an important
difference between discovering something and inventing something, at least
with regard to patent options. Here, again, some philosophical clarification
is needed.

First of all, wherever new developments occur in NT, there is only fechni-
cal innovation involved in spite of claims to the effect that there was pure
progress in basic research, which, so the argument goes, was either far
removed from any application or neutral with regard to be applicable. (The
words “application” and “to apply” then usually are considered reliable con-
cepts of everyday language, which will be shown to be wrong in the next
paragraph.) Developments representing technical innovation and the
progress caused by them are subject to certain constraints. Two examples of
everyday technology size will illustrate this.

2.4.1 Constructive Progress

The proverbial invention of the wheel is historically so remote that its
author(s), place and time have remained unknown. The wheel of a vehicle,
either freely revolving around a fixed axis or fixed on a freely revolving axis,
is not a natural object. Presumably, it was invented as an ingenious improve-
ment of the technique of drawing heavy loads by putting round timber
underneath. Historically speaking, the origin of the invention to turn the use
of the wheel on a vehicle into a rope-pulley is unknown as well. Instead of
leading a rope over a beam in order to lift a heavy load, friction is reduced
through the use of pulleys. This invention, thus, can be re-described as find-
ing a new purpose for an old means. The wheel of a vehicle is used as a
means for changing the direction of a rope that is drawn.

Once the rope-pulley was invented the inventions of the double pulley
and the block-and-tackle could follow. (The double pulley consists of two
pulleys of different diameter fixed to each other in order to continually gear
down or gear up forces exerted on or by a rope.) These two machines can be
interpreted as tools that progressively “apply” the law of levers.

The next step in the technical development leads to the transmission of
forces by transmission bonds with different gearing ratios. This technique
has been widely used at the beginning of the industrial revolution and is still
in use today for changing gears in lathes and drilling machines. The next
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developmental step was the invention of toothed wheels and of the gearbox
that, in turn, was needed before the worm drive could be invented. This does
not only allow the gearing down at a very high rate but also functions like a
valve that transports force only in one direction. Further inventions such as
the synchronized or the automatic gear in cars carried on this developmen-
tal history.

Apparently, the direction these steps have taken, the order and the
sequence of these inventions, cannot be reversed. Earlier inventions are indis-
pensable for the later ones. Nobody would have been able to invent pairs of
toothed wheels without prior knowledge of the wheel itself. In other words,
technical innovation (of that type!) builds on each other in a methodical
order. And every step that is taken in this methodical order includes a new
interpretation of means for an earlier purpose as the means for a new pur-
pose. The latter inventions represent progress relative to the older ones. This
can also be described as developments on the way towards increased height of
technology and culture.

2.4.2 Empirical Progress

Before the philosophical distinctions assembled so far are applied to Nano-
technology, there is an important second type of technical progress that
deserves mention. To provide a simple example: The history of metalwork-
ing brought about the art of producing wire. It was used for mechanical pur-
poses, for bondages to fix blades on handles or for embellishment purposes.
A modern mechanical application of wires is displayed, for instance, in
fences or in cable cars.

Wires had to be available for a particular discovery to be made: that
these wires are electrically conductive. The ancient Greek word for amber
(elektron) provides a hint. Amber that was polished with a piece of fur
showed unusual phenomena like attracting dust or hairs. And it was dis-
covered that connecting a piece of amber with earth would neutralize this
static electric charge by a metal wire. Here, again, a methodical order can be
identified: That discovery would not have been possible without the avail-
ability of metal wires even though they were developed for quite different
purposes.

Even so, empirical progress is not in the same sense constructively
enforceable as the constructive progress discussed before. A discovery by
chance — “casual”, to some extent — of a certain, hitherto unknown state of
affairs must occur.

Both types of progress rest on the re-interpretation of known means for
new ends. Also, the electric use of wires goes beyond their mechanical use.
This provides a new philosophical distinction that allows differentiating
between new developments in Nanotechnology that are pre-planned (or at
least could have been brought about by following a plan) and ones that can-
not be planned in advance.
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In the case of both constructive and empirical progress, coherent devel-
opmental steps can be distinguished from others. The coherence of develop-
ments that had led from the wheel of a vehicle to the automatic gearbox, or
from archaic wire to electric circuits can only be judged ex post. Questions
regarding the earlier stages and conditions of an observed historical devel-
opment can be asked and answered. Even for intermediate steps the condi-
tions that made it possible can be identified. This, no doubt, is a theoretical
reflection with the wisdom of hindsight: A development is considered as a
chain of steps that consists of human actions with the rationality of means
and ends as the leading principle.

In a less reflected language one might term earlier states of Nanotechnol-
ogy “presuppositions” of later ones. However, this description has plausibil-
ity only at a first glance. While it properly covers the non-reversible order of
steps, it erroneously implies that things can be the “presuppositions” of
things. As our analysis has shown, only the usage of an object might
methodically be presupposed by another usage. Only in the context of prac-
tice, of the practical production and use of objects, the terms “innovation”
and “progress” make any sense. This places objects in the context of human
action and does no longer consider technical products “as such” or as
instances or applications of natural laws.

2.4.3 The Principle of Methodical Order

The ex post analysis requires a “principle of methodical order”. This principle
prescribes that the linguistic representation of a chain of actions has to
observe the sequence in which these actions are performed. It rules out
descriptions in an order or sequence that deviate from the sequence the
actions take in order to gain technical success. The compelling power of this
principle does not reflect any natural constraints but rather the rationality of
technical chains of productive actions. For any technical product (in the
broadest sense) there are chains of actions that will invariably fail when their
sequence is reverted. As in familiar cases such as building a house (and con-
sider metaphors about “ground”, “construction”, “keystone”, “foundation”,
etc.) this order of steps taken by the craftsman to produce something is not a
matter of the psychology of the persons involved but one of the objective
dependence of actions on each other. One can also learn that not all actions
are related in a methodical way: Wherever different components are needed
to assemble a product these components must be produced before the
assemblage can be effected; but the sequence in which those components are
produced is quite arbitrary. It does not matter whether the carpenter pro-
duces the windows first and the doors afterwards, or the other way around.
But at a certain point they have to be available.

This principle appears pretty obvious in everyday contexts. No one
appreciates recipes, manuals, or instructions for use or construction that, if
observed, would ensure failure instead of success. In the theory-generating
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sciences, however, things are different. Wherever initial formulations of the-
ories are at hand, they can (and regularly will) subsequently be rephrased in
equivalent ways. A simple example may explain what counts as “equivalent”:
The theory of classical mechanics contains basic concepts of space, time and
matter. It has become “classical” to think of operational definitions of length,
duration and (inert) mass. The simple relations between length, duration
and velocity (or between mass, volume and density) are usually considered
explicit definitions of velocity (or density, respectively) on the basis of meas-
urement of space and time (or, respectively, of mass and volume). But it is
mathematically equivalent to prefer instead the direct measurement of
velocity by a tachometer (or of density by a swimmer), or of one of the other
parameters involved, and, consequently, to define duration as the ratio of
length and velocity (or mass as the product of density and volume, as New-
ton proposed).

As theories are usually considered formal syntactical structures only
(quite separate from their material interpretation, according to David
Hilbert’s understanding of geometry), all types of definitions mentioned
count as equivalent; they are truly equivalent only in a syntactical, not a
methodical sense, though. Which explicit definition should be chosen
depends on the principle of methodical order. The technical availability of
measuring procedures is the decisive criterion of which steps (of operational
definitions) come first, and which can be added later on as mere linguistic
definitions of further parameters.

Therefore, the principle of methodical order — superfluous as it is in
everyday life, since there it is never violated anyway — becomes important in
science where theories undergo syntactic permutations of both axioms and
definitions, of propositions and instructions. Violations of this principle are
consequential for the validity of theorems and even of entire theories since
the order of actions in controlling theories through laboratory research are
ignored. (It will be shown that, to a certain extent, this problem also exists in
Nanotechnology.)

2.4.4 The Foundation of Nanotechnology

A further aspect of the metaphorical chain of human actions that bring
about scientific results is its limited length. Since a methodical order exists in
those chains, both a first and a last step can be identified. There is no prob-
lem with the last step. It is defined as the latest stage in a development that
can be subjected to an analysis of its history, or the last product that comes
about. But what about the first step? In the examples given above (the inven-
tion of toothed wheels and the electric use of metal wires) those first steps lie
buried in the vaults of unknown and unrecorded cultural history. In the case
of modern technologies, however, going back to everyday life and its prac-
tices one can identify first steps. The mobile telephone, for instance, can be
traced back via the electric net telephone to the initial invention by Johann
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Philipp Reis (1834-1874) (and its improvement by Alexander Graham Bell,
1847-1922). The transformation of spoken language into electric oscillation
was preceded by electric telegraphy as invented by Samuel Morse (1833,
patent 1837) and succeeded by Guglielmo Marchese Marconi and his inven-
tion of wireless telegraphy. This technological history goes back at least to
military and political systems of transportation of news by couriers (liter-
ally: runners) and express riders that served the need for fast transportation
of information. In this sense, all technologies are based in needs and prac-
tices of everyday life. This also holds for Nanotechnology. Philosophers like
to say that the objects of technical and scientific development are “consti-
tuted” in the “life world” (“Lebenswelt”). Sciences, then, are considered as
“styled-up” everyday practices grown, for instance, from craftsmanship,
farming, the trade, or public organization. We will to come back later to the
practices (like miniaturization) for Nanotechnology.

The metaphor of the chains of actions that bring about technologies also
suggests a potential error. It suggests (and again it does so in the examples
mentioned earlier: the chain leading from the primitive wheel to the syn-
chronized automatic gearbox in cars, or from the primitive mechanical wire
to electronic chips) that there are only linear chains without ramification. In
fact, non-ramified chains usually result from restricted descriptions of his-
torical developments that often concentrate either on a certain starting point
or on a certain product. A less biased view reveals branching out with regard
to both the starting and end points. Developments are often interlaced. Only
consider the chemical or metallurgic improvement of materials for the con-
struction of machines. The picture of a tree that grows in its roots as well as
in its branches matches this fact. However, the principle of methodical order
always allows distinguishing developmental directions, as it were, from a
particular root to a particular branch (or even to a single leaf). That is to say
that methodically reflecting science in its technical form must focus on cer-
tain aspects or questions.

Nanotechnology as we encounter it today is a complex, disordered collec-
tion of different technologies, questions, options, findings, accidental
progress, etc. This conglomerate has to be structured by applying the princi-
ple of methodical order if a systematic survey is intended. (The results that
are offered in this book and elaborated upon by scientific experts from dif-
ferent traditional disciplines in the first place had to come up with criteria
and aspects for the tables presented in the following chapters. It had to be
decided, for instance, whether needs or trends of research or methods or yet
something different should serve to classify present Nanotechnology and
Nanoscience research.)

2.4.5 Techniques, Technology, and Theory

Another potential source of error must be taken into account: Philosophical
reflection on topics like Nanoscience and Nanotechnology is concerned with
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linguistic entities, viz., with descriptions of non-linguistic technical and
technological development. Any improvement of a technique that is already
mastered basically consists of the elimination or avoidance of technical dis-
turbances. Any technological knowledge is know-how, that is, the knowledge
how to eliminate or avoid disturbances. The very definition of disturbance,
of course, depends on the technical purpose of the enterprise.

As any knowledge aspires to the form of theories as the best intellectual
organization for surveying, teaching and using knowledge many believe that
the philosophy of Karl Popper is best adapted to the problem of the growth
of knowledge: It appears as a cumulative way to collect and augment knowl-
edge by the piecemeal elimination of contradicting cases. In other words,
does Popperian falsificationism provide an understanding of technical
progress in Nanotechnology through the elimination of false hypotheses?

The technical examples do not support this assumption. When, for
instance, toothed wheels substituted older techniques like transmission
bonds not the slightest proposition of mechanics was falsified. When
mechanical calculators were replaced by electronic ones no theory of either
mathematics or physics applied in the machines proved to be wrong. The
advantages a novel technique has over an older one does not at all depend on
the falsification of the theory that supported the old technology. It is a bun-
dle of advanced technologies and advantages such as reduced costs, faster
function, increased reliability, and others that govern technical progress.
This must be taken into account when judgments are made on Nanoscience
and Nanotechnology: As it turns out, not basic research in the sense of
progress of knowledge as conceived by Popper (that is supposed to eventu-
ally approach some metaphysical truth or “the laws of nature”) is decisive,
but technology in the sense of constructive or empirical progress (cf. 2.4.1
and 2.4.2).

This situation calls for a closer look at the distinctions made in the nano
scientists’ everyday language, where they are speaking about discovery,
invention, and application. These words, common and unsuspicious as they
may be in everyday life, disguise some implicit philosophical presupposi-
tions that turn out to be quite problematic.



2.5 Discoveries, Inventions, and Applications: The Role of
Purposes in Nanotechnology

A highly influential cliché has gained prominence in the discussion of the
natural and engineering sciences: Researchers into nature and technology
are utterly curious persons who like to play, to make discoveries “just for fun”
(as R. Feynman would have it); they dispense with any utility considerations
and are obliged only to the form of truth or validity (or success) that they
consider typical of scientific knowledge. Their discoveries, above all, are
quite unconstrained by ends, purposes or similarly inferior motives. Only
after new facts of nature, new laws, insights, or understandings, etc. are
established, applications (and their economic pay-off) become legitimate
additional tasks for the scientist. The inventor is a person, and he performs a
function, somewhere in between discovery and application. On the one
hand, so the argument goes, inventions may sometimes count as applica-
tions of purpose-independent knowledge about nature, on the other hand,
they may be considered aids for basic research in the laboratory — such as, for
instance, the invention of novel microscope types in Nanotechnology that
facilitate new discoveries in, say, molecular biology. Concepts like discovery,
invention and application are omnipresent in discussions about the novelty
and the importance of Nanotechnology.

2.5.1 What Does it Mean to Apply Knowledge?

The difference between “to discover” and “to invent” something, which is of
considerable relevance to the discussion of N'T, may rest on the backburner
for a moment. We shall first discuss the question: “What does it mean to
apply knowledge?” What does “application” refer to when the results of
Nanoscience and Nanotechnology research are said to be applied in, for
instance, medicine, information technology, or cognitive science? The usage
of phrases such as “to apply something” or “application” seems quite clear in
everyday language; so where is the problem?

It is claimed, for instance, that Aspirin is not only effectively applied as an
analgesic but also proved to be useful for decreasing blood coagulation and
therefore helps against tinnitus as well. Or consider the screwdriver as
another very simple example taken from everyday contexts: a screwdriver
can also be applied as a can opener. These examples show that the applica-
tion of something to something else implies the re-interpretation of an
object with respect to its purpose: what initially was used as an analgesic
turned out to be a successful means toward the new end of curing tinnitus.
Or in terms of the theory of action: Application denotes the new interpreta-
tion or re-interpretation of ends of available means. Something is turned
into a means for new ends.

This use of application language does not quite seem to fit the cases
where, for instance, carbon nano tubes are said to be applicable for the stor-
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age of certain gases as well as in electronics. Because carbon nano tubes, so
we are told, initially were produced just for fun, as objects that lacked any
definite purpose, they represented a discovery (the discovery, at least, of their
own possibility, of a way of producing them). So in the beginning they were
considered free of any purpose, end or goal — and therefore could not possi-
bly serve as means.

However, this way of talking reveals a naturalistic background: In a first
approach, the scientists are thought to make discoveries beyond any practi-
cal use, application, or goal-oriented invention. They “endeavor into nature”
(even though no scientific textbook has ever ventured to define or analyze or
explain the concept of nature!). Discoveries are considered purpose-free
whereas applications (and inventions) clearly must be oriented towards ends
— the tacit assumption behind this view being that only craftsmen, construc-
tors, engineers and, of course, business people act in pursuance of purposes,
whereas pure science is devoted to learning about nature, to acquiring
knowledge as an end in and of itself.

This is not the place to discuss the historical roots of this understanding
of knowledge and science in ancient Greek philosophy. (The English word
“banausic” is derived from the Greek banausos, meaning craftsman, a per-
son who works with his hands. According to this philosophy, bodily labor
was considered unacceptable for the free citizen; it was left to slaves,
women and banauses.) Also technology was not considered worth the
efforts of free men; slaves rendered technical support superfluous. There
was little appreciation then of the artificial or the technical, which has lead
to lacking appreciation of means-and-ends rationality in our days. The
concept of knowledge that is free of ends, purposes and usefulness is still
leading astray our current understanding of the discovery versus invention
issue.

2.5.2 Discovery versus Invention

Although the phrases “to discover” (or discovery) and “to invent” (or inven-
tion) often are used to characterize the results of science and to distinguish
science from engineering, no explications or definitions of them are found
anywhere. The debate about cloning humans, for instance, often is burdened
by the argument that scientists only did or intended to do what nature did or
does. Scientists just do not invent anything new; they only discover how
nature works. Cloning therefore is only an imitation of nature. Hence, no
inventor may legitimately be requested to morally or legally justify anything.
The scientist is a discoverer, not an inventor. Even the patent acts that are of
considerable relevance to Nanotechnology (which nano discoveries can be
protected by patents?) lack definitions of invention vs. discovery that satisfy
philosophical criteria. They tend to be flatly naturalistic.

Earlier the names of Columbus and Edison were mentioned as easily rec-
ognized labels for the everyday distinction between discovery and invention.
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The point of that distinction is that Columbus was able to discover America
only because it “was there” (westward from Portugal to India) independently
of his journey, his orders, plans, etc. The electric bulb, as invented by Edison,
on the other hand, did not exist beforehand. However, everyday language is
not very reliable.

Certainly, no one would say that Columbus invented America, and that
Edison discovered the light bulb. But one can claim with some justification
that Edison discovered a way to produce electric light without burning
something, e.g., a wire or the electrodes in light-bow lamps. One also might
say that Columbus invented a way of traveling to a new continent unknown
at the time. Hence, everyday language is insufficient to tackle the questions
whether nano scientists invent or discover something, and whether, accord-
ingly, a distinction between Nanoscience and Nanotechnology can be based
on the distinction between discovery and invention. A closer look is needed
at research as it is (and not as it appears according to a popular psychology).

What happens in laboratories in general and in nano research in particu-
lar decisively depends on the use of instruments and apparatuses with a wide
variety of types. Measuring tools that were discussed earlier only represent a
part of them. Without sophisticated technology provided by specialized
workshops modern scientific research would not be possible. The factual
“discoveries” (again, according to everyday language) are only discovered as
effects or states or properties of manufactured objects or events; they do not
refer to natural objects or events at all. Those objects or events are not
“there” in the same sense as America was “there” for Columbus (or even for
us since we are equipped with marvelous maps, satellite photographs and
globes that show continents and oceans in any desired detail). Hence, “dis-
coveries” made in scientific laboratories always discover possible technical
procedures. They are concerned with human actions, which are successful in
the sense that they realize events or states that match the (theoretical or
hypothetical) expectations of the experimenter. Discoveries, for short,
always are bound up with the scientist’s own proper actions. In other words,
only in terms of means-and-ends rationality lab research can be understood
and reconstructed. The scientist makes discoveries by means of his or her
inventions. This also holds for all those famous “lucky” discoveries: only if
they are reproducible, they count as scientific findings.

One further pitfall deserves mention that, again, can be traced back to
ancient Greek philosophy: Purposes (ends, aims) should not be confused
with use(fullness). Things that are very appropriate for certain purposes still
may be either useful or useless. For instance, many poisons, acts of violence
or weapons may be highly rational in the sense of means-and-ends rational-
ity, yet they turn out to be obnoxious, harmful, destructive, and not useful at
all. This immediately shows that the criteria of usefulness and lack thereof
are quite different from those that distinguish between appropriate means
for certain ends and inappropriate ones. Also, it is immediately apparent that
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only the latter, means-and-ends rationality, provides criteria of scientific
truth or falsehood, because the experimentum crucis for every scientific
statement depends on the successful realization of ends through the choice
of the suitable means. To develop a philosophical understanding of what
happens in lab research that research must be analyzed in terms of proper
ways of speaking about actions, means and ends.

2.5.3 Acting Nano Scientists

Acting, as contrasted by (natural) behavior, has to be learned. That is to say
that people, considered as organisms from a scientific point of view, display
a tremendous amount and variety of innate “natural” reactions, ranging
from metabolic processes over simple reflexes (like the lid-closing reflex) to
complex patterns of behavior as when a person runs into an obstacle and
falls into a water. But there also are “cultural” motions, which can only be
acquired through exercise and learning such as ways of walking, running,
jumping, dancing, running a bicycle or a car, skiing, playing tennis, writing
by hand, using cutlery, piano playing, etc. With reference to a Greek root,
those actions are called “kinetic”

In addition to those actions of motion we have to acquire the abilities to
produce or manufacture things. Yet even the most elementary routine actions
such as dressing and undressing, preparing and taking a meal, or arranging
books in a sideboard are manufacturing or (derived from a Greek root) “poi-
etic” actions. Poietic actions no doubt are indispensable for lab research,
measurements, experimentation, and so on. And, finally, there are “practical”
actions (from the Greek words prattein, to act, and praxis, practice, meaning
actions that represent or concern relations to other persons). NT, needless to
say, is not a private endeavor of an isolated person but a common enterprise.

Actions are distinguished from (“mere”) behavior by the criterion that
they can be mutually attributed by persons in terms of merit or guilt. We are
responsible for our actions while we cannot be held responsible for our
behavior (again everyday language use is not sufficiently consequent in this
respect). This is one of the indispensable moral and legal fundamentals of
free societies — independently of any naturalistic theories about human
beings since these theories, again, may claim scientific character only relative
to the responsibility persons have for their actions. It makes sense to attrib-
ute merit or guilt to what a person does, because actions (and only actions as
opposed to mere behavior) can succeed or fail.

The English language unfortunately cannot give adequate expression to
an important distinction that is drawn by the German word pairs
gelingen/misslingen and erfolgreich/erfolglos, respectively. The latter pair of
words indicates that the purpose of an action is either realized or not real-
ized. “Success” (Erfolg) thus is defined as realizing a purpose, “lack of suc-
cess” (Misserfolg) as failure to realize a purpose, to achieve the intended end.
Actions themselves, however, also can be judged as either successful or fail-
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ing independently of their purposes: A person may succeed or fail, for
instance, to perform a certain motion (such as in the context of sports, regu-
lated games, dancing, etc). The person acts “correctly” or “wrongly”; the
action itself succeeds (in German: gelingt) or fails (in German: misslingt).
This distinction between the two pairs of concepts indeed is essential since,
as everybody knows, purposes sometimes are not realized although the per-
son performed correctly and according to established rules. A different per-
son’s act may have interfered and prevented the action of the first person
from reaching its goal, or else a natural event may have had a disturbing
influence on the action. If someone aims, say, at throwing a snowball at a tar-
get, a different person may inadvertently cross the trajectory of the ball, or a
blow of wind may deflect it from its way. A medical doctor may have done
his best to cure a disease and acted in full accordance with the accepted rules
of the medical arts, and yet his patient died.

These prototypes of actions and results, exemplified by means of every-
day cases, are central to empirical research as well. The experimenter acts
while constructing, building and running his experiment according to his
knowledge and expectation — but if the experiment does not run as
expected, his “experience” then is an occurrence (German: Widerfahrnis)
that happens to him; and it does only happen to him relative to the purposes
realized in the experimental equipment. Thus, purposes or ends are neces-
sary for any scientific experience. They are not metaphysical entities but
simply projected states of affairs towards which our actions are directed.
This also implies that things (objects) do not represent purposes or ends;
only states of affairs do, which are linguistically represented in the form of
propositions. I do not act pursuing a cake as the purpose of my action but in
order to eat it or to have it at my disposal.

Planning is an action of the second order in the sense that designing a
plan is acting in order to act. Thus, when Nanotechnology research starts out
from technical problems in search of a solution, or when, alternatively, it
starts out from available techniques in search of possible applications; two
entirely different types of action are performed. Someone who performs an
action really is doing something different than to describe an action. Sociol-
ogists, philosophers in ethics, and others use to distinguish observer per-
spectives from participant perspectives. For the natural and technical sci-
ences, another difference is more pertinent: that between performance and
description. It is not the description of actions that brings about the objects
of Nanotechnology but their performance. This probably sounds trivial, but
philosophically this issue is essential because traditional philosophy of sci-
ence has been done with a descriptive attitude: as much as the physicist is
considered as facing objective reality or nature, the philosophers is conceived
as facing scientists as his objective reality. However, Nanotechnology exists as
a social practice only by doing it, not by considering it philosophically.
Therefore, doing, acting, performing (and not some theory of nature or sci-
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ence) is the final authoritative instance for the decision as to what is possible
or not possible in Nanotechnology.

To sum up the discussion about discovery and invention on the basis of
action theory, it is not the nano object, its ontological status, or its properties
within the limits set by the laws of nature that decide what can be discov-
ered, invented, or applied. Judgment about Nanotechnology and about the
validity of its theories, its purposefulness and its utility can be found only
within the realm of the means and ends of human actions. This holds for
Nanotechnology as well as for science in general: Its scientific character is
independent of individual persons (authors of techniques or theories)
which usually is described as “transsubjectivity”; and claims of validity for all
objects under consideration are usually termed “universality”. Results, there-
fore, must be repeatable and reproducible in order to be considered
transsubjectively and universally valid. Thus, not natural laws but cultural
skills ensure that nano phenomena are technically mastered in this sense.
Nanotechnology should stay away from naturalistic pseudo philosophies;
Nanotechnology consists of technical know how. Confessions volunteered
by nano scientists to the effect that they were imitating or learning from
nature belong to the realm of science folklore, and they fall victim to
“Occam’s razor’, the philosophical principle of parsimony.



2.6 Nanotechnology — Technical Know-How or
Basic Scientific Research?

Physicist Feynman sees physics challenged by the question how known tech-
niques might be miniaturized (like fitting the Encyclopedia Britannica on top
of a pin). A new range of phenomena appears at the border between classical
and quantum physics. Here Feynman clearly moves to and from between
technology from the perspective of physics and the laboratory practice of
chemistry that he thinks should be made up by quantum theory. In particu-
lar, the manipulation of objects, atom by atom, is seen as being not excluded
by the known laws of physics. But before that can be actively endeavored one
first needs “to learn to understand the special physics” (Bushan 2004) that
governs the nano domain — as B. Bushan requests in his “Introduction to
Nanotechnology” in the Springer Handbook of Nanotechnology. According to
Bushan, R. Feynman had envisioned a technology that employs “the ulti-
mate toolbox of nature” (Bushan 2004) in order to build up nano (and big-
ger) objects, atom by atom and molecule by molecule — as nature did in the
early days of the universe or in the growth of life.

2.6.1 Technical or Natural?

Those lines must not be read in a literal sense. A “toolbox” contains tools but
not the materials from which something is produced by means of tool use.
We will have to forgive the author for failing to distinguish manipulations
from the objects of manipulation. The original meaning of words according
to which tools of craftsmen are used to produce something out of natural
materials — like a cottage from timber, from trees — must not be forgotten.
Only when human actions are distinguished from their objects the distinc-
tion between nature and culture (or technology) makes sense. The technical
always is the artificial that depends on human ends or purposes. (“Culture”
is derived from the Latin words “cultura” and “cultivare” which mean human
intervention into given circumstances — a meaning still viable in phrases
such as “agriculture” and “bacteria cultivation” in the lab.)

“Nature”, as understood by Feynman, is the material from which some-
thing (atoms and molecules, in our context) is built. “[W]e must always
accept some atomic arrangement that nature gives us,” he explains. And “the
physics” which, according to Bushan, we yet have to fully understand in
order to apply it to new technologies seems to consist of natural laws that,
again, are provided by nature. We are confronted here with a type of natural-
ism that is characterized by two aspects:

— “Physics” is understood as something attached to micro or nano objects
independently of humans. Physics stands for natural properties of natural
objects. Historically, physicist Heinrich Hertz formulated this view for the
first time. He advocated a philosophy of physics (in his famous 1894 book,
Die Prinzipien der Mechanik) according to which causal relations between
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natural objects have to be mapped onto logical relations between mental
pictures. The structure of mental pictures he referred to as “models” (in
fact, it was Hertz who introduced the term “model” into science) and, sur-
prisingly, as “theory” whereas what nowadays is called theory, i.e., a system
of propositions, in Hertzian terms is called “the representation of a the-
ory” (in the German original: “Darstellung der Theorie”).

— Only after scientists have found a “theory” of a certain range of phenom-
ena engineers can start to apply theories by inventing, constructing, and
building new revolutionary machines. Natural laws thus provide the
ground, the fundamentum, for technical application. But if the explica-
tion of the concept of “application” given above can be maintained
according to which any application consists of a reinterpretation of (tech-
nical) means for a new, hitherto unforeseen purpose, then the leading
purpose according to Feynman would be neutral physical knowledge as
such, neutral with respect to technical application. Nature has to be
“uncovered” (as a form of discovery: taking away a cover that hides the
laws of nature) as some kind of business that has to be completed before
any idea of applying the findings to human purposes even can turn up.
This naturalistic view of physics, and of science in general, ignores the
technical character of any scientific research.

Only if this technical character and its dependence on the ends of human
practices are taken into account scientific efforts can be judged in terms of
their successes or failures. Achieving or missing purposes defines the criteria
of the validity of scientific results. In this respect, the crucial question of
Nanotechnology regarding the proper direction of approaches (“top-down”
or “bottom-up”) acquires rational meaning.

2.6.2 Top Down or Bottom Up?

The alternative of “top down” and “bottom up” approaches was first dis-
cussed in the context of different types of software development in the infor-
mation sciences. These terms were transferred to Nanotechnology in order
to facilitate a distinction between the way down from macro and micro
objects through miniaturization to the molecular level (and in some sense
from physics down to chemistry) and a strategic handling of atoms, mole-
cules, and nano objects considered as natural entities. The latter ought to be
aware of quantum physical laws, and it leads to certain new situations some-
how located between quantum and classical physics. Some experts entertain
the hope that these new ways of building up new objects will be added to the
familiar methods of synthetic chemistry.

This understanding entails considerable philosophical problems that
must be pointed out in order to discuss the bottom-up approaches inde-
pendently of the problems that were described, for instance, as “the argu-
ment of the thick fingers” by Richard E. Smalley: Scientists, physicists and
chemists alike, speak about atoms and molecules as if these were simple
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objects available to everyday experience, comparable to stones found in
nature. One can take them into ones hands, look at them, describe them,
crush and grind them or throw them away. The question about the sources
of that familiarity and confidence is usually answered with reference to
results of scientific research in the form of theories. They are claimed to have
proven successful with regard to explanations and predictions and certainly
to encompass the correct picture of those elemental objects. In physics, ele-
mentary particles are treated by an extensive experimental practice that is
held to support the known atomic models. In chemistry, the periodic system
of elements somehow presents the climax of a science by offering an exhaus-
tive survey of all natural substances as sources also for any artificial synthetic
matter. Consequently, the physics of atoms and their parts forms the basis of
chemistry, because on a lower level physics is able to explain what is
observed in chemical reactions. This, briefly, represents the widespread,
commonly shared understanding of successful reductionism in the natural
sciences.

This view, however, is an ex post view, and it violates the principle of
methodical order (s. section 2.4.3 The Principle of Methodical Order,
above). From the point of view of the historian of physics and chemistry the-
ories are rearranged in such ways as to form a picture in which parts of the
historical development depend on each other in ways that never would have
lead to the very results accepted today as the (temporary) end of that devel-
opment. At first, of course, chemists had to identify substances step by step
that cannot be split up by chemical procedures. Along this way, they had to
learn the differences between dissolving, decomposing and other techniques
— or in terms of chemistry: they had to learn the differences between mix-
ture, solution, compound, etc. No doubt, chemistry had become a science in
the modern experimental sense by adopting the methods of measurement
and experimentation developed by physicists. But the physics of atoms
already presupposes the results of the chemical distinctions between sub-
stances and the systematic periodic order of elements. In a methodical sense,
chemistry provides the foundation of atomic physics, not vice versa. This is
of some significance for the understanding of what is happening in Nano-
technology. The supposed access to atoms or molecules by physical methods
remains dependent on their definition in terms of traditional chemical labo-
ratory techniques. So if properties of substances such as color, melting point,
electric conductivity, and others change as they are reduced to nano size, any
question about what substances are treated makes sense only relative to the
basic chemical definitions.

2.6.3 Historical Development versus Methodical Foundation

According to the natural scientist’s self-conception, history of science is
irrelevant for the validity or the acceptability of the results of scientific
research. Knowledge is seen as being properly controlled by experience,
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which, if necessary, can be repeated by everyone upon request — so why care
about history of science and its casual events, discoveries, etc.? Being able to
tell historical stories may mark the difference between the erudite scientist
and his colleague of lesser education, but it certainly should not serve to dis-
tinguish the successful researcher from the less successful one. Historical
knowledge even of one’s own discipline frequently (and regrettably) is con-
sidered luxury rather than competence in the field itself.

It is not at all surprising to find that scientists share this view. Science is
taught that way. The student is made familiar with the state of the art and the
latest results, the most recent output of laboratories and publications. This,
of course, tacitly assumes that up-to-date data and theories represent the
most sophisticated knowledge one ever could hope to obtain at the present
stage. What the student has to learn about methods, laboratory equipment,
etc. only is presented in this tacit understanding. Consequently, critical ques-
tions about the validity of results, the rationality of distinctions, the quality
of the terminology, or the logic of theory structure simply cannot turn up.
Everything seems to be justified just because, historically, it has prevailed
and led to the results supposed to be the best ever.

This burden is most striking in chemistry (and apparently it explains
why chemistry is the science that has developed the lowest culture of scien-
tific discussion). A student entering the chemistry classroom for the first
time is confronted, on the one hand, with the periodic system of elements
fixed to the wall (and tacitly suggesting that this is the complete and latest
survey of just about everything there is to know about chemistry) and, on
the other hand, with substances and arrangements the teacher has made
for demonstrations of what is the case in chemistry. However, these sub-
stances in no way are pure bottled nature but rather technical products
that already contain advanced chemical know how, as it were. They are in
fact produced by an industry specialized on reactants and can be mail-
ordered from a catalogue that indicates degrees of purity and other prop-
erties of the substances. The devices used by the teacher are no natural
objects either but sophisticated tools. And the skills of a good chemistry
teacher are also shown in his ability to make all demonstrations look easy,
obvious and self-explanatory. So the typical scientist, and the typical
chemist in particular, just lacks the practice of asking pertinent questions
as to the scientific character of his discipline. Worse still, the aspiring
chemist even is trained not to ask those questions. Therefore, philosophi-
cal questions use to appear strange, sometimes far-fetched, and slightly
outlandish to scientists. They often seem bothered rather than challenged
by questions concerning the familiar terminological language, or the
believes, metaphors, and images connected with their own scientific activ-
ity: How can an outsider dare to assert that he better understands what is
done by the trained expert than the expert himself? One essential differ-
ence usually is disregarded: While the scientist speaks about the objects of
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his laboratory practice, the philosopher is concerned with the scientists,
their actions and their successes or failures.

Therefore, questions need to be asked about the principles, methods,
stipulations, and definitions that carry the results reported, or, in short,
about what makes scientific results valid? Philosophy of science has estab-
lished protochemistry as a theory of methods and concept and theory forma-
tion in chemistry. It does not only consider the factual development of
chemistry in the classification of substances with regard to criteria such as
melting and boiling point, specific weight, color, smell, hardness, electric
conductivity, and others. Rather, it shows that the very concept of a chemical
element is intimately connected with certain methods of separating compo-
nents, which then serve to prove that the laws of constant and multiple pro-
portions are principles rather than empirical propositions. They are fulfill-
ing the role of definitional constraints. Only presupposing them, on the
other hand, leads to ratios of bulks of substances that can be reproduced by
certain analytic procedures and, thus, to the assumption that, eventually, the
ultimate natural building blocks of all matter might be accessed.

2.6.4 (Classes of Substances, Nano-Scale and Protochemistry

If particles or dusts of particles on the nano scale show unexpected proper-
ties that differ from those of the original material, and if, say, the color or the
melting point change, the original substance and the procedure of changing
it through the production of nano particles can be looked into. Methodically
speaking, in a first step one must know that a certain piece of material is, say,
gold in the sense of the chemical element Au. Then a physical process is ini-
tiated in order to produce nano particles of that material. Taking the powder
to be gold indeed even though it looks and behaves quite differently than
bulk gold only is legitimate by virtue of the powder’s “history” or “descent”.
The question which methods of identifying substances with novel nano
properties can be used in order to render Nanoscience coherent and consis-
tent with good old bulk chemistry cannot be answered in this place. Also,
methodically speaking, the common methods of mass spectroscopy are sec-
ondary because they must be calibrated relative to classical distinctions and
methods for identifying chemical elements or compounds.

What is striking to the philosophical observer of the Nanoscience and
Nanotechnology discourse is the apparent confusion of models with
descriptions of reality. No objections will be raised here against successful
chemical or quantum physical concepts or theories for the description of, for
instance, chemical reactions or the stability of compounds. However, in their
everyday routines scientists tend to use their conceptions of model as if they
conformed to the type of description that we normally use in everyday con-
texts, quite independently of theories, modeling and important basic deci-
sions. Also, nano objects exist for the Nanotechnology scientist only because
of theoretical contexts. They cannot be accessed as something “given” with-



54 2 Nanotechnology and Philosophy of Science

out the respective framework of hypothetical theories, basic methodological
decisions and purposes that function as the domain of phenomena that is to
be modeled.

2.6.5 Pictures or Artifacts Through Nano-Microscopy?

This confusion of models with depictions of nature is also apparent in Feyn-
man’s suggestion that microscope technology be refined up to the point
where atoms can be made visible. This clearly follows everyday-life experi-
ence where we use immediate sight of something in order to describe it. By
implication, then, when objects become smaller and smaller, lenses for the
generation of optical pictures and, in a further step, light microscopy is used.
The principle idea is this: When we look at a far remote object we use a tele-
scope in order to optically approach the object. This technical remedy works
(and accordingly defines the criteria of “good” mapping) as if we were per-
sonally approaching the respective object. Likewise, with small objects and
light microscopy we are tempted to imagine that the instrument is
approaching the object. And we appear to see the visible features that the
object provides; we see its real properties in all its aspects such as form,
shape, size, and color as we know them from the everyday business of seeing
and describing objects of familiar size.

Procedures of nano microscopy, however, just cannot be properly under-
stood this way. They do not represent a continuous transformation of the
blow-up factor from the immediate 1:1 sight by the 1:2 and 1:n enlargement
through lenses or light microscopes of up to 1:1,000,000 magnifications.
They simply do not “map” or “portray” the visible properties of the object in
the sense of geometrical similarity and the realistic depiction of colors. Geo-
metric similarity is an ideal concept independent of the ratio of sizes of sim-
ilar figures. (The concept of similarity of geometric entities is independent
of the size ratio only in an ideal sense: It holds for figures such as triangles
but not, for instance, for the diagrams, i.e. the representations of triangles by
lines drawn with a pencil on a piece of paper. An analogous problem with
the concentration of one substance in another one in analytical chemistry
was mentioned above. There the mathematics also is very trivial, but the
operational realization of extreme concentrations confronts the limits of
preciseness of technical measuring devices.) Therefore, geometric similarity
and geometric picturing are restricted to applications to objects of the same
type. The picture and the depicted must potentially be subjected to the same
possible description. This situation very much resembles that of photogra-
phy. We speak of a “good” photograph of, say, a flower if we use the very same
words for the description of both the real flower and the flower in the photo-
graph. This is the linguistic form of the condition that allows calling some-
thing a picture of something else.

The “pictures” of the different types of nano microscopy do not, however,
fulfill this criterion. The techniques that are being used up to now (e.g., scan-
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ning force microscopy, atomic force microscopy, scanning tunneling
microscopy) are methods of producing artifacts for which not only the physi-
cal principles of data production are different but also the types of effects
between a sensor and the target. This is still very much a question of what
kind of presuppositions (sometimes depending on other micro or nano the-
ories) enters into the construction of the immediate data-producing devices,
and which software constructions are responsible for the resulting visible
pictures that are produced from the data thus collected. Although the differ-
ent types of effects between the sensor and the target (and, again, their quan-
titative limitations) are being discussed among the scientists as the appropri-
ate theory of microscopy, those problems always run the risk of using false
models of direct sense perception. This cannot be discussed here in depth
and in scientific terms. However, the following analogy may be instructive:

Imagine blind persons visiting a collection of statues. They are asked to
“picture” the statues that are exhibited. Touching the statues with their bare
hands is prohibited, however. Imagine further that one of the blind persons
brings along different sets of gloves that he uses interchangeably, starting,
say, with rather crude street-worker’s gloves and then replacing them in turn
by very fine leather kid gloves and, eventually, by the thinnest available type
of latex gloves as they are used by surgeons. We immediately would assume
that this sequence of glove materials represents successive improvements
because the rough gloves cannot possibly convey the same information as
the surgeon’s gloves about the surface of a statue. But this, again, would be a
false assumption because it is inadvertently smuggling in knowledge of both
our optical sense perception as a control mechanism for our haptic sense
perception which itself is modeled after a geometric model of spatial simi-
larity. The thinner and more elastic the material of the glove, the more infor-
mation is transported. But this, precisely, does not hold for nano micro-
scopic techniques: The corresponding knowledge that would be required
just is unavailable.

Let us drive the analogy even further: Another blind person may “scan”
the statues with the aid of a small stick. He varies the size and the form of the
stick, especially of its tip. He also varies the materials the sticks are made of
because he realizes that slightly hitting on the statue provides acoustic in
addition to the haptic data, and different materials produce different sound
patterns. Again, another blind person, the third one, does not use his stick to
tip onto the statues and probe different patterns of tipping but keeps his
stick in continuous contact with the object following its surface; again, this
strategy also can be varied between a regular scanning pattern to one that is
guided by the particular form of a statue starting out, say, with “looking” for
extreme points or edges. Here the analogy with picture production software
gains relevance: Is there a predefined coordinate system that is invested, or
does the object to be detected or recognized define the “coordinates” or the
paths of the stick exploring the statues?
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Imagine now that the blind persons with their different techniques and
approaches to the exploration of the statues communicate about their find-
ings. Which language should they use? Do the particular choices of materials
for gloves and sticks, the scanning patterns, etc. influence or even determine
this language? Do the blind persons have a means of controlling the correct
translation from language into another?

At least it appears that they might employ a strong test of the validity of
their respective descriptions: Can they identify the statues or their parts? It is
tempting immediately to insist on the introduction of a realistic truth crite-
rion: The statue is as it is; it is the object of exploration. Hence, the results of
the different explorative methods must be checked against objective facts:
Do the descriptions match the features of the object? This supposes, how-
ever, that the object is independently accessible beyond the blind-scanning
process. We, the people with normal eyesight, invest something like good eye
perspective — an Archimedian observer, as it were — i.e., the museum’s clerk
who can see both the statues and the blind persons. In other words, there are
ways, even strong criteria, for the “translation” of pictures obtained by differ-
ent methods only if we adopt a naively realistic position. We assume that the
objects of microscopy in fact have the properties which are observed or
scanned and which computer calculation then transforms into visible pic-
tures. These assumptions, however, are unsupported by any scientific or
philosophical knowledge.

Wherever the assumption is shared that we can “portray” objects like
atoms or molecules quite a few things are presupposed, such as that all
atoms of a certain substance as they are classified and identified by tradi-
tional laboratory chemistry are indistinguishable. This is obvious since the
question how two atoms of the same sort (and in the same compound)
might look different does not make sense within chemistry (of course, “dif-
ferent” not with respect, say, to their place or any other relation with a third
object, but “different” in the sense in which we use to compare two apples in
everyday life). Two atoms being indistinguishable cannot, however, be the
result of an observation by means of a nano-microscope. Rather, this is a
theoretical investment into the production of pictures by the machine.
Chemists and physicists handle atoms and molecules in the same way biolo-
gists handle species or genus in taxonomy: Although the individuals of
course are different in many respects they are considered samples of the
same taxon. When, for instance, experts on nano microscopy discuss how
kind and magnitude of forces at a tip of an atomic force microscope depend
on the material on which the detected objects are fixed (besides other effects
of chemical or physical secondary conditions), the entire discussion again
applies relative to strong assumptions about the objects that are visualized.

This analogy of nano microscopy with the blind persons’ visit to a
museum was supposed to draw attention to the fact that nano-microscopy is
as misleading as it is informative. While it serves and supports certain mod-
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els, it does not simply generate an empirical data base (as the astronomer’s
look through the telescope does). The microscopic “pictures” are artifacts
not only in the obvious philosophical sense of being purposefully produced
by humans, but also in the more sophisticated sense that they are telling us
more about the tool of observation than about the objects that are observed.
One ought to be aware of naturalisms inherent in scientific terminology:
When a scientist labels something an “artifact” he or she is going to say that
an observation or a measurement result is disturbed or adulterated for
instance by pollution or a systematic deviation of the tool of observation.
This way of describing it assumes that the “real” or “true” value or finding,
“the real nature of the object’, as it were, cannot be observed or measured
due to an unintended or unforeseen circumstance or influence. Overcoming
or circumventing the disturbance must avoid the “artefact” but keep intact
what is considered “the natural” or “the real”. However, the undisturbed sit-
uation — if achieved eventually — itself of course is the product of technical
intervention and intellectual performance and, hence, artificial instead of
“natural” in its own right. Only an explicit theory of the instruments that are
employed (cf. protophysics, as mentioned in section 2.3.3) allows for a sharp
distinction between the conceptual and technical investment into observa-
tion — and hence between the artificial (the “natural” part, if one prefers to
stick to the traditional metaphysical interpretation of nature as the source of
the experienced) and the empirical result.

Returning to the problem of identification of substances and objects on a
nano scale in terms of traditional chemical concepts (elements, compounds,
atoms, molecules), any visualization suffers from the same difficulties as the
other methods: When models are confused with what is being modeled,
pragmatic coherence gets lost. It is indispensable for NT, therefore, to intro-
duce sharp distinctions between that which is invested and what is consid-
ered the outcome. A leading principle for this distinction may lie in the ques-
tion, which circumstances would empirically falsify what is accepted, consid-
ered likely, or believed. Mainly it is the failing experiment, or the failing
realization of an object, as well as the technical know how for overcoming
the disturbing factors and conditions, that reliably contributes to the growth
of knowledge. In short, for Nanoscience and Nanotechnology knowledge
takes the form of knowledge how to avoid or overcome disturbances relative
to the aims and purposes that are invested. This also holds for the theoretical
side of nano-microscopy.
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Philosophy of science as applied here to Nanoscience and Nanotechnology is
supposed to provide valuable hints for experts (in an attitude that enjoys the
division of labor), on the one hand, and to contribute to the public debate (in
the interest of avoiding errors through conceptual clarification) on the other.
Therefore, a couple of conclusions have to be drawn here in order to focus the
self-understanding of nano scientists that flourishes at the borderline between
the actual scientific work and its public presentation. This self-understanding
and self-definition is neither accessory with respect to the choice of projects
and methods by the scientist, nor it is irrelevant for the relation between sci-
ence and the public. Therefore, several conclusions may be drawn and pre-
sented in the form of brief epistemological, ethical, and political theses:

2.7.1 Is Nanotechnology a “Paradigm Change"?
(An Epistemic Consequence)

The almost epidemic use of the phrase “paradigm change” goes back to
Thomas S. Kuhn’s theory of scientific progress (and it can be traced further
back to the writings of Polish medical micro-biologist Ludwik Fleck). Kuhn,
a disciple of Karl R. Popper, had developed doubts about Popper’s under-
standing of cumulative rational progress in science through the stepwise
elimination of errors that contradict singular experience. Instead, he empha-
sized historical and social aspects of scientific development such as the sci-
entific community’s support of certain opinions, the competition of schools
and persons, and the dependence of research on leading ideas. Kuhn devel-
oped a kind of law of states or levels that science is passing through, from a
pre-normal and a normal state to a revolutionary one: A “paradigm” eventu-
ally will be replaced by a new one in a revolutionary act. A “paradigm’, as
opposed to a “theory” (a system of hypotheses) in the philosophy of Popper,
is considered a complex set of leading ideas, stiles, exemplary cases, leading
texts, methods, etc. — all of them aspects that are essentially shared by a com-
munity of scientists working in the same problem areas at a given time.
There is an important, scientific reason for discouraging Nanoscience
and Nanotechnology scientists to refer to their field as a paradigm change:
The Kuhnian theory suffers from a severe defect which intrinsically matters
in the context of technically-based fields such as Nanoscience and NT: it
again focuses (as the Popperian theory it criticizes did) on linguistic aspects
of a paradigm while it neglects the technical and technological aspects of sci-
entific laboratory research. It has never happened that a lab was shut down
as a paradigm change in Kuhn’s sense occurred. No equipment was thrown
away; no people (least of all the clerks who produce the required lab equip-
ment) were fired. Across all registered paradigm changes, the number and
the preciseness of effects or measurable parameters have increased. The
Kuhnian denial of cumulative growth of knowledge is mistaken with respect
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to the technical side of science. Even his central thesis that asserts that two
competing paradigms are always incommensurable (i.e., contain concepts
that cannot be translated into each other) goes astray: Since they share the
same technical basis they always can be made commensurable.

This decidedly holds for Nanoscience and Nanotechnology as well:
Miniaturization and bottom-up techniques both have brought enormous
progress to technologies. Both constructive and empirical progress as
defined in this chapter occurs (s. section 2.4). But that progress should not
be designated as a paradigm change, because it takes place without any brake
or collision in the higher-ranking aims and purposes of natural science. No
scientist is confronted with a situation that forces him to decide to which of
two hostile communities he wants to belong. There are no quasi-religious
belief systems obliging its adherents to renounce their faith in the older par-
adigm. Neither classical nor quantum nor chemical laws really have been fal-
sified by Nanoscience and NT; only the focus has shifted to new, admittedly
unknown phenomena and their scale range. R. Feynman’s famous headline,
“there is plenty of room at the bottom”, precisely depicts what holds for tech-
nical know how and its consequences in physics and chemistry: Its “room”
can be claimed without competing approaches. The revolutionary new in
Nanoscience and Nanotechnology lies in the prospect of new, even unex-
pected and of course unplanned technical possibilities they hold out. For
those, however, it is still an open question whether they are due to access
possibilities induced by technology or by problems of basic research. We
therefore should take a look at the responsibilities of nano scientists:

2.7.2 Responsibility for Effects and Side Effects
(an Ethical Consequence)

Nanoscience and Nanotechnology are products of human actions of the
means-and-end rationality type. Therefore, the actions involved can and
must be accounted for. The aspects of discovery, invention and application
and their interrelations were discussed above. This will be supplemented
now by a look at planning in Nanoscience and Nanotechnology. Public or
political critics often exaggerate the claim that research must be properly
planned because they misunderstand science as far as its foundation in
human actions is concerned. As we have seen, progress is intimately con-
nected with the new interpretation of a means for new ends (like to use a
gearbox as a calculator).

It is beyond the scope of any rational planning possibilities to foresee or
predict any conceivable changes of interpretations of means for unfore-
seen ends that human fantasy may eventually come up with. Also the
examples of empirical progress referred to above (e.g., the electric use of
wires that were originally intended for mechanical purposes) were not pre-
dictable, much less predicted. Empirical progress can only be identified
after the fact. In this very sense the electric use of wires is a side effect (and,
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historically, a secondary effect) of its mechanical use (accordingly, the pur-
poses of the electric use are side purposes relative to the original mechani-
cal ones). What holds for these simple examples also is true for compara-
tively far-reaching impacts of complex scientific results and their technical
realization.

People can be held responsible only for consequences that can reasonably
be foreseen or at least cautiously imagined, presumed, or suspected. There
are of course suitable ways for proper risk assessment and for taking neces-
sary precautions. But the misuse of certain means, foreseeable or not, always
has to be identified. Above all, the misuse of otherwise useful means for dan-
gerous or noxious ends is less a matter of responsible planning but rather
one of the power to prevent misuse. That is to say that an appropriate under-
standing of Nanoscience and Nanotechnology as products of human actions
is not only a matter of academic philosophy of science but also an important
resource for the rejection of false claims nano scientists may be confronted
with (cf. section 7.5 of the Springer Handbook).

2.7.3 Where do the Aims and Purposes Come From?
(A Political Consequence)

Ends and purposes turned out top from the litmus test for both epistemic
and ethical questions. Means-and-ends rationality was invested here as the
prototype of rationality to reconstruct what nano scientists do or ought to
do. This may appear somewhat idealistic given the complex mechanisms
that govern the distribution of money, instruments of rewarding, public
interest, and intra-scientific institutional and psychological influences.
Where do the aims and purposes come from? Who decides about them?
How are they shown to be legitimate? Are there certain authorities (such as
in the case of Feynman’s visionary talk) that not only put forward a certain
program but also offer motivation (“I know that the reason that you would
do it might be just for fun”) and institutional incentives (“High school com-
petition”)?

A first answer concerns an obvious dialectics of ends and means. Dealing
with certain problems in science by pursuing certain aims and by offering
certain means for problem solving always has effects on the aims as well
through the modification or reinterpretation of the available means that was
mentioned before. There are no simple non-branching ways of human prac-
tices but rather ways that resemble trees with roots and branches. Policy
making in the field of science policy, even if it occurs under rational condi-
tions and with the use of economic knowledge (s. the chapter on “Economic
Perspectives of Nanotechnology”), depends on a rational appraisal of possi-
ble or expectable results and developments. A philosophical understanding
of Nanoscience and Nanotechnology may contribute some knowledge about
the limiting factors of visions of the future, and it may prevent some mis-
taken strategies. Yet, policy is acting under risk and with limited knowledge.
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Therefore, ends, aims, and purposes themselves must develop in the
social and political process. Scientists as experts should be invited to con-
tribute to this process, and they ought to contribute. But in doing so they
should abstain from odd philosophies.

2.7.4 A Definition of Nanotechnology
The Definition

The understanding of Nanotechnology and Nanoscience respectively on
which this study is based follows from the above considerations that a scien-
tific endeavor always follows a specific purpose that is linked to a specific
ability, not only to a certain thing of a particular size. The size is a coinciden-
tal or instrumental property at best. This is why Nanotechnology is definito-
rily linked to new functions that can be used as new means to reach estab-
lished ends or to reach ends that can be established only with the new func-
tional systems at hand:

Nanotechnology comprises the emerging applications of Nano-
science. Nanoscience is dealing with functional systems either based
on the use of sub-units with specific size-dependent properties or of
individual or combined functionalized subunits.

With respect to the many definitions available (Schmid et al. 2003), the
extensions of which determine a Nanotechnology in the wider sense, the
definition here determines Nanotechnology in the narrower sense thereby
capturing the essence of a technology that relies on new functions.

The question whether Nanotechnology (in the narrower sense) is linked
to a particular lateral scale becomes an empirical one. In fact, one can find
effects that are within the interval between 0.1 nm and 100 nm and do not
satisfy the definition and effects that occur above 100nm (or even 1000nm)
but show these “specific size dependent properties” (Schmid et al. 2003).

The term “system” is used to separate a specific part of a larger subject
area (in nature, society, technology or in the life-world) being under special
consideration. The constitution of the system boundaries in a concrete case
is guided pragmatically by scientific or technological objectives and pur-
poses. Functional systems are systems where the (technological or natural)
functionality to be considered provides the criteria for defining system
boundaries. A functional system may be described as a collection of a certain
number of interacting subunits forming a new entity with system specific
properties. The subunits are ideally combined in a directed manner and are
hierarchically organized on different levels of complexity leading to new
qualities of the functional system which can not be achieved by uncontrolled
combination of the subunits.
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An example of a functional system for information storage could be a
DNA molecule consisting of individual base pairs as subunits or even a dec-
orated copper surface with individual carbon monoxide molecules as sub-
units. Another example of a functional system would be a single electron
transistor consisting of nanoparticles attached to electrodes both acting as
subunits. In contrast, silica particles in Ketchup improving the rheological
behavior are not combined in a directed manner while the same silica parti-
cles forming a super-lattice in a photonic crystal fulfill these criteria.

Material properties cover magnetic, mechanic, electronic, optical, ther-
modynamic and thermal features as well as the abilities for self assembly and
recognition.

The specific-size dependence of these properties becomes evident when
they

— no longer follow classical physical laws but rather are described by quan-
tum mechanical ones;

— are dominated by particular interface effects;

— exhibit properties due to a limited number of constituents, since the
usual term “material” refers to an almost infinite number of constituents
(e.g. atoms, molecules) displaying an averaged statistical behavior.

These properties have no equivalent in the macroscopic world. For exam-
ple, the nature of electronic properties roots in quantized features based on
the wave character of the electrons that becomes solely relevant in typical
length scales. Such length scales are the De Broglie wavelength, the mean free
path, and the phase relaxation length of an electron.

The term “functionalized” in conjunction with sub-units is to be under-
stood in the sense either of a chemical functionalization of and by molecules
or molecular fragments, causing an ability for special interactions with envi-
ronmental species. It can also be a kind of physical functionalization, e. g.
magnetization, structurization, coating etc.

In contrast to that, scaling laws which hold for macroscopic objects and
also keep their validity in the nanometer range continuously do not imply
new size specific properties. The examples of the following chapter should
clarify this distinction (Schmid et al. 2003).

Clarifying Examples

Nano-effects Dominated by Quantum Mechanical Behavior. For electronic
and optical properties, the well known “quantum confinement effect” appar-
ent in Quantum dots, Quantum wires and Quantum wells is the most
important effect. The quantum confinement effect can be observed when
the diameter of the particle is of the same order of magnitude as the wave-
length of the wave function of electrons. In this case, the energy spectrum
changes from continuous to discrete. Most simply an electron in a nanopar-
ticle can be imagined as an “electron in a box” where energy levels are con-
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sidered as the solutions of the Schrédinger equation for the box of a given
size and geometry. The critical length is reached if the size of the crystal is
smaller than the exciton’s Bohr radius (i.e. radius of lowest energy Bohr
orbital). For Si this is reached at 4.9 nm, for CdSe at 6.1 nm. For metals, this
value is even smaller. Consequently, this example fulfills the definition as a
quantum size effect.

Ferromagnetism is caused by magnetic fields generated by the electrons’
spins in combination with a mechanism known as exchange coupling, which
aligns all the spins in each magnetic domain. This coupling is quantum
mechanical in nature and not purely due to the magnetic forces acting
between neighboring atoms. The energy related to this exchange energy can
be expressed as C-V, where C is a constant including all energy related to this
interaction and V is the volume of the magnetic material or structure. In the
case of C-V < thermal energy, a randomizing of the ordered magnetic
moments will occur and the ferromagnetic material will show a paramag-
netic behavior. From the above relation, a critical size can be determined.
Similar to this effect, known as the ferro-paramagnetic transformation, a
ferroelectric-paraelectric transformation is possible. Consequently, this
example fulfills the definition as a quantum size effect.

Nano-effects Dominated by Particular Interface Effects. In bulk semiconduc-
tors an increase of the energy levels near the surface can be observed. The
reason for this phenomenon is a surface charge (effected by defects,
adsorbed molecules, etc.) which generates a space charge region in the bulk
near the surface (in the thermal equilibrium the Fermi level of the bulk must
be the Fermi level of the surface). This surface depletion layer can be
expressed by the Debye length, which is a material constant and depends on
the carrier concentration, in the material. Under standard conditions, the
Debye length in silicon is 41.5 nm. For a particle or structure smaller than
the Debye length an increase of the band gap can be observed, because of the
overlap of the space charges. Consequently, this example fulfills the defini-
tion as a particular interface effect.

An illustrative counter-example not fulfilling our definition is the influ-
ence of the grain size on the strength of ceramics. Because no dislocations
are active, a deformation occurs mainly via grain boundary sliding. Decreas-
ing grain sizes will increase the amount of grain boundary areas and phases
just to the extreme case of an amorphous material and will therefore change
the strengths of the ceramics in a monotonous way. This reflects a continu-
ous change of physical properties passing from the macroscopic world down
to the atomic level. Similar conclusions are valid for nanocomposites.

Nano-effects Resulting from a Limited Number of Constituents. As an exam-
ple, the design of a supramolecular system consisting of a well defined num-
ber of constituents may include a pigment molecule to quench an excited
state of a subunit in close vicinity. Therefore, an ideal spatial arrangement
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between the pigment molecule and the excited subunit is required. The
function of the pigment molecule is to quench the excited state and to radi-
ate light of a particular color. This event is the last step of a series of events in
the supramolecular assembly. Such a complex architecture of several sub-
units represents Nanotechnology as defined above, since its function results
from the spatial order of a limited number of constituents.

In contrast to that, an arbitrary collection of the same pigment molecules
in a bucket serving as color paint is obviously not considered to belong to
Nanotechnology, as the color of the wall results from their averaged statisti-
cal behavior.



3 Fields of Research and Technology

This chapter deals with the current situation in Nanosciences and -technolo-
gies with respect to the definition of the previous chapter. Apart from a sup-
plementary short section (3.4) with some exceptional examples of high tech-
nological relevance, only those effects that strictly follow the definition are
considered. To the best of the authors’ knowledge this is the very first
approach to collect and to treat nanoeffects in such a systematic and, regard-
ing the selected fields, quantitative manner. The treatment is concise and
corresponds to the importance and the available knowledge of the particular
effect. The specialist will gain an overview of the field that is up to the state
of the art. Yet the text is also available for researchers of other disciplines and
for those that have to assess the field in order to make policy decisions. The
following investigation is structured along the line of three tables:

— Materials (with size-dependent properties and engineered functions)
— Information Storage
— Biomedical Opportunities and Applications

First of all an overview of materials is presented. Materials with size-
dependent properties and engineered functions are the indispensable pre-
sumption to realize physically or chemically based nanoeffects and to trans-
fer them into practical applications.

In a second step a highly promising field of application of the effects
treated in the first part is assessed and discussed — information storage. It is a
physical fact that present systems of information storage are more or less
exclusively based on silicon technologies. However, the necessary semicon-
ductor properties are linked with a minimum size of the building blocks. To
overcome this limitation novel chemical or physical principles have to be
found and intensively tested for future generations of information storage
systems.

The relevant processes in Biology and herewith in Medicine take place on
the nanoscale with functionalized subunits as characteristic elements. The
size of a cell is in the micrometer dimension, the interplay between cells and
especially the interactions of the cell building blocks happen by functional-
ized sub-units on the nanoscale. The treatment of this field, thus, widens the
view in terms of the second part of our definition.

It is likely that the basic research as well as the existing and evolving fields
of application that is systematically assessed here will develop in the course
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of the next few decades with a speed, not to be compared with any other
technological development in the history of mankind with dramatic conse-
quences for our daily life. Of course, it is difficult to predict which of the
numerous fields in the three tables will succeed and which will fail, since
numerous of the effects that have become known in the recent past only
describe a physical or chemical nanoeffect, however, can not yet be used for
predictions. Others already have come along so well that applications can be
foreseen or even have been realized. Independent of these different states of
development it is the claim of this chapter not to neglect any kind of nanoef-
fect that might become of interest in future. The three sections are organized
by three tables. The handling of the three tables will be explained in detail in
the heading of each of the tables.

The exceptions of section 3.4 mentioned above are mostly already estab-
lished techniques that are generally assigned to Nanotechnology and belong
to Nanotechnology in the wider sense. They do not follow the definition.
Rather they represent useful scaling effects, 1. e. effects that do not appear
spontaneously, but can be observed already on the microscale. Reaching the
nanoscale the effects may get improved however, they are not limited to it.
The inclusion of those examples is to be considered as a concession to those
readers who would like to also get an impression of Nanotechnology in the
wider sense.



3.1 Materials
3.1.1 Metals

A1: Ferrofluids and Superparamagnetism (also A3)

At the size of magnetic elements scales below 20 nm, a transformation from
ferromagnetic to superparamagnetic behaviour occurs (Herzer C. and War-
limont H., 1992). In the superparamagnetic state of the material the room
temperature thermal energy k, where k is the Boltzmann constant, over-
comes the magnetostatic energy of the domain or particle, resulting in zero
hysteresis. In other words, although the particle itself is a single-domain fer-
romagnet, the ability of an individual magnetic “dot” to store the original
magnetization orientation is lost when its dimension is below a threshold.
Consequently, the magnetic moments within a particle rotate rapidly in uni-
son, exhibiting the superparamagnetic relaxation phenomenon. This super-
paramagnetic relaxation is descripted by the relaxation time which depends
exponentially on the volume of the particle and the magnetic surface
anisotropy. Typically particle sizes for the ferrro- to superparamagnetic
phase transformation are between 10 and 20 nm for oxides and 1-3 nm for
metals (X. Battle and A. Labarta, 2002). The phenomenon can also be
described by a blocking temperature Tp. At temperatures lower than the
blocking temperature or at measuring times shorter than the relaxation time
the material shows still ferromagnetic behaviour. However, at T>Tjp, or for
relaxation times longer than the measuring time, the time averaged value of
the ferromagnetic characteristics (e.g. magnetization and coercivity) vanish
within the measuring time. Then the system is in an apparent paramagnetic
or superparamagnetic state, even though within each particle the magnetic
moments remain ferromagnetically aligned. Because of the superparamag-
netic relaxation, the value of remanent magnetization (My) and coercivity
(H.) decrease with increasing temperature and vanish at the blocking tem-
perature (Tg). On the other hand, the saturation magnetisation is slightly
decreased, a consequence of the relative large volume of a randomly magnet-
ized surface layer of few atoms of thickness.

This unique combination of high magnetization and paramagnetic
behaviour opens this material to a very large field of application, espe-
cially for medical biotechnology (for details s. table 3). Superparamag-
netic particles can be dispersed in a liquid, e.g. oil, without any agglomer-
ation. By applying an external magnetic field the superparamagnetic par-
ticles are arranged in chains of particles along the magnetic field and thus
the viscosity of the fluid is increased considerably within milliseconds.
When the magnetic field is switched off the originally maintained viscos-
ity is reproduced (S. Odenbach 2004). Magnetorheological fluids can be
used in gaskets of bushings or in suspension control systems of automo-
tive vehicles.
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B1-3: High Strength Materials and Composites (also B5)

Grain refinement has been a research field during the past decades and has
proved to be a powerful tool to improve materials properties such as
mechanical strength, the ability to withstand plastic deformation. The
upcoming of nanostructured materials in the late 1980s opened new chances
for further improvement. Advances in the development of tools for charac-
terization of materials with respect to force in the range of pN (1072 N), dis-
placement in the nanometer regime (1nm = 10” m) and spatial resolution
in the Angstrom range (1 Angstrem = 0,1 nm) have provided unprecedented
opportunities to investigate materials properties. Furthermore improve-
ments in computational simulation of properties are nowadays available in a
performance which could not be imagined a few years ago.

The mechanical properties of nanocrystalline materials on the one hand
and of nanocomposites on the other hand will be discussed in the following.

Nanocrystalline Materials. The mechanical properties depend strongly on
the type of bonding in the material. Metals with non-directional bond are
highly ductile. Ceramics have strong directional bonds and are subject to
brittle fracture while some metals are soft and easily deformable due to dis-
locations. In the nano regime both types of bulk like behavior are altered.
Some appealing properties of nc metals and alloys include high yield and
fracture strength, superior wear resistance and possibly enhanced superplas-
tic formability at faster strain rates and lower temperatures.

In metals with grain sizes > 100 nm strengthening is attributed to the
pile-up of dislocations at grain boundaries and can be described by the
semi-empirical Hall-Petch-relation (equation 1):

o =0, +k«d™? (eq.3.1)

This model breaks down as grain size is reduced down to the 10 nm range
(Wertman 2002), as it is shown schematically in figure 3.1. Below the 10 nm
grain size range even an inverse Hall-Petch-relation has been observed in some
experiments.

As published by Josell et al. (1999) also freestanding Al/Ti-multilayer thin
films seem to follow the Hall-Petch relation although there is still some con-
troversy debate on the results.

Grain boundaries are highly effective dislocation sinks and sources and it
is generally accepted that traditional dislocation sources cease to operate in
the nanometer regime (s. e.g. Arzt 1998). This is evident due to the fact that
the smallest dislocation loop no longer fits into a grain of size d. Additionally
it is assumed that the influence of the soft amorphous grain boundary phase
is increased when with decreasing grain size the number of atoms in the
grain boundary come into the order of magnitude of atoms in crystalline
arrangement. The observed superplasticity in nc ceramics which are other-
wise brittle relies possibly also on such an effect, although this effect at lower
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Table 1: Materials
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Materials, playing a role in Nanoscience, are usefully distinguished into two categories:

— materials with size dependent properties and
— materials characterized by engineered functions.

Table 1 is therefore divided into two parts, representing these two fields. The left part (columns
1-3) presents materials with size dependent properties. They are split into metals (1), semiconduc-
tors (2), and insulators (3). So, any kind of material, independent of its composition, is considered.
The properties, listed in the first column, do not only consider any kind of physical property (A-F)
but, and this is of special relevance in Nanoscience, also the capability of nanosized materials to
recognize neighbors and environment (G, H). Based on this ordering system, one can easily find
any existing property of a material caused by nanoeffects in the sense of the definition. The
description of the corresponding effects in the following text sections follows strictly the number-
ing system A1-H1 (metals), A2-H2 (semiconductors), A3—H3 (insulators). Recognition capabili-
ties (H) are not found to exist with these materials that are throughout of inorganic nature.

Table 1 Size Dependent Properties
Properties Metals (1) Semiconductors (2) Insula
magnetic Ferrofluids anq Quantum (Anti)dots Ferrofluids a1
(A) Superparamagnetism magr
meill;a;mc High Strength Materials
electric/ Quantum Size Effects (QSE); Quantum Size
. Materials with Switchable | Quantum Size Effect (QSE); Ferro- and
electronic . . .
©) Fermi Levels Thermoelectric Materials elec
Thermoelectric Materials Thermoelec
. . Formation of Discrete
. Formation of Discrete
optical . Energy Levels/QD;
(D) Ene;gizslrﬁgilisc/SD’ Photoluminescence Transparer
(QD/QSE)
therl(l;;))dyn' Size as Additional Variable in Thermodynamics
thi?)nal Phonon Engineering
Ability for self assembly/
Adaptation Magnetic Dipole-Dipole
(to the environment) Interaction
(G)
Recognition
Ability
(H)




The right part of Table 1 (columns 4-6) summarizes materials that are characterized by engi-
neered functions. Materials of this claim are either of molecular or of hybridic nature. Furthermore,
nanoeffects can happen on boundary surfaces and so determine their behaviour decisively. From
A4-He, via A5-H5, up to A6—H6 the effects are described in the subsequent sections. Some boxes con-
tain identical catchwords, since the corresponding effect is to be observed for various materials. The
detailed description of the phenomenon is then performed at the field it appears for the first time. In
order to follow consequently the instructions to handle the table, the other fields containing the same
catchwords are only mentioned at the appropriate positions with a reference to the number of the field
with the description.

On the basis of the definition, Table 1 presents a more or less quantitative survey over the presently
existing material-related nanoeffects, as far as they have been described in the literature. It is not only,
as has frequently been done before, a list of actual examples.

Engineered Functions
Molecules/Assemblies/ 5
tors (3) Biomolecules (4) Hybrids/Compos. (5) Boundary Surf. (6)
1d Superpara- . Giant Magneto Resistance .
etism Molecular Magnetism (GMR) Proximity Effect
Molecular Motors & . .
Machines High Strength Composites
Effects (QSE);
Super para- Gas Sensors

rics; Molecular Switches and Catalysts

ric Materials

. Photochromism; .
it Ceramics . Plasmonics
Plasmonics
Brownian Ratchets
Self Assembly of Metal
Nanoarchitectures Nanoparticles; Patterns by Phase Separated

Coordination Polymers Block Copolymers

Shape Complementarity Biosensors
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Figure 3.1: Hall Petch relation, flow stress inverse square root of versus grain
size.

temperatures may be also due to incomplete consolidation of the nc ceramic
material (Mayo 1997).

Peak broadening in X-ray diffraction profiles occurs as a result of both
limited scattering volume and the presence of inhomogeneous lattice
strains. The latter is often related to dislocation storage and can be used as
indirect measures of dislocation densities, arrangement parameters,
dipole polarisation and dislocation character. The results of Budrovic et
al. (2004) on coarse grained Copper are in agreement with previous stud-
ies, but on nc electrodeposited Nickel they found that peak broadening
completely recovered upon unloading. They also could show that the
deformation process does not build up a residual dislocation network.
Two important implications have been concluded from these experiments
(Hemker 2004):

— The dislocation activity in Ni-nanocrystallites is fundamentally different
in comparison with micro structured Nickel.

— The X-ray peak broadening which is observed under load is an indirect
measure of the as yet undiscovered process, or processes, that lead to plas-
tic deformation in nc Nickel.

Further information on the deformation process is provided by Molecu-
lar Dynamic (MD) simulations (van Swygenhoven and Derlet 2002). These
simulations make it evident that nc metals accommodate externally applied
stresses by means of grain boundary sliding and the emission of partial dis-
locations that run through the grain and are absorbed into the opposite
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grain boundary. These emitted and reabsorbed dislocations can not be
observed by TEM, because their life time is extremely short.

An unsolved problem still is the fabrication of bulky nc materials. Typical
methods are

— mechanical alloying (including cryomilling) and consequent compaction
(Koch 1997, Zhou et al. 2003);

— severe plastic deformation (Valiev et al. 2000);

— crystallization of amorphous materials (He et al. 2003);

— gas-phase condensation of particulates and compaction (Gleiter 1989);

— sol-gel processing and compaction;

— electrodeposition of metal layers (Erb 1995).

All these methods display problems in fabrication of real high density
solids without structural defects. Hot isostatic pressing or vacuum sintering
has proved to be one of the most reliable processes. But unfortunately these
processes are by far too expensive. Figure 3.2 shows examples of densifica-
tion in various processes during sintering of various 40 nm ceramic materi-
als in comparison with conventional Yttrium stabilized Zirconia:
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Figure 3.2: Density in % of theoretical density as a function of sintering tem-
perature of chemical vapor synthesized (CVS) n-ZrO,, wet-chemi-
cal synthesized (WCS) n-ZrO, and commercial Y-TZP (Hahn 1998,
with permission of H. Hahn, Forschungszentrum Karlsruhe).

The difference in the sintering behaviour of the 40 nm wet chemical syn-
thesized and the 40 nm vapour synthesized Zirconia material is striking. The
reason for this is not clear. The reduction of the sintering temperature at
about 400°C is rather impressive.
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In contrary to the behavior of metals the hardness of bulk nc ceramics at
room temperature is independent of grain size. Practically, the hardness is
unchanged up to those temperatures at which diffusion and grain bound-
aries deformation by sliding become considerable. These temperatures are
lower for nanostructured ceramics in comparison with coarse-grained
ceramics of the same composition by the increased content of the “soft”
grain boundary phase. At higher temperatures hardness decreases. This
behavior is attributed mostly to diffusion and creep flow.

Nanocomposite Materials. Inorganic composites. The problems in avoiding
grain growth during the sintering process makes it advantageous to incorpo-
rate a second phase of well distributed nanoparticles in a ceramic matrix.
For high strength high temperature materials the most favorite materials are
Al, O, /SiC and Si;N,/SiC composites. But other systems with other compo-
nents like e.g. ZrO,, TiO,, TiN, MgO, W or Mullite/SiC are also being inves-
tigated. It should be emphasized that the properties of composites strongly
depend on the system under investigation and may vary considerably. Pro-
cessing also plays a major role. The results reported here are to be seen only
as examples and demonstrate the trend of materials improvement of
nanocomposite materials.

One of the most important parameters influencing the mechanical
properties is sintering density. The best results in the system Al,O5/5 vol %
SiC with a density of 99,9% have been achieved by hot-pressed materials
(Niihara and Nakahara 1991a) while Zhao et al. (1993) achieved a density
of only 98,3% by pressureless sintering of material with the same constitu-
tion with much less increase in strength. The differences in fracture
strength and toughness shown in figure 3.3 published by different authors
(from Sternitzke 1997) are possibly due to different processing. The high
values of Niihara (filled circles) especially with 5 vol% SiC-addition could
not be confirmed by the other authors. Possibly this is due to different pro-
cessing of the materials. In all works it seems that above SiC contents of
about 10 vol% a plateau value is reached which is about twice the value of
pure alumna.

Annealing of polished samples at higher temperatures under Argon
resulted in a strong increase of bend strength (Niihara and Nakahara 1991b;
Zhao et al. 1993). It is suspected that this is due to healing of machining
introduced cracks.

The high fracture toughness reported by Niihara in figure 3.3, lower pic-
ture, is still discussed controversially. Zhao et al. 1993 reported that depend-
ing on the measuring method an increase of fracture toughness between 22
and 100% compared to monolithic Alumina was found. The fracture mode
is changing from mixed inter/transgranular in pure Alumina to transgranu-
lar within the nanocomposites (Sternitzke 1997).
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Figure 3.3: Fracture strength and toughness of Al,05/SiC composites as a func-
tion of SiC content; comparison of the results of various authors.
Reprinted with permission of Sternitzke (1997), “Review: Structural
Ceramic Composites” J. of the European Ceramic Society 17
(1997): 1061-1082. Copyright 1997, with permission from Elsevier.

The addition of SiC in an Alumina matrix results in an increase in wear
resistance, creep resistance and high temperature strength. Concerning wear
two effects have to be considered. First, by the addition of the nano-SiC
grain size and thus wear is reduced. Second, grain boundary fracture is
inhibited. It appears that processes including plastic deformation are also
reduced.

Creep mechanism can be changed by the nanoparticles in the matrix
(Thomson et al. 1995). While in the reference sample Alumina showed sec-
ondary creep, the nanocomposite material with 5 vol% SiC predominantly
was observed at the tertiary creep. It could be demonstrated that cavities at
the grain boundaries associated with SiC particles lead to failure. Ohji et al.
(1994) observed that the SiC particles at grain boundaries rotate while small
cavities are formed. The most important grain boundary sliding of creep
mechanism and dislocation movement are blocked by a clamping and rivet-
ing mechanism at the nanoparticles on grain boundaries. The improved
creep resistance can be seen from figure 3.4. It displays the results of Thom-
son et al. (1995) and Nakahira et al. (1993) for samples with different com-
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Figure 3.4: Comparison of the results from Thomson et al. 1995 (triangles) and
Nakahira et al. 1993 (circles). The figure shows creep rates as a func-
tion of temperature for monolithic Alumina (solid symbols) and
Alumina with 5 vol% SiC. Reprinted with permission of Sternitzke
(1997), “Review: Structural Ceramic Composites”. J. of the Euro-
pean Ceramic Society 17 (1997), 1061-1082. Copyright 1997, with
permission from Elsevier.

positions of Al,O;/SiC under a constant load of 100 MPa for 1% strain as a
function of temperature. The results are shown together with the values for
monolithic Alumina.

Despite of some differences in performance of the experiments the
results are in pretty good agreement and demonstrate the improvement in
creep resistance.

The high temperature strength of monolithic Alumina starts to decrease
at about 800°C to about 30% of the room temperature strength at 1000°C.
Depending on the composition Al,O;/SiC nanocomposites maintain their
strength up to 1000°C. At higher temperatures a rather abrupt drop of
strength is observed (Niihara and Nakahira 1991a and 1991b). They also
report a strongly improved thermal shock resistance.

Polymer Nanocomposites (PNC’s). The reinforcement of polymers using
fillers, whether inorganic or organic, is common in the production of mod-
ern plastics. PNC’s represent a new alternative to conventional fillers or
polymer blends. In contrast conventional systems with reinforcements of the
order of microns in PNC’s constituents of a few nanometer or even in the
molecular scale are applied.

The characteristic property of the nanoscaled fillers in comparison with
conventional fillers is their large interfacial area between the filler and the
host polymer. Host polymer can be thermoset or thermoplastic material. As
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nanofiller materials like e.g. nanopowders, exfoliated silicate layers or Car-
bon nanotubes are used. This provides new opportunities for new materials
with outstanding properties, also in the field of mechanical reinforcement.
Small amounts (<10 vol%) of layered silicate additions effect an increase of
tensile strength by 40% compared with the neat material. Also the glass tem-
perature of the polymer is considerably increased.

The key of any fabrication process is the uniform distribution of the
nanofillers and the engineering of the polymer-nanoparticle interface. Com-
monly surfactants are used to achieve a good adherence between filler and
host polymer. These surface modifiers mediate interlayer interaction by low-
ering the interfacial energy. For fabrication three main routes are being
developed: in situ routes and exfoliation.

In situ routes have not yet reached the state of development for large scale
application. But interesting progress may be achieved by self-organization of
the in situ produced nanoparticles in the polymer (Pomaglio and Rosenberg
2004). Advantageous in this method is the technology which facilitates uni-
form distribution of the particles coming into existence. Goal of the exfolia-
tion method is to uniformly disperse and distribute the inorganic within the
polymer. The final PNC structure results from the transformation of an ini-
tially microscopically heterogeneous system to a nanoscopically homoge-
neous system. Different approaches have been investigated to fabricate
PNC’s using exfoliation (AFRL 2004). Each methodology has advantages
with respect to the processing steps depending on further processing (pow-
der, film, paste fiber, bulk, monolith).

Because of its outstanding properties Carbon nanotubes (CNT) may
become a major important filler material in the future. The Youngs modulus
in the TPa-range (Wong et al. 1997, Treacy et al. 1996) is about twice the
value of SiC. The tensile strength of CNT is ten to one hundred times
stronger than the tensile strength of steel. Furthermore CNT have a very low
density (~ 2,1 g/cm’) so that by adding CNT to the polymer material no
density increase will occur. Two main problems are hindering the introduc-
tion of CNT. First, CNT are still rather expensive and second, processing
with a uniform distribution and good adherence of the CNT in the polymer
matrix is not satisfactory at all.

Conclusion. The excellent mechanical properties of nanostructured materi-
als and nanocomposites will make this class of materials indispensable for
structure materials. Further work will be necessary for a better understand-
ing on the molecular level, appropriate processing and cost reduction.
Although a series of new materials with superior striking properties are on
its way the potential of nanostructured materials can be explored only insuf-
ficiently without further funding.

The appearance of some effects like the inverse Hall-Petch-relation comes
due to the nanostructure of the material. So they can be considered as real
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Nano-effect in the sense of our definition. Other properties like the reduced
sintering temperature of nano grained powders or the enhanced strength of
Nanocomposites can be described by mere scaling down the components.

C1: Quantum Size Effects (also €2/3, D1/2)

Since the time chemistry and physics have provided nanoscale materials, sci-
entists in these fields are focused on a set of fundamental questions, like:
How small a number of atoms have to be to loose the properties of the orig-
inal mater? How does an ordered assembly of atoms behave, when it is no
longer embedded into an almost infinite volume of the respective bulk
material? And perhaps most important for “nanoscientists”: What are the
future directions for Nanotechnology and the applications of nanomaterials
e.g. in optical or electronic devices?

The fundamental research in Nanoscience has shown impressively that
nanoscale materials show many properties that are somehow in-between
that of a macroscopic solid or a bulk material and that of a single atom or a
molecule. This has revolutionized in many ways our understanding of what
is meant by “material specific properties”. If, for example, one looks to the
melting point of a certain element for which well established and repeatedly
proved data can be found in handbooks and tables collecting physical con-
stants, one has to keep in mind that the values are bulk values obtained on
macroscopic samples. For the noble metal gold the melting point is 1063°C.
But as the diameter of a small piece of gold becomes smaller than 20 nm, the
melting point becomes size dependent and it drops down to ca. 200 °C in
particles as small as 2 nm (Castro et al. 1990).
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Figure 3.5: Relationship between particle size and melting point of gold
nanoparticles (reproduced with kind permission from Castro et al.
1990).
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It results from the fact that with decreasing particle size the ratio between
surface atoms to inner atoms increases. The surface atoms have a lower coor-
dination number and therefore become increasingly mobile. For smaller
particles where the number of surface atoms exceeds the number of inner
atoms, the term “melting point” according to its macroscopic definition, i.e.
temperature, at which the liquid and the solid phase of a compound are in
the thermodynamic equilibrium at 1013 hPa, cannot be applied. These par-
ticles now have to be regarded as molecular objects consisting of a limited
number of constituents.

Therefore one can start to look on the properties of a nanoparticle from
the point of view of a chemist, regarding the particle as a large molecule or
even as a superatom or artificial atom with discrete electronic states. Stu-
dents in their first chemistry course learn to describe the atomic structure by
electrons with defined orbits or wave functions around a single nucleus,
whereas the nature of the element is defined by the number of protons in the
nucleus and therefore by the number of electrons, as long as the atom
remains in a non-charged state. The simplest case is the hydrogen atom with
one proton as the nucleus and one electron in a spherically shaped atom
orbital, the so called s-orbital. For larger atoms, where more electrons come
into play, in addition to the nucleus-electron interaction electron-electron
interaction needs to be taken into account, leading to a set of quantum num-
bers, which describe the individual state of each electron in a atom. If atoms
interact to form a molecule, linear combinations of electron orbitals lead to
the formation of the same number of molecular orbitals, which are bonding
or anti-bonding and which are shared between the interacting atoms. In the
case of hydrogen a molecule is formed due to the full occupation of the
bonding o-orbital and the empty anti-bonding o*-orbital. This concept can
be extended to larger assemblies of atoms, i.e. molecules or clusters of atoms,
which are still described by a distinct number of molecular orbitals with dis-
crete levels.

Regarding now a piece of matter, under unifying boundary conditions,
like perfect order or translational symmetry and infinity, i.e. surface effects
are neglected, the periodic combination of atom orbitals leads to the
description of extended plane waves. Now the electronic structure consists
of broad energy bands, which have its analogue in the bonding and anti-
binding molecular orbitals. Each band is filled with a limited number of
electrons and the energetically highest band, which is fully occupied, corre-
sponds to the highest occupied molecular orbital (HOMO) and is called
valence band. Accordingly the energetically lowest band remaining unoccu-
pied, corresponds to the lowest unoccupied molecular orbital (LUMO) and
is called conduction band. In metals valence and conduction band overlap,
while in non-metals (semiconductors and insulators) they are separated by
an energy gap or a band gap.
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Figure 3.6: Electronic structure of a metal (plot of energy E vs. density of states
D(E)) depending on the number of interacting atoms. In a molecule
or molecular cluster (a) the electronic states are discrete according
to the molecular orbital theory. In a macroscopic piece of metal (c)
the electrons occupy energy bands with a continuous density of
states. In the intermediate range, represented by nanoparticles or
large clusters (b) the energy levels tend to become discrete. Ef
denotes the Fermi level and the energy of the highest occupied
molecular orbital (reproduced with kind permission from Schmid
2001).

In the intermediate size range between molecule and macroscopic
solid for nanoparticles with a diameter between one and several tens of
nanometers in diameter the electronic structure is now something in
between the discrete electronic levels of an atom or molecule and the
band structure of a bulk material. The concept of band structure can still
be applied, however, these nanoparticles show a size dependent band gap
and tend to form discrete energy levels replacing the continuum of the
energy bands. In this intermediate state matter reveals new physical prop-
erties which now depend on the size of the object under consideration.
This leads us to a new understanding of materials specific properties,
which are restricted to the macroscopic length scale. Having its origin in
the quantization of electronic states this size dependent change of materi-
als properties is called quantum size effect (QSE) or size quantisation effect.
Nanoparticles reflecting these size dependent properties are called quan-
tum dots.

Several techniques are known how to prepare quantum dots, each with
its individual advantages and disadvantages. Ideally, an ultimate technique
should provide significant amounts of a certain material, where each
quantum dot has the same size, shape and composition. In that case the
single particle properties are not averaged by sample inhomogenities of
structural disorder. Which of the present day techniques is favoured for the
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preparation of quantum dots depends on the scientific question or on the
application. Among these the most common techniques are

— lithographic fabrication;
— fabrication by epitaxially self-assembly;
— chemical synthesis.

As an example, lithographically defined quantum dots are formed when a
two-dimensional electron system (2DES) or a two-dimensional electron gas
(2DEG), as can be found in metal-oxide-semiconductor field effect transis-
tors (MOSFETs) or in so-called semiconductor heterostructures, is sepa-
rated by tunnelling barriers from its electronic environment. Such het-
erostructures are formed by layer-by-layer deposition of different semicon-
ductor materials using molecular beam epitaxy (MBE). Depending on the
materials chosen (usually GaAs/AlGaAs), a single layer can form a 2DES.
Periodic repetition of this sequence leads to the formation of a superstruc-
ture, which is also called multiple quantum wells. Quantum dots formed by
this technique are usually larger than 10 nm and even at the present resolu-
tion limits the quantum dots cannot be formed with atomic precision
(Davies 1998).

Quantum dot self-assembly from epitaxially grown semiconductor lay-
ers, which are typically formed by deposition from the gas phase using MBE
or metal-organic chemical vapour deposition (MOCVD) results from lat-
tices mismatch between the substrate or support and the deposited semicon-
ductor layer. Another route is surface treatment by ion bombardment or by
sputtering. In both cases a transformation from a two-dimensional layer to a
two- or three-dimensional assembly of nano-objects (e.g. dots, truncated
pyramids, rings, wires) is induced. However, these structures usually suffer
from the strain field in the proximity of the island-substrate interface, which
modify the band structure of the quantum dots etc. at the interface. Actually,
there are a lot of efforts dedicated to the defined positioning of these objects
as well as to the sharpening of size distribution (Petrov et al. 2001).

The chemical preparations of quantum dots or nanoparticles are based
on the classical routes of colloid or organometallic chemistry. These tech-
niques are suitable for various metals, usually transition metals, as well as for
many semiconductors which have technologically applications in the bulk
state. Besides radiolytic and photochemical techniques, typical ways of
preparation are

— the reduction of soluble metal salts or complexes by suitable reducing
agents (e.g. hydrogen, boronhydride, methanol, citric acid)

— and the reaction of metal ions or complexes with group V, VI or VII
anions in the presence of typical colloid chemical stabilizers or of elec-
tron donor ligands (e.g. phosphines, thioles) which give an electrostatic
or steric stabilisation and enable controlling the particle size.
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Consequently, the size of most nanoparticles, which are obtained by
these methods, is well defined. In some cases the size is even determined by
the so-called geometric magic numbers. This model is developed from a
simple geometric consideration and it explains the formation of the well
defined size and stability of many nanoparticles. Examples for such struc-
tures are [Auss(PPh;)1,Clg], [Ptspophen®36030] or [PdsephenssOyp0] (phen*
= bathophenantroline and phen = 1,10-phenantroline).

Various examples for semiconductor nanoparticles, synthesized by the
method described above have been developed and the syntheses of uniform
quantum dots as well as their arrangement in one-dimensional or two-
dimesional assemblies or even in solids or three dimensional super lattices
have been demonstrated. A comprehensive overview about synthetic
aspects, including polymer-matrices, micellar structures, host-guest chem-
istry as well as electrochemistry, about the structure and the characterisation
of these highly developed materials is given in Simon and Schén (1999), by
Schmid (2004), and Schmid and Simon (2005).

Quantum Size Effects in Metals. In metal nanoparticles the quantum size
effect is represented by the average levels splitting AE in the valence and
conduction band. It can roughly be estimated with the formula of Kubo or
of Halperin AE ~ 4E;/3N, where Eg is the Fermi energy and N is the number
of valence electrons per atom in a nanoparticle (Halperin 1986, s. figure
3.7).

In 1986 results on the size-dependent electrical conductivity of Indium
nanoparticles have been reported (Marquardt et al. 1986). The authors speak
of the so-called Size Induced Metal-Insulator Transition (SIMIT). This refers
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Figure 3.7: Average levels spacing as a function of particle diameter for some
metallic elements according to the formula of Halperin (reproduced
with kind permission from Schén and Simon 1995). The level spac-
ing of small nanoparticles can be estimated.
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to a transition due to a geometrical confinement of delocalized states with a
corresponding de Broglie wavelength, when the volume of metallic particles
is strongly reduced by fractionation, beginning with a diameter of 1 um,
down to an experimental limit of less than 20 nm, which was given in these
experiments.

This effect was detected by measuring the dielectric absorption in the
microwave range of small particles of solid or liquid indium metal dispersed
in a liquid dielectric. Its explanation claims that the boundaries of these par-
ticles confine the electrons into localized states with wave lengths of multi-
ples of half of the de Broglie wavelength A/2, thus leading to the picture of
“particles in a box”. The corresponding level splitting was assumed to be
smaller than the characteristic thermal energy kgT, as the conductivity of
these particles is only slightly affected by temperature. This means that the
particles still exhibit metallic conductivity, but even with a limited number
of electrons determined by the particle size. This effect may be regarded as
the onset of the metal-to-non-metal transition, according to Mott’s termi-
nology (Mott and Davis 1971).

Clear evidence of discrete energy levels in a 1.4 nm Gold nanoparticle of
composition Auss(PPhs;);,Cls was given by means of low temperature tun-
neling spectroscopy (Zhang et al. 2003). This cluster belongs to the family
of the so-called full shell clusters, which consist of a defined number of
atoms, like a molecule. Based on a simple geometrical consideration these
particles ought to gain their stability from the full coordination of a central
atom with twelve atoms, forming a closed shell structure around the center.
The resulting cluster of atoms now consists of 13 atoms with a defined
geometry. To build up a new closed shell around the 13 atom cluster 42
atoms are needed. The new cluster now consists of 55 atoms, which is again
a structurally and electronically well defined object with enhanced stability.
Generally, a nanoparticle following this construction principle with n full
shells consists of 10n* +2 atoms. To prevent these particles from aggrega-
tion or Ostwald ripening and to stabilize them in solution or even in the
solid state, the clusters are surrounded by a protecting ligand shell. In the
case of Auss(PPhj);,Clg the ligands are Triphenylphosphine (PPh;) and
Chlorine (Cl).

The plot of the differential conductivity shows conductivity oscillations
with an average spacing of 135 meV. If this value is compared to the simple
estimation of the levels splitting AE, the “electronically apparent” diameter is
ca. 1.0 nm. This is significantly smaller than the geometrically determined
diameter of 1.4 nm for a nanoparticle consisting of 55 atoms, and slightly
larger than the expected value of 0.84 nm for a nanoparticle consisting of 13
atoms. However, the difference is assumed to be most likely caused by the six
Cl atoms located at the six square faces of the cuboctahedral Auss surface.
Since Cl has high electronegativity it removes one electron from the Auss
core.
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Figure 3.8: Differential conductivity (plot of dI/dV vs. V) of a 1.4 nm cluster,
recorded by scanning tunnelling spectroscopy. The two curves (a
and b) have been taken at two different positions above the cluster,
both reflecting the discreteness of the electronic states by the
appearance of conductivity peaks (reproduced with kind permis-
sion from Zhang et al. 2003).

On a much larger energy scale than the quantum size effect in metals the so-
called Coulomb blockade effect exists, which originally was observed in experi-
ments on small metallic and superconductor particles (Simon and Schon
1998). The Coulomb blockade results from the increase of the potential energy
when one electron is added to an initially uncharged particle. This potential
energy needs to be overcome by the charging energy to add an extra electron
and it roughly scales with 1/r (r = radius of the nanoparticle). Since it can be
estimated from the charging energy of a macroscopic metallic sphere scaled
down to the nanometer range the Coulomb blockade sometimes is regarded as
a “classical size effect”. It can be measured by means of tunneling spectroscopy
or by using nanocontacts, which are small enough to electrically address single
nanoparticles.

A reliable technique, which is called electrostatic trapping, allows the con-
trolled deposition of a single nanoparticle between two metal nanoelectrodes, as
shown by Bezryadin et al. (1997). The method is based on the attraction of a
polarized metal nanoparticle to the point of the strongest electric field, which is
formed when being applied to two Pt electrodes. From solution the particles can
be immobilized in the gap between the Pt electrodes. The size of the gap, i.e. the
electrode spacing, can be reduced down to 4 nm. In this gap Pd nanoparticles
have been trapped to study the electrical transport properties of this double-bar-
rier system. A typical I(U)-curve is shown in figure 3.9. At 4.2 K, the most pro-
nounced feature is the Coulomb gap, i.e. the suppression of a tunneling current
below the Coulomb blockade, at a voltage of about 55 mV, which disappears at
295 K, where kgT leads to thermal smearing of the localized charges.
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Figure 3.9: (Left) Scanning electron microscopy image of a 17 nm Platinum
particle trapped between the tips of two nanoelectrodes. (Right)
Current-voltage curves measured at 4.2 Kelvin and at 295 K. The
dashed line (a=0) represents the hypothetical I(V) curve of a con-
ventional voltage independent tunnel barrier (reproduced with
kind permission from Bezryadin et al. 1997).

The Coulomb blockade of metal nanoparticles can be utilized for the set-
up of so called single electron devices, which will be explained in section 3.2.
Thus, metal nanoparticles can be used individually as building blocks in
complex nano-architectures for different types of application in switching
and memory elements.

Quantum Size Effect in Semiconductors. In semiconductor nanoparticles size
quantization effects are predominantly reflected by the optical absorption
and emission spectra. According to the band structure model the decreasing
of the size of a semiconductor leads to the widening of the optical bang gap
E, between the valence band and the conduction band, or in terms of molec-
ular orbitals, between the HOMO and the LUMO. Thus the energy needed
to excite an electron from the valence band into the conduction band, i.e. the
formation of an electron-hole pair (an exciton) in such a quantum dot is no
longer a property depending only on the chemical composition of the semi-
conductor, but also on the lateral size. This repeatedly has demonstrated an
emission spectra for many different semiconductor materials by means of
absorption, showing the so-called blue-shift of the characteristic excitation
energies by reducing the particle size (Schmid 2004). This again illustrates
that for example the color of a semiconductor, which is a material specific
property, becomes size dependent, so that one and the same material can
change its color over the whole visible electromagnetic spectrum by chang-
ing the size of the particles on the scale of a few nanometers. Furthermore it
is apparent that the lowest absorption energy, i.e. the wavelength of the low-
est peak of optical excitation and the emission energy, i.e. the wavelength of
fluorescence, are not identical. This red-shift is called the “Stokes shift” and
is depending on the surface properties of the particles.
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Figure 3.10: Absorption (plain lines) and emission spectra (dotted lines) of CdSe
nanoparticles of different sizes (2.3, 3.0, 3.8, 4.6 nm from left to
right) showing the shift of the excitation and emission maximum,
respectively to shorter wave lengths form smaller quantum dots as
compared to larger quantum dots or to the bulk material (repro-
duced with kind permission from Schmid 2004).

The more pronounced level splitting as well as the widening of the
band gap semiconductor quantum dots also has consequences for the
electrical properties of the system. Additionally to the charging energy
one has to take into account the discreteness of the electronic states.
While Ec scales with 1/r, the quantization energy scale roughly with 1/r%,
indicating that the quantum effect is more pronounced in smaller system,
and that even metals behave as semiconductors at very small particle sizes
(=1.4 nm).

In general, there are different ways how to fabricate metal or semiconduc-
tor nanoparticles. This ranges from mechanical or tribological methods, like
ball milling, via gas phase methods, like sputtering or thermal evaporation,
as it is used in molecular beam epitaxy, via lithographic methods (e-beam,
UV, soft/imprinting) up to chemical methods. Which method will be the
most relevant for technical applications depends on the special purpose as
well as on the financial efforts. Nevertheless, chemical synthesis together
with a distinct surface modification by ligands or by the formation of core-
shell structures seems to be the most flexible approach for the design of
properties of the nanoparticles.

Design of Material Properties. The size dependent single particle properties
led us to regard nanoparticles as artificial atoms. This raises fundamental
questions about the design of “artificial molecules” or “artificial solids”
built up from nanoscaled subunits finally leading to a new state of matter.
Therefore one could start to look again to the H, molecule, which is
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formed due to the overlap of the electron wave function centered on the
individual hydrogen atoms. Correspondingly, the wave functions of the
artificial atoms can overlap, too, and electrons can exchange coherently
and reversibly between them to form a covalent bond. In continuation the
ordered assembly of identical nanoparticles of one, two or three dimen-
sions represents the formation of an artificial solid or super lattice. The
fabrication of two- and three-dimensionally ordered super lattices has
been demonstrated in several works. Furthermore it is possible to mix
nanoparticles of different chemical compositions, of bimodal sizes or of
different shapes to obtain tailored nanoalloys. A comprehensive overview
is given in (Rao et al. 2004). Remacle and Levine called them new “designer
materials” with tunable properties (Remacle and Levine 2001). Such artifi-
cial solids exhibit delocalized electron states depending on the strength of
the electronic coupling between the adjacent nanoparticles. The electronic
coupling depends on the size of the nanoparticles, on the nature and the
covering density of the organic ligands, on the particle spacing, and on the
packing symmetry.

Figure 3.11:  Three-dimensional superlattice of 4.8 nm CdSe nanoparticles
(left) and bimodal hexagonal array of Au nanoparticles (right)
(reproduced with permission from Murray et al. 1995 and from
Kieley et al. 1998).

As it is known from solid state physics, any kind of disorder affects the
electronic structure of a solid. Accordingly, size distribution, packing defects
as well as chemical impurities lead to a modification of the electronic struc-
ture of the quantum dot super lattice. Even in the case that the size of the
nanoparticles is identical over larger domains (several micrometers), slight
deviations in the ligand density or orientation induce that the nanoparticles
are not strictly the same at each lattice site, as it would be in the case of atoms.
Therefore solids consisting of nanoparticles are inherently disordered and the
loss of translational symmetry affects the extended states in the solid, which is
immediately reflected in the optical and the electrical properties.
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It will be one of the greatest challenges for the next decades to develop
strategies for the controlled assembly of inorganic nanoparticles with large
functional organic molecules to lead to a new class of tailor-made materials.
From the actual point of view the combination of the large recognition
capability of biomolecules, like DNA, proteins or supramolecular complexes
with the size specific function of inorganic nanoparticles appear to be most
promising to achieve this goal. This requires a directed assembly of nano-
particles over distinct characteristic lengths scales (atomic-molecular-
supramolecular).

C1: Materials with Switchable Fermi Levels

Most recently it has been reported that some nanoporous metals with high
specific surface area, fabricated by aggregation of metal nanoparticles, show
a charge-induced reversible strain, as it is known from other materials, like
ceramics, polymers or carbon nanotubes (Weissmiiller 2003). Their dimen-
sions change in response to an applied electric field are approximately 0.1%
or even more. The strain amplitudes are comparable to those of commercial
piezo ceramics and can be induced in an electrochemical set-up by switching
the Fermi-levels of the metal and, by this, controlling the surface electronic
charge density through an applied potential relative to an electrolyte
impregnating the pores of the metal.

This effect turns out to be a nanoeffect as a particular interface effect, fol-
lowing a non-continuous trend with the particle size. These new materials
have potential applications as substitutes of conventional piezo ceramic
components, e.g. in actuators. Besides the control over strain, this effect may
lead to applications for materials with tunable electrical conductivity, optical
absorption, and magnetic interactions.
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Figure 3.12: (left) Schematic representation of an interconnected array of
charged nanoparticles immersed in an electrolyte. (right) Lattice
parameter a (right ordinate) and lattice strain Aa/a0 (left ordinate)
as a function of the applied potential (reproduced with permis-
sion from Weissmiiller 2003).
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C1: Thermoelectric Materials (also €2/3)

Some materials with confined geometries, like one-dimensional nanowires,
two-dimensional superlattices or even zero-dimensional quantum-dots
inserted into segmented nanowires can exhibit substantially higher efficien-
cies in the thermoelectric power (i.e. electrical voltage generated by a tem-
perature gradient in a conductor) as compared to the respective three
dimensional bulk materials (Dresselhaus 1999). This is due to an enhanced
density of states (DOS) at the energy band edges caused by quantum con-
finement effects, since the thermoelectric power factor increases with DOS.
Together with the increased phonon scattering from the surfaces in low-
dimensional systems, this will lead to a reduction in the lattice thermal con-
ductivity and hence to an increase in ZT, i.e. the dimensionless figure of
merit of a thermoelectric solid.
According to

ZT = 6S*/x
it depends on the Seebeck coefficient S, the specific electrical conductivity o,
and the thermal conductivity K of the respective material. T denotes the
temperature. Thus, a good thermoelectric performance can be achieved with
a material having a high electrical conductivity, a high Seebeck coefficient,
and a low thermal conductivity. Bulk materials with high S normally have a
low o and according to the Wiedemann-Franz law, o is proportional to .
Therefore, the classical way to achieve an enhanced DOS and an increased o,
e.g. by electron donor doping, results in a decrease of the Seebeck coefficient
and in an increase of the thermal conductivity.
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Figure 3.13: Optimal ZT calculated for 10-nm diameter PbSe/PbS nanowires
at 77 K as a function of segment length, where “optimal” refers to
the placement of the Fermi level to optimize ZT. The optimal ZT
for 10-nm diameter PbSe, PbS, and PbSe 5S, s nanowires are 0.33,
0.22, and 0.48, respectively (adapted from Bhushan B 2003,
according to Lin YM, Dresselhaus MS 2003).
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The high electronic density of states together with the increased phonon
scattering from the surfaces in quantum-confined structures as well as with the
ability to tailor the band structure and electronic transport behaviour allow to
optimize ZT based on a true quantum size effect. In this course, the most impor-
tant thermoelectric materials are Bi metal as well as Bi-Te, Bi-Sb and metallic
Pd-X (X = Te, Se, S) compounds. So far, the best bulk material is Biy5Sb; 5 Tes.
With nanowires of these materials an enhancement of the thermoelectric per-
formance could be achieved. The proposed application of those nanostructures
are elements for thermoelectric cooling, e.g. for the development in solid state
refrigerators as well as for cooling elements on integrated microelectronic chips
and for the conversion between thermal and electrical energy.

D1: Formation of Discrete Energy Levels/QD (also D2)
S. “Quantum Size Effects” (C1)

D1: Plasmonics (also D5/6)

Plasmons are collective electron oscillations which can be excited by external
electromagnetic radiation such as light or by the impact of electrons on con-
ductive systems (cf. cell D1). Surface electrons as a subset of plasmons are
bound to the surface or interfacial region of a metallic object and thus can be
used for probing the vicinity of interfaces and surfaces due to the presence of
evanescent electromagnetic fields close to these interfaces.

In two-dimensional metallic layers, these plasmons are representing
guided non radiative electromagnetic waves. Since the dispersion relation of
surface plasmons is different from freely propagating electromagnetic waves
such as light, special setups need to be used to satisfy energy and momentum
conservation. This can be done for example by using the so-called
Kretschmann setup, consisting of a transparent (glass) prism and a thin
metallic coating (thickness typically 50 nm) allowing to excite surface plas-
mons by means of total reflection of the incoming light at the basis of the
optically transparent prism. Such prisms can be used as a tetrahedral tip for a
scanning near-field optical microscope to obtain images of metal nanostruc-
tures with a lateral resolution in the order of 25-50 nm (Maas et al. 2003).

The surface plasmon resonance of metal nanoparticles is based in the con-
fined electron gas of the particles: the surface electrons are oscillating with
respect to the positive metal core. Due to the excitation of plasmon reso-
nances in the electron gas by visible light, nanoparticles of numerous transi-
tion metals show intensive absorption maxima in the UV-visible spectra. For
instance, gold, silver and copper nanoparticles of ca. 20 nm exhibit plasmon
resonances at ca. 520 nm, 385 nm, and 560 nm, respectively. These absorption
phenomena are quantitatively described by the Mie theory (Mie 1908;
Kreibig and Vollmer 1995), in which the theoretical absorption spectrum of
dilute spherical particles is related to their size and relative dielectric proper-
ties compared to the surrounding medium. The wavelength of the absorption
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Figure 3.14: Excitation of a dipolar surface plasmon polariton by the electric
field of an incident light.

maximum is also dependent on the size and shape of the particles and on
their proximity to each other. It has been shown that the absorption spectrum
for gold nanoparticles in water changes characteristically with changes in the
aspect ratio of the particles. For instance, if the ratio of the major to the
minor axes changes from 1 to 4, the absorption maximum splits into two
peaks, one corresponding to the transverse resonance and a second corre-
sponding to the longitudinal resonance which shifts from 520 nm to 770 nm.

The surface plasmon band is also sensitive to changes in the surface com-
position of the particles and to the presence of adsorbates. Deposition of a sec-
ond metal at the surface also has a marked effect on the spectra. The amplify-
ing effect of two combined appropriate metals constitutes new knowledge.

The field enhancement normal to the surface on small metal particles
together with the high sensitivity of the surface plasmons to the index of
refraction of the surrounding medium can be used to probe changes in the
chemical or dielectric environment of the particle. Furthermore, this effect
can be used for the coloring of glasses, ceramics, etc. and for the tuning of
the color by the kind of metal, shape and size of the nanoparticles and of the
surrounding medium.
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Figure 3.15:  Schematic configurations for absorption measurements of a lig-
uid sample and measured absorption spectra of a 20.2-nm gold
nanoparticle monolayer immersed in liquid samples of various
indices of refraction (with kind permission from Okamoto 2000).
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Field localization effects can be used by means of arranging plasmon res-
onators to guide surface plasmon polaritons. In this way, nanoscopic devices
can be made which allow us to generate optical waveguide structures
exhibiting spatial dimensions far below the wavelength of light. This has lead
to great technological interest and created the field of surface plasmon pho-
tonics or plasmonics.

The application of surface plasmons effects ranges from the generation of
interference lithography patterns by using resonant surface plasmons to the
set-up of optical guides in nanooptical devices as well as to sensor devices
based on the interaction of molecular systems at the plasmon guiding metal
surface or a nanoparticle. The latter effect can be used, for example, for the
generation of highly sensitive and specific biosensors (cf. section 3.3) by
modifying the metal surface with biologically active molecules. Another
application is in the field of nearfield optical applications as well as the gen-
eration of novel nearfield optical probes making use of surface plasmons at
glass/metal interfaces (tetrahedral tip). These systems can then be used to
generate novel nearfield optical probes with high transmission factors.

E1-3: Size as Additional Variable in Thermodynamics

In the nano-regime the interface and surface energy is comparable to that of
the nanoparticles volume energy. Therefore, below a critical size the often
simplified definition of thermodynamic functions must be modified to take
into account the effect of the surface on the energy balance. Typical values for
this characteristic length are ~ 10 nm. Phase diagrams with one of the con-
stituent phases being a nanophase are quite new. Simplest estimates of phase
equilibrium may be obtained by taking into account the contribution of sur-
face energy to the free energy. Melting temperature, temperatures of poly-
morphous transformations and other characteristics of phase diagrams
depend on the nanophase size. Thus, the phase diagram of binary nanophase
materials become three-dimensional, the third coordinate being the size. One
particular phenomenon of interest is the size-dependent melting point
depression in nanomaterials — small particles have a lower melting point than
the bulk. First attempts for a theoretical understanding of the melting of
small particles were made within a macroscopic frame-work, using thermo-
dynamic concepts such as surface energy. While this approach is found for
mesoscopic particles with thousands of atoms, its applicability to much
smaller clusters (where most if not all atoms are on the surface) is obviously
tenuous. An application of this “nanoeffect” is low temperature sintering.
Nanometer-sized CeO, can be sintered at low temperatures to dense ceramics
with nanometer-scaled grain size by the additions of transition metal oxides.
The rapid densification may be attributed to size-dependent melting of the
dopant in the neck region of the particle contacts. With decreasing nanopar-
ticles size the phase with lower surface energy (packed more tightly) becomes
energetically favored in the solid state. For example, in the case of the com-
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mon body-centered cubic (BCC) and face-centered cubic (FCC) crystal lat-
tice, the latter may become energetically more favorable, since its specific vol-
ume and surface energies are less than those of the bec lattice. Other well
known phase changes with decreasing crystallite size are observed for alu-
mina and zirconia. It is interesting to note that Hill (1964) has developed a
thermodynamic model of small systems which goes much further than only
to stay in the macroscopic approach and to add a surface term. The work was
not developed any further by him, but since 1994, after re-publication of ear-
lier books, thermodynamics play an ever growing role in understanding
mesoscopic phenomena (Hill 1994; 2001a; 2001b).

Cell G1: Magnetic Dipole-Dipole Interaction

Recently, ensembles of nanosized magnetic particles dispersed in different
carrier liquids, have been used as experimental model systems for random
magnets. The direction of the magnetic moment in a monodomain ferro-
magnetic particle is determined by the magnetic potential, which for a non-
interacting magnetic particle is formed by the magnetic anisotropy and
magnetic field energies. A nontrivial problem appears when the dipole fields
due to neighboring magnetic particles become of importance. Effects of the
interaction are investigated by studying the change in the magnetic relax-
ation going from a noninteracting system to a system of a sizeable interpar-
ticle interaction increasing the concentration of particles and therefore the
distance in-between (Jonsson et al. 1998). It has been shown that the mag-
netic relaxation of an interacting nanosized magnetic particle system at low
temperatures is extended towards longer time scales as compared to the
relaxation of a noninteracting particle system. At temperatures higher than
45 K the magnetic relaxation is best described using a model based on sin-
gle-particle dynamics. Colloidal forces or capillary forces which are gener-
ated during drying processes are very often responsible for the ordered array
of particles. Therefore, one must distinguish between such common effects
and intrinsic forces leading to an ordered arrangement of particles. Ferro-
magnetic particles or superparamagnetic particles in a magnetic field rather
interact via magnetic forces than via capillary forces. If the particle size is
much smaller than the interparticle distance, they may be approximated by
short magnetic dipoles with the pair-interaction energy which depends
directly from the magnetic moment of the particles and of the inverse of the
distance between the particles. For identically oriented particles, the interac-
tion is repulsive; therefore, a confinement like a topological or chemical
structured surface is required to hold particles together. When few hundreds
of particles are confined within the walls of a trough the particles in the cen-
ter exhibit an ordering of a hexagonal symmetry. Formation of crystalline
like structures with the preference of hexagonal over square ordering in large
2D arrays of interacting particles is quite a general phenomenon and has
been theoretically demonstrated for several isotropic long-range and short-
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range interaction potentials. Experiments on colloidal particles with electric
dipole interactions and magnetic holes in ferrofluids also demonstrate
hexagonal ordering (Golosovsky et al. 1999).

3.1.2 Semiconductors
A2: Quantum Antidots

A quantum antidot (gad) is formed, when a potential barrier is introduced
into a two dimensional electron system subjected to an external magnetic
field (Karakurt 2001). Qads can be produced by lithography or by self organ-
ization processes resulting in arrangements of electronically and optically
inactive or hole structures (nano-rings), which localize electronic states.
This is complementary to conventional quantum dot structures which con-
fine an electronic system to the size of extension of dot. Thus, gads represent
regions of electronic exclusion rather than confinement as in the case of
quantum dots. The effect only occurs when the Debye length of the elec-
tronic system under consideration is comparable to or larger than the spatial
extension of the antidot structure and can therefore be regarded as a quan-
tum size effect.

The structures can be used for inducing resonant tunneling and also for
fundamental many body quantum mechanical effects. They may find appli-
cation in electronic and optical devices such as for building a novel highly
sensitive electrometer device for the observation of fractionally quantized
electrical charges (quantum Hall regime). Due to many body interactions
around qad magnetic effects such as Kondo behavior may be induced
(Kataoka 2002).

Up to now studies on gads have only been reported on lithographically
fabricated semiconductor devices. Besides, in solid state chemistry different
materials have been synthesized, which in principle fulfill the structural
requirements to show qad behaviour. One example are the so-called
cetineites, which are nanoporous semiconductors with a 1-dimensional
channel structure, where the channels may act as quads (Simon et al. 1997).
Due to the small size of the channels, a magnetically induced electronic cur-
rent may circulate around multiples of the channels.

B2: High Strength Materials and Composites
(s.B1)

C2: Quantum Size Effects

(s.C1)

C2: Thermoelectric Materials

(s.C1)
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D2: Formation of Discrete Energy Levels/QD

(s. “Quantum Size Effects in Nanoparticles” C1)

D2: Photoluminescence (QD/QSE)

(s. “Quantum Size Effects” C1)

E2: Size as Additional Variable in Thermodynamics
(s.E1)

F2/3: Phonon Engineering

Heat transfer in isolators and semiconductors strongly depends on the behav-
ior of phonons, e.g lattice vibration, and therefore differs at the nanoscale
from that at the macroscale due to several fundamental reasons. In bulk mate-
rials, internal phonon-phonon scattering dominates the heat transfer
processes. As size shrinks, the frequency of the phonon-grain boundary or
phonon-surface collision increases. The interface scattering of phonons and
the associated thermal boundary resistance can dominate heat conduction in
nanostructures (Klemens and Gell, 1998). Additionally size effects are not only
limited to the thermal processes inside nanostructures. In the vicinity of small
devices or particles, phonons become rarefied when their mean-free-path is
comparable or larger than the device size, which effectively increases the ther-
mal resistance for removing heat from the devices (Chen et al. 2000). Under-
standing these physical processes is important not only for the prediction of
the microelectronic device temperature rise and reliability, but can also enable
new technology development such as low dimensional thermoelectrics.

Apart from thermal conductivity, the influence of the nano-regime on
the specific heat is of interest. The phonon scattering at the boundary of the
nanocrystals generates new phonon frequencies in a nanocrystal, which con-
tributes to the specific heat. The well known Debye law for the specific heat
at low temperature will be suppressed by this kind of boundary scattering if
there are a large number of small particles. Compared to bulk material, the
specific heat of nanocrystalline material is enhanced by 10 to 20% for tem-
perature lower than the Debye temperature.

Assisted by recent advances in materials processing and techniques for
phonon generation and control, phonon engineering can significantly
enhance the performance of nanostructure solid-state devices (Cahill at al.
2003). Of special interest today is the development and implementation of
device configurations in which phonons and the coupling of phonons to elec-
trons and holes leads to enhanced device performance. Unlike in bulk materi-
als, the phonon properties of these low-dimensional systems and, in particu-
lar, the phonon frequency, group-velocity, spectral density, as well as the
strength of the interaction with carriers can be widely modified in phonon
engineered materials as well as in carbon nanotubes (Dresselhaus et al. 2004).
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Another interesting field of application is the use of nanostructured lay-
ers for improved thermal barriers for gas turbine blades. Calculations as well
as experimental investigations have shown that the thermal conductivity of
nanostructured ceramic layers can be decreased by a factor of 10 (Braginsky
et al. 2002 and 2004).

3.1.3 Insulators

A3: Ferrofluids and Superparamagnetism
(s.Al)

B3: High Strength Materials and Composites
(s.B1)

(3: Quantum Size Effects

(s.C1)

(3: Ferro- and Superparaelectrics

In contrast to normal dielectrics, ferroelectrics (e.g. perovskites) show a
spontaneous electrical polarization and in which the direction of the polar-
ization can be reoriented between crystallographically defined states by an
external electric field (Richter, Trolier-McKinstry 2003). This results in a
hysteresis-loop with a saturation polarization at high field strength and a
remanent polarization P,.
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Figure 3.16: (left) Unit cell of cubic BaTiO; (perovskite structure). The central
Ti**-ion is coordinated by six O*ions in octahedral configuration.
The arrow at the Ti**-ion illustrates the possible displacement of the
central ion at the transition to the tetragonal ferroelectric structure
that leads to a spontaneous polarization and, hence, to the ferroelec-
tricity of tetragonal BaTiOs. (right) Idealized hysteresis-loop of the
polarization P as a function of the field E for a ferroelectric material,
when recorded in the polar direction. The remanent polarization P,
and the spontaneous polarization P; are identical. An electrical field
amplitude E > E_ is needed to reverse the polarization.
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The polarization appears in a uniform direction and extends over
domains. The domains are separated by domain walls, which have a typical
size of 1-10 lattice parameters. The domain size itself depends on the
material and can be as small as 20 nm, whereas the orientation of neigh-
boring domains is anti-parallel. Below this size a transition from the ferro-
electric phase to the superparaelectric phase analogous to the superpara-
magnetism in ferromagnetics, which has no spontaneous polarization,
appears.

Ferroelectrics are already very widely applied. In the course of further
miniaturization they turned out to be very promising materials for logic
devices, i.e. ferroelectric field effect transistors as well as in ferroelectric ran-
dom access memories (cf. section 3.2).

(3: Thermoelectric Materials
(s.C1)

D3: Transparent Ceramics

Conventional translucent alumina ceramics exhibit poor mechanical proper-
ties and a low in-line transmission of unscattered light (<15%) because of
coarse micro-structures (grain size > 20pm); in fact, they are optically not clear.
The new alpha-Al,O; ceramics with a nanosized grain structure avoid these
shortcomings and can be manufactured with relatively complex shapes. Such
materials show in-line transmission (wave length = 640 nm) > 70% at thick-
ness 0.8 mm, the same high infrared transmission as sapphire in the 3-5 pm
range. The strength of this ceramic is extremely high (600-850 MPa) because
the defect size is in the nm range. The hardness, scratch and wear resistance are
also very high (Krell et al. 2003). Many different reasons for scattering events in
an alumina ceramics exist: rough surfaces, pores, inclusions and grain bound-
aries. Of these mentioned reasons, only scattering at the grain boundary and
pores is of interest in the framework of the discussion of nanosized effects. The
other scattering effects can be eliminated by optimized processing or the use of
very high purity powder. At grain boundaries, the scattering has two reasons:
reflection and refraction. The reflection at grain boundaries of alumina is
caused of its hexagonal crystal structure, alumina is birefringent. The Raleigh-
Gans-Debye Theory shows that at grain sizes smaller than 1 nm, the scattering
of light caused by refraction is negligible. The scattering at pores shows a maxi-
mum in the region of the wavelength of the light (Mie theory); nearly no scat-
tering can be observed at pore sizes smaller than 10 nm. Between these extreme
values, significant scattering of light occurs because the refractive index of
pores (air) and the ceramics bulk material is too different. Therefore, for trans-
parent ceramics, submicron sized grains and pores with sizes smaller than 10
nm are necessary. The economic importance of transparent ceramics is rela-
tively low, only some niche markets like lamps or watches exist, but the devel-
opment in this field can stimulate the improvement of technical ceramics like
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the investigation of super-fast densification of nanocrystalline MgO powders
by spark plasma sintering (SPS) between 700°C and 825°C under applied pres-
sures of 100 and 150 MPa shows. With this method fully-dense transparent
nanocrystalline MgO with a 52-nm average grain size was fabricated at 800°C
and 150 MPa for some minutes (Chaim et al. 2004).

E3: Size as Additional Variable in Thermodynamics
(s.El)

F3: Phonon Engineering

(s.F2)

3.1.4 Molecules/Assemblies/Biomolecules

A4: Molecular Magnetism

Unpaired electrons in particular molecular subunits cause small magnetic
moments. Organic stable radicals or open spin metal complexes are typical
members of such subunits. Modern chemistry allows to assemble several
such subunits to larger molecular architectures as nano-objects. However,
the control of the interactions between such subunits and the design of
larger assemblies with tailor-made magnetic properties is a very active cur-
rent research field (Miller and Drillon 2001). Of particular interest is to
combine the subunits in a way that adds up the small magnetic moments of
each subunit to a larger over-all moment of the nano-object, entitled “single

Figure 3.17:  Model of the cyclic spin cluster [Mn;5(O,CMe);4(teaH);,]-16MeCN
consisting of 16 manganese atoms that are assembled by small lig-
ands. Reproduced from Murugesu et al. 2005 with permission
from Wiley-VCH.
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molecule magnet” (Barbara and Gunther 1999; Sangregorio et al. 1997).
Considerable progress has been made by combining several open spin metal
complexes to so-called spin clusters. While first spin clusters combined 12
open spin manganese atoms (Sessoli et al. 1993; Gatteschi et al. 1994), the
number of maganese atoms has been increased. The figure bellow displays a
cluster containing a total of 16 manganese atoms of the oxidation states II
and IIT (Murugesu et al. 2005).

Such single molecule magnets are well defined magnetic particles in size
and shape which display a slow relaxing magnetic moment. Molecular
Magnets are based on the tailored coupling of molecular subunits. Due to
the nm scale-length of the building blocks, the interaction between sub-
units and the magnetic behaviour of the resulting “Molecular Magnet” can
only be described with quantum mechanical rules instead of classical phys-
ical laws.

Molecular magnets are of particular interest as nanoscale objects which
may serve in future as very small memory units. Potential applications are
low cost short time memory devices.

B4: Molecular Motors & Machines

Molecular motors and machines are systems consisting of molecules or
molecular subunits that display mechanical motions and/or movements.
The vision to profit from designed molecular devices to transport material
or to perform mechanical motion is very promising and leads to various
research activities. While complex systems performing mechanical motion
have been found and isolated in nature, the number of synthesized devices
is rather limited due to the required complexity of working systems.

rotating
filament

o,B,y complex

Figure 3.18: Schematic representation of a FJATP synthase immobilized on a
SiO; post. The y subunit as the axis of the 35y complex is func-
tionalyzed with a fluorescent filament to visualize the rotation
upon exposure to ATP.
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The most prominent examples of biological mechanical motors are rota-
tion systems like the F;-ATPase (Noji et al. 1997; Elston et al. 1998) or the
bacteria flagella motor (Berry and Armitage 1999) and “walking” systems
like kinesin proteins (Hirokawa 1998) or dynein protein complexes (King
2000) transporting cargo along microtubules in cells. Even the transloca-
tion of proteins on chains of nucleic acids like RNA and DNA polymerases
can be considered as molecular motions, even though their movement is
not directed as in the case of transport proteins like kinesin and myosin
(Julicher and Bruinsma 1998). Several of these biological systems have
already been implemented on artificial platforms to investigate and even to
profit from their motions (Hess et al. 2004). Prominent examples are the
immobilization of an F;-ATPase rotor (Noji et al. 1997) or kinesin func-
tionalized surfaces as traffic platforms for microtubules (Hess et al. 2004).
The F;-ATPase rotor was mounted on a prefabricated post and was func-
tionalized with a fluorescent actin filament. Subsequent optical investiga-
tions proved the rotation of the filament in the presence of ATP, the “fuel”
of the F;-ATPase rotor. A schematic representation of the experiment is dis-
played below.

Kinesin functionalized surfaces have shown to move microtubules in the
presence of ATP. Microtubules are rather stiff rod-like objects and do not
like strong curvatures. Hence their tracks on substrates can be predefined by
channels made by lithographical methods. The concept has already been
applied in several model systems e.g. for light-controlled cargo transport
(Hess et al. 2001) or to control the direction of the motion of the micro-
tubules (Hiratsuka et al. 2001).

In contrast to these from nature extracted systems, man-made molecu-
lar motors consist of smaller molecules or molecular subunits performing
mechanical motions. These objects consist of at least two parts, of which
one can be moved relative to the other. These parts are either molecular
subunits that are linked by a covalent bond which is at the same time the
rotation axis of the motor, or the parts of the molecular motor are
supramolecular subunits (individual molecules) assembled by supramol-
ecular interactions. The design and synthesis of molecular subunits and
the subsequent assembly of the molecular motor is a very challenging cur-
rent research topic and the number of synthesized “working” systems is
still very limited. Some pioneering examples are redox switchable cate-
nanes, which will be discussed in the subsection on nanoarchitectures. A
few examples of synthetic molecular motors with rotations based on
sequences of chemical reactions have been reported (Koumura et al. 1999;
Balzani et al. 2000). Even though these motions are not fast and their
working mechanisms and principles are subjects of current investigations,
there already exist first applications. A rotaxane consisting of a ring
annealed on a rod has been placed between two electrodes. As the ring has
two stable positions on the rod and its actual position can be triggered



102 3 Fields of Research and Technology

Figure 3.19: Graphical representation of the working mechanism of a molecu-
lar switch tunnel junction. The rotaxane axis provides two posi-
tions for the interlocked ring. a) Due to electrostatic interactions
the ring prefers the lower position. b) The lower position is oxi-
dised electrochemically and the resulting repulsion moves c) the
ring to the upper position as shown in d). Reproduced from Luo et
al. 2002 with permission from Wiley-VCH.

electrochemically, the potential of the device as memory cell has been
investigated (Luo et al. 2002). The suggested working principle of the
device is displayed below.

Molecular Motors and Machines display motions of (supra)molecular
subunits relative to each other that are inspired by the engines of the macro-
scopic world. These motions are properties that evolve from a limited num-
ber of constituents and their interactions.

C4: Molecular Switches

A molecular switch is a molecular or supramolecular system which is to a
reasonable extend stable in two different states. Ideally, both states are inter-
convertible by external stimuli and display different physical properties for
the read out of the actual state. Of particular interest are molecular switches
displaying good control of the addressing, switching and reading of the
actual state (large differences of physical properties and long lifetimes of
both states), as such systems may serve as molecule based information stor-
age devices. Some possibilities of such bistable molecular switches are
(Mayor et al. 2003).

— A reduction-oxidation (redox) process may change between neutral and
ionized acceptor/donor groups of a given molecule.

— A configuration change may take place through a reversible re-arrange-
ment reaction.
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— A conformation change may be controlled in a manner that both confor-
mations are sufficiently stable at the operation temperature of the desig-
nated storage element.

— Electronically excited state R* and ground state R can be used as pair of
different states, if the lifetime of excited state R* is sufficiently high.

— Spin magnetic moments may also be used as states for switchable devices.

In all cases, the bistable switches are characterized by double well poten-
tials concerning their energy and exhibit a hysteresis when driven between
the two states. Often only the combination of more than one of the above
described effects results in the desired hysteretic properties.

An example of a supramolecular system as a molecular hysteretic switch
is the catenane synthesized by Asakawa et al. (1998). It consists of two inter-
locked rings (definition of a catenane) that are decorated with electrochem-
ically active subunits. Temporary charging of particular subunits by an
applied electric potential results in a controlled motion of one ring relative
to the other to another stable configuration due to coulombe interactions. It
is noteworthy that the system can hence be considered as Molecular Machine
(see subsection before) as well. Both configurations are stable at zero volt.
However, immobilized between two electrodes as monomolecular layers
(Collier et al. 2000), they differ considerably in the observed tunnel currents,
an effect that allows to observe the actual state of the switch. However, the
origin of the observed switching behaviour is still under investigation.
Lately, a comparable system displayed switching on a carbon nanotube as
electrode, reducing the number of discussed potential switching mecha-
nisms in these devices (Diehl 2003). In view of the application potential of a
properly working device, the large number of activities in this research area
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Figure 3.20: (a) Schematic representation of both stable configurations of the
supramolecular catenane switch. (b) Switching by temporary
charging of particular electrochemical active subunits on the
rings.
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closed form open form

Figure 3.21: The “Irie”-switch based on two light induced ring-closure and
ring-open reactions. Charge can be moved much easier between
the thiophene units in the closed conjugated state on the left side.

An example of a molecular system as switch is the light driven system first
described by Irie (1993). The switch is based on the fact that the forward and
back reaction of an intramolecular ring-closure can both be triggered by
light of different wave-length. As both states display pronounced differences
in their electron transport abilities, the system as switchable molecular sub-
unit has already been integrated in numerous experiments.

An overview of molecular switches is given in the recent book “molecular
switches” by Ben Feringa (2001). Supramolecular switching systems like e.g.
the catenane described above may be considered as molecular machines.
Switching systems based on e.g. a chemical rearrangement reaction can only
be described by quantum chemical laws. Very promising application of
molecular switches is their use as memory cells in the near future. Compa-
nies like Hewlett Packard, Infineon, etc. already have signalized their consid-
erable interest in such systems by increasing their research activities and
cooperations related to the field.

E4: Brownian Ratchets

A Brownian Ratchet is a device that allows random Brownian motion only in
one direction, thereby leading to directional motion from random Brownian
motion. A typical example is shown in figure 3.22 bellow. The Pawl machine
consists of two parts. An asymmetric cogwheel with a pressed on a mechan-
ical lever that allows for rotation in only one direction and a vane which is
randomly bombarded by small objects. As the device allows for only one
sense of rotation it becomes selective concerning the bombardment events
and hence should lead to a unidirectional rotation.

However, this spontaneous motion is violating the second law of thermo-
dynamics (at equilibrium the effect of thermal noise is symmetric, even in
an anisotropic medium) and is thus very unlikely to happen as was cited
already by W. Smoluchowski in 1914: “No automatic, permanently effective
perpetual motion machine can violate the second law by taking advantage of
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Figure 3.22: The Pawl machine, consisting of a vane and a wheel that can only
turn in one sense of rotation. The vane is in a thermal bath of gas
molecules at equilibrium. The whole device is considered to be
reduced to microscopic size, so gas molecules can randomly bom-
bard the vane to produce motion.

statistical fluctuations.” However, R. Feynman was anew raising some hope
with his statement: “Such device might perhaps function if operated by
intelligent beings.” (Smoluchowski 1914) Even though that statement was
countered by W. H. Zurek: “The second law is safe from intelligent beings as
long as their abilities to process information are subject to the same laws as
these of universal Turning machines”, models for Brownian ratchets are
objects of current research. The unidirectional rotation of a Molecular
Machine based on the principle of a Pawl machine has been published (fig-
ure 3.23) (Kelly et al. 1997), but these objects were not able to overcome the
second law of thermodynamics (Davis 1998).
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Figure 3.23: A molecular model of a Pawl machine allowing for uni-
directional rotation (Kelly et al. 1997). The rotation is assisted by
the formation of a covalent chemical bond that occurs only in
one direction.
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Figure 3.24: The mechanism of the ratchet potential: The Gaussian distribu-
tions of the particles’ energy should result in a directional move-
ment to the right side.

Another approach to Brownian Ratchet is focused on lateral random
motion exposed to a saw tooth profile. As schematically shown in figure 3.24,
the setup is designed to result in a directional movement of the particles.

Currently there are several approaches to investigate biomolecules in
combination with nano- and micro-patterned arrays (Bader et al. 1999;
Oudenaarden and Boxer 1999). For example, the transport of DNA mole-
cules on a micromachined Brownian Ratchet silicon-chip device has been
reported recently (Bader et al. 1999).

The devices are designed to profit from the Brownian motion of particles.
Thus, to have a directional selectivity in a rotation device, for instance, the
numbers of events acting on the device during an action step must be reduced
enormously (ideally to one). On the other hand, the few numbers of events
must provide enough energy to perform the action step. Hence, such concepts
may work either theoretically or in reality at most for ultimate small devices.

G4: Nanoarchitectures

Nature’s building blocks to assemble complex living systems are molecules
(consisting of covalently linked atoms) and ions. Two molecules may react
with each other by forming one or several new bonds in-between their atoms
and hence, a new larger molecule is formed in that case combining most
atoms of both molecules (in most cases two new molecules are formed and
hence, some atoms get lost to form the second molecule). To understand and
to control these reactions between molecules to create new structures or to
break down existing molecules in a controlled fashion is ever since the topic
of preparative synthetic chemistry. In over more than two centuries, chemists
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have developed amazing skills to design and to build up (synthesize) tailor-
made molecular structures. The rich toolbox of chemical reactions and the
permanently increasing number of available building blocks allows to assem-
ble infinite numbers of new molecules and a current concept in chemistry is
to profit from this amazing variety by synthesizing huge numbers of different
molecules and to subsequently screen for promising candidates for particular
tasks. The ability to control the connection between molecular building
blocks enables to build up fairly large molecular systems. In the beginning of
the last century, a whole branch of chemistry has developed the expertise to
assemble long chain-like molecules ranging up to the sub-micrometer regime
(macromolecular chemistry). As these chains are assembled by a large num-
ber of one or several similar subunits (monomers) they were entitled poly-
mers. The polymer chemistry has become one of the economically most
important branches of materials chemistry, however, polymers are not con-
sidered as well defined molecular compounds but rather as mixtures of
chain-like molecular structures with a certain chain length distribution. To
investigate correlations between chain length and physical properties similar
chain-like molecules with well-defined length (oligomers) have been synthe-
sized (Miillen and Wegner 1998; Martin and Diederich 1999). Their studies
showed that many physical properties like colour, transparency, conductivity,
redoxpotentials etc. depend on the chain length. Most investigated systems
display a threshold chain length upon which the parameter of interest
remains unchanged, the so-called effective conjugation length. However,
recently the first, and up to my knowledge so far the only system, that did not
display similar saturation effects with increasing length has been reported.
The monomer units are zinc porphyrins, which are connected with three car-
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Figure 3.25: Rigid rods based on porphyrin building blocks. (Left) Molecular
structures and (Right) ultraviolet-visible-infrared absorption spec-
tra. (Top) Meso-meso linked Zn-porphyrin oligomers 7 (n = 1),
8(n=2),9(n=3),10(n=4),11 (n=6), 12 (n = 10). (Bottom)
Meso-meso-, B-f- and P-P-linked Zn-porphyrin oligomers 14
(n=1),15(n=2),16(n=3),17 (n=4),18 (n=6), 19 (n =10).
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bon-carbon bonds to each neighbour to form tape like structures (Tsuda and
Osuka 2001). Porphyrin tapes consisting of 1024 monomers with a length in
the order of several hundred nanometres have already been synthesized and
did not display an effective conjugation length.

But not only chain-like oligomers have been developed as model com-
pounds for polymers. More than two decades ago the pioneering concept to
use branched monomer units to assemble spherical oligomers with well-
defined molecular size and weight was introduced (Buhleier et al. 1978). The
term denrimers has been created a few years later for this new family of
oligomers. Originally intended as standards for polymer characterization,
these spherical Nanoscale objects displayed a variety of very promising
properties, mainly due to spatial separation of chemically well-defined com-
partments.! Furthermore, the stepwise building up allows the integration of
specific functional subunits in the centre, on the dentritic branches or at the
periphery of these spherical molecules. Numerous functional systems based
on dendrimers combining particular subunits are reported (Fischer and
Vogtle 1999). Meanwhile, even hyperbranched polymers are made as den-
drimer mimics to perform actions and functions, which have originally been
found with dendrimers (Sundar et al. 2000).

Large molecular structures are not only limited to organic building
blocks. By careful adjustment of the reaction conditions large inorganic
clusters, often protected by a shell of organic ligands, have been synthesized
(Schmid 2004). The size of these metallic and/or semiconducting clusters
can be adjusted by appropriate choice of the reaction conditions, and hence,
a number of in size and composition well defined clusters have been pre-
pared in the past. Furthermore, the organic surface chemistry of these inor-
ganic clusters can be adjusted for particular tasks. The variety in size of
robust inorganic units, enriched by designable surface chemistry and size
dependent physical properties,” make them very promising building blocks
for future devices. While the genesis of these inorganic clusters depends on
the organic additives, which cover the surface and thereby prevent a particu-
lar stable combination of cluster size and surface coverage from further
growth, approaches to nanoscale objects exclusively depending on inorganic
components also have been reported. Beautiful examples of inorganic
macromolecules without organic templates are large rings, balls and other
objects made of molybdenum oxides with sizes up to several nanometres
(Miiller and Serain 2000). The variety of possible oxygen connection geome-
tries between two neighbouring molybdenum centres, given by the fact that
different numbers of oxygen atoms can be shared by two neighbouring
molybdenum centres and that molybdenum itself provides several oxidation
states resulting in different numbers and also different geometries of sur-

1
2

See also section on drug delivery, table 3.
See also sections on quantum size effects and formation of discrete energy levels,
table 1.
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rounding oxygens, provide the system the potential of a construction kit
with an almost infinite number of possible objects of different sizes.

A relatively new approach to nanoscale and/or nanostructured inorganic
objects, entitled biomineralization, is profiting again from well-ordered
organic structures. Mimicking principles of nature, the growth of inorganic
material due to organic structures of well-defined surfaces and/or interfaces
is investigated (Mann 2001; Baeuerlein 2004). The influence on the resulting
inorganic object of layers of organized organic molecules at the interface of
growth is of particular interest, as for example the enormous mechanical
stability of muscle and snail shells results from the micro and nano structur-
ing as well as the structural phase of the calcium carbonate.

All these examples are beautifully well-defined nanoscale objects or
nanostructured materials, which have been synthesized from smaller mol-
ecules as building blocks that have been connected to larger molecules or
materials applying the principles of preparative organic and/or inorganic
chemistry. However, since the seventies of the last century a new compre-
hension of working with molecules as building blocks has emerged.
Instead of using strong chemical bonds between molecular subunits to
build up larger molecules, rather weak interactions between molecules
have been investigated. These weak interactions allow to assemble larger
and well-defined objects consisting of several molecules — so called super-
molecules, too. This chemistry beyond the molecule, building up
nanoscaled objects based on intermolecular interactions, is called
supramolecular chemistry (Vogtle 1992; Lehn 1995). Even though weak
interactions result in less robust objects, their use turned out to be partic-
ular powerful to assemble large structures with dimensions in the order of
several nanometers. Molecular building blocks are designed to organize
themselves in the network of neighbouring molecules. Supermolecules are
formed spontaneously after its molecular building blocks are mixed in
appropriate reaction conditions and thus, the term “molecular self assem-
bly” is used to describe the supermolecule’s formation. Thereby the con-
struction plan for the nanoscale object is already an intrinsic property of
its building blocks, as it is stored in the individual molecules’ structures.
After meeting each other, the formation of the super molecule is driven by
intermolecular interaction and the arrangement is optimised either ther-
modynamically (the most stable arrangement of the molecular building
blocks) or kinetically (the fastest arrangement of the molecular building
blocks). However, a kinetically formed arrangement must be separated
from the reaction conditions to prevent further rearrangements to a more
stable thermodynamic minimum and thus, its belonging to the family of
supermolecules may be debated. However, numerous well-defined
nanoscale objects are based on quenched kinetically optimised structures,
like e.g. metallic clusters with organic ligand shells already mentioned
above.
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The lability of the interactions between the molecular building blocks of a
supermolecule turned out to provide these objects with very promising prop-
erties. Supermolecules can easily adapt to changes in the environment. For
example, depending on the presence of particular guests, they may adjust the
number of subunits and hence the size of the supermolecule as host for the
available guest. Furthermore, an individual molecule as subunit of a super-
molecule can easily be exchanged and as the correct molecular structure fits
best and strongest between its neighbours, a defect building block is automat-
ically exchanged, providing the object with self-healing properties.

The amazing potential of weak intermolecular interactions to assemble
well-defined large objects can best be shown with an example from nature,
the tobacco mosaic virus (TMV). The virus consists of a well-defined large
number (2130) of identical polypeptide molecules. To some extent its shape
resembles a wedge. These building blocks spontaneously assemble to small
starting oligomers, larger disc like structures and finally to a helical arrange-
ment, giving the nanoscale-object a rod-like shape. Furthermore, in the case
of the native virus, the number of molecular subunits that assemble, and
hence the length of the rod like object, is determined by a chain like mole-
cule, a ribonucleic acid (RNA) strand. This single RNA strand is wrapped in
the helix of the polypeptide monomers and thus its length determines the
final object length. It has been shown, that the dissociated molecular build-
ing blocks of the TMV reassemble in vitro leading to the reconstitution of
the intact virus (Fraenkel-Conrat and Williams 1955). The assembly
processes of the TMV are displayed in the picture below.
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Figure 3.26: The self assembly of the tobacco mosaic virus (TMV): (Left)
Assembly of wedge-shaped polypeptide molecules to discs,
springs and helices. (Centre) The assembled objects based on the
wedge-shaped polypeptide molecules depend on the ion strength
and the pH. (Right) Representation of the final tobacco mosaic
virus, some wedge-shaped polypeptide molecules are removed to
display the length determining ribonucleic acid (edited presenta-
tion from the biochemistry book by A. L. Lehninger 1987).
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The rather weak interaction that enable to build up supermolecules range
from very weak van der Waals® interactions, over electrostatic interactions
like ion-dipole* or dipole-dipole® interactions to directed hydrogen bonds®
and coordinative’ interactions. As these interactions have their relatively
weakness in common, supermolecules are often assembled by the parallel
and cooperative action of numerous small interactions, sometimes even of
different kinds of interactions.

While van der Waals interactions are crucial for the assembly processes of
organic molecules at surfaces and interfaces like membranes and self assem-
bled monolayers (SAM), they are rarely used to assemble monodisperse
well-defined nanoscale objects. Only micelles may be considered as such
objects, however, they generally display a fairly wide size distribution. Ton
dipole and dipole-dipole interactions are of great interest in biological and
medical systems, as the information processing of the living species is mainly
based on ion concentration gradients. However, these interactions are sel-
dom used to build up nanoarchitectures.

On the other hand hydrogen bonds are ideal tools to design the assem-
bly of molecules. The functional groups providing hydrogens (hydrogen
donor) and the functional groups being greedy for hydrogens (hydrogen
acceptor) can be placed in particular positions of a molecular structure by
chemical synthesis and accordingly, the interaction of the molecular
building block with its neighbours can be tailor-made. The concept to use
hydrogen bonds to control the assembly of molecules has been applied for
million years in nature. For example the base pairs of a DNA double
strand are based on hydrogen bonding interactions of two sets of comple-
mentary bases (Watson and Crick 1953), enabling living systems to code
and to reproduce their construction plan. The base pairs of DNA and
their hydrogen bonding interactions will be displayed schematically in
figure 3.34 as a particular example of shape complementarity. The DNA
double strand is by far not the only self-assembled nanoscale object in
nature; biologically active large molecules like proteins are made of one or
more large chainlike biooligomers which wrap-up to a well-defined
nanoscale structure by supramolecular interactions. The crucial impor-
tance of the final shape of the nanoscale structure for its biological activ-

3 Attraction between two neighbouring molecules, due to the attraction of an acci-

dentally unsymmetric distribution of electrons resulting in a dipol in one mole-
cule that induces an opposite distribution of electrons and hence an opposite
directed dipol in the neigbouring molecule.

The solvatation of ions in a dipol solvent like water comes due to the ion-dipol
interaction.

Attraction between two dipol molecules to average out the local charging.

The sharing of a hydrogen atom between two molecules; one providing the
hydrogen atom and the second a functional group with a large electron density
attracting the partially positive charged hydrogen.

Weak directed electron pair bonding.
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ity has been demonstrated in numerous cases. A particular impressive one
is the protein causing the mad cow disease (Prusiner 1997). The biomole-
cule responsible for the disease turned out to be the chemically correct
connected subunits in the biooligomer, but the wrong assembly to the
final nanoscale object. Finally, the poor solubility of the wrong assembly
together with the ability to induce the rearrangement to the wrong assem-
bly in the correct biologically active protein turned out to have deadly
consequences.

These impressive nanoscale objects based on hydrogen bonding have
inspired numerous designed and synthesized nanoarchitectures. The variety
of the supramolecular approach can easily be demonstrated by building
blocks containing hydrogen-bonding patterns mimicking nucleic acids. For
example a system of two bifunctional molecular building blocks (s. figure
below) enables to build up two different objects, both driven by the forma-
tion of hydrogen bonds (dashed lines below). The barbituric acid derivative
(BA) on the left side with its hydrogen bonding pattern acceptor-donor-
acceptor and the 2,4,6-triaminopyrimidine derivative (TAP) with the com-
plementary pattern donor-acceptor-donor form polymer tape-like struc-
tures or cyclic oligomers consisting of three units of both molecular building
blocks (Lehn 1995).

The strength of intermolecular hydrogen bonding interactions strongly
depends on the surrounding, in particular on the presence of competing
hydrogen donors and acceptors from other molecules or the solvent. The

Figure 3.27: Self-assembly of either a supramolecular ribbon (top) or a
supramolecular macrocycle (bottom) from barbituric acid (BA)
and 2,4,6-triaminopyrimidine (TAP) units (Lehn 1992).
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assembly of these structures can thus be triggered by appropriate choice of
solvents. Furthermore, their sensitivity to competing molecules provides
them the potential to act as selective sensors. As these structures mimic nat-
ural hydrogen bonding patterns, numerous approaches try to profit of these
structures to address specific binding sites of natural systems. Medical appli-
cation of hydrogen bonding molecules for example intercalating in DNA
double strands has been proposed.

Hydrogen bonding patterns have been used to build up polymer strands.
In particular the dynamic exchange of the building blocks of such a hydro-
gen-bonded polymer may provide new and interesting adaptation and heal-
ing features (Sijbesma et al. 1997). Three-dimensional nanoarchitectures
have been designed and synthesized. For example cages based on hydrogen-
bonded subunits have been made by appropriate connection of several
planes made of a comparable structure as the cyclic oligomer displayed
above. In a recent example, such a cage-like structure with four recognition
planes to increase the stability, selectively complexed a particular sacharide
(Ishi-I et al. 2003). The use of chiral subunits in hydrogen bonded polymers
lead to helical ropes of hydrogen bonded polymer strands (Lehn 1995).

A particular interesting approach is the design of hydrogen-bonded
nanoarchitectures based on designed chains of nucleic acids. The hydrogen
bonding properties of the subunits is studied in detail, the interactions of
two chains can be adjusted by choice of the sequence of building blocks pro-

Figure 3.28: (Left) Design considerations for a octahedron based on a 1700
bases long DNA strand. (Right) Cryoelectron microscopy pictures
of the resulting octahedron together with a computational simula-
tion of the observed objects (Shih et al. 2004).
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viding particular bonding patterns and the synthesis of the chains with
required sequences is fully automatized today. Hence, well-defined nano-
objects have been proposed and synthesized based on synthesized strands of
nucleic acids (Seeman 1998). A beautiful recent example is a huge single-
stranded DNA consisting of 1700 bases that fold into an octahedron by
designed intramolecular interactions between different DNA double helical
subunits (Shih et al. 2004).

Another supramolecular approach to assemble nanoscale objects is based
on the merging of coordination chemistry with synthetic ligand design. This
hybrid approach turned out to be a very powerful tool to assemble large
functionalized nanoscale architectures. It merges huge expertises of both
classical domains of chemistry. Large organic structures are designed and
synthesized providing subunits that allow for coordination with particular
ions. Furthermore, the variety of coordination geometries elaborated in
inorganic chemistry is used to assemble the large molecular subunits
together. Moreover this approach beautifully combines both features of
labile equilibrium conditions (required to assemble a supermolecule) and
stability of the resulting supermolecule as nanoarchitecture. Equilibrium
conditions and hence the thermodynamic minimum structure (the super-
molecule) is reached at elevated temperature and the supermolecule is
frozen out as rather stable nanoarchitecture by cooling to room tempera-
ture. The availability of interesting nanoarchitectures via this approach
seems to be unlimited and hence, the here displayed examples are only a very
brief view of the field. An additional particular beauty of this supramolecu-
lar approach to nanosacle structures is the combination of the rich photo-
physical properties of inorganic coordination chemistry with the huge mod-
ular structural variety of organic chemistry.

Rather complex three-dimensional nanostructures have been synthesized
using organic molecules with several binding sites and appropriate metal
ions to coordinate two or more of the organic molecules. Thereby, the coor-
dinated metal centre acts not only as glue that holds the organic building
blocks together, it controls to some extent the relative geometry of the coor-
dinated organic subunits. The designed organic building blocks comprising
several multidental coordination sites on the other hand contain most of the
blueprint for the resulting supramolecular architecture as intrinsic property.

First pioneering structures were based on strand-like oligomers of coor-
dination sites that were flexibly linked. These oligomers formed together
with corresponding metal centre helical structures. The recognition poten-
tial was amazing: starting from a mixture of oligomers, depending on the
geometry of the coordinating metal ion, each n-mer found one or two addi-
tional molecules of exactly the same length and together, they were coordi-
nating n-metal centres (Krdmer 1993). While first studies have been made
with oligomers of linked bipyridine units and copper(I) or nickel(II) salts,
formation of multimetal helical complexes has meanwhile been observed for
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other combinations of coordination sites and metal centres. Due to their
photophysical properties, a particularly interesting example is helical struc-
tures containing lanthanides (Floquet et al. 2003). Furthermore, similar to
the topological objects described above for DNA-strands (Seeman 1998),
such oligomer strands have been designed and synthesized to form convo-
luted and knotted nanoscale objects together with corresponding metal ions.
As the coordination geometry of the metal centres depends on their oxida-
tion state, the resulting supermolecule may be triggered by electrochemically
adjusting the redox state of the coordinating ions. For example a chain-like
oligomer with six coordination sites for metal ions is designed to form either
a cyclic interwoven supermolecules (8 pentacoordinating ions, Cu(Il) and 4
tertacoordinating ions, e.g. Cu(I)) or a cross shaped nano-structure (4 hexa-
coordinating ions, e.g. Cu(Il) and 8 tetracoordinating ions, e.g. Cu(l)),
depending on the coordination geometry of the ions present (Funeriu et al.
2000). As for example cooper ions may serve all the required coordination
geometries depending on their redox state, one might consider to switch
between both supermolecules electrochemically (Boulas et al. 1998).

The concept of metal centre redox state dependent switching in super-
molecules has already been shown beautifully by systems, consisting of
mechanically interlocked molecules, like e.g. the catenane from Sauvage
(1998) displayed below. A catenane consists of two interlocked ring mole-
cules, similar to two chain links. The particular catenane has a bidental
phenantren coordination site in both rings. However, one ring is further
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@ = hexacoordinated ion (Fe(ll), Co(ll), Ni(l), Cu(I) @ = pentacoordinated ion (Cu(I)
M = tetracoordinated ion (Cu(l) B = tetracoordinated ion (Cu(l)

Figure 3.29: Depending on the coordination geometries of metals, four ligands
form a cross-shaped structure (left) or a supermolecular inter-
woven macrocycle (right).
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functionalized with a tridental terpyridine coordination site. As copper (I)
ions prefer fourfold coordination, the two rings are held together by the
Cu(I) ion via complexes of both phenantren units. Oxidation of the metal
centre results in Cu(II), which prefers a fivefold coordination sphere and
hence, the catenane rearranges to coordinate the Cu(II) ion via a complex of
the phenantren and the terpyridine subunit. The redox state of a coordinat-
ing metal centre dependent rearrangement of two mechanically linked mol-
ecules has as well been used to assemble molecular shuttles based on rotax-
anes (molecular ring annealed on a molecular rod) and for molecular mus-
cles (Collin et al. 2001). To assemble molecular muscles the concepts of a
rotaxane shuttle and a catenane have been merged beautifully. For that pur-
pose a molecule consisting of a ring attached to a rod like axis has been syn-
thesized. Furthermore, the molecule is functionalised with a bidental coor-
dination site in the ring part and with a bi- and a tridental coordination site
in the rod part. Complexation of the molecule yields in a dimer with two
metal centres in which the rod part of one molecule is thread in the ring of
the other and vice versa (s. picture below right side). Depending on the coor-
dination geometry of the metal centres, the rings are fixed to one or the
other coordination site of the axis and hence, the penetration depth of the
rod like structure varies. This results in a shrinking or extending of the
length of the supermolecule and the assembly displays the properties of a
muscle.

Redox switchable catenanes, rotaxanes and shuttles have also been assem-
bled solely based on organic subunits (Paese et al. 2001). The supramolecu-
lar assembly of the molecular components mainly was driven in that case by

Figure 3.30: (Left) Redox switchable catenane: depending on the redox state of
the copper ion, the ring on the left side coordinates with its biden-
tal phenantren unit or with its tridental terpyridine unit. (Right)
Redox switchable molecular muscle: Depending on the coordina-
tion geometry of the available ion, the interlocked molecular
structure prefers an elongated conformation with a fourfold coor-
dination sphere (top) or the supermolecule shrinks to a more
compact conformation with a fivefold coordination sphere for the
metal ions (bottom).
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donor-acceptor m-stacking interactions. Charging of subunits in both rings
leads to coulomb interactions resulting in rearrangements of the molecules
to each other. A prominent example is the catenane by Stoddart and
coworker Collier et al. (2000) consisting of a ring with two paraquat units
and a second ring with a tetrathiofulvalene and a naphtyl subunit. The struc-
ture of the catenane and the redox state dependent rearrangement of the
interlocked supermolecule are displayed in figure 3.20. Of particular interest
is the fact that for this catenane two stable conformations exist at zero poten-
tial, depending whether the point is reached from a reducing or an oxidising
environment. As both states are supposed to differ in their tunnel currents, a
Langmuir-Blodget film of the catenane supermolecule has been deposited
between two electrodes as memory cell (Collier et al. 2000). The device
indeed displayed two different states with respect to the tunnel current as a
function of the prior applied potential. However, the origin of the observed
switching behaviour is a topic of current debates. To further support the
hypothesis of the rearrangement in the supermolecule as the switching
mechanism, advanced systems based on immobilized shuttles between two
molecules have been investigated between two electrodes as films (Luo et al.
2002) and on a single molecule level (Yu et al. 2003).

Another amazing example of nanoscale structures based on organic lig-
ands held together by coordinating metal centres are huge grid-like struc-
tures, which have been designed, synthesized and investigated in detail. They
consist of rigid-rod like organic molecules with several (n) multidental-
binding sites. In general, 2n organic rod-like ligands with n coordination
sites together with n x n metal centres form an n x n grid like structure. An
example of a 3 x 3 grid is displayed bellow (Lehn 1995).

Numerous structures based on such grid motives have already been syn-
thesized and studied in detail. Of particular interest are the interactions
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Figure 3.31:  Self-assembly of six rigid rod like ligands each comprising three
bidental coordination sites and nine silver(I) ions to a supramole-
cular 3 x 3 grid.
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between the spatially very close metal centres in these structures (Ruben et
al. 2004). For example a 2 x 2 Fe(II) grid displayed amazing spin cross over
properties.

Many more nanoscale objects like ladders, cages, boxes etc. have been
synthesized based on similar multidental coordination sites. However, the
multidental coordination site is not a crucial requirement to form nanoscale
objects. An amazing variety of supermolecules are based on organic struc-
tures containing pyridines as monodental coordination sites. To give an
impression of the available objects the picture below displays some possible
nanostructures as interplay between the spatial arrangement of the mon-
odental coordination site in the organic molecule and the coordination
geometry of the complexing metal centre (Stang and Olenyuk 1997).

A huge variety of two dimensional objects like squares and cycles of dif-
ferent diameters have been synthesized based on pyridine terminated
organic ligands and platinum ions by Stang and co-workers (Stang and
Olenyuk 1997). Also three dimensional supramolecular objects have been
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Figure 3.32: Design considerations for two- and threedimensional supermole-
cular structures based on the interplay between bridging mon-
odental ligands and coordination geometry at the metal centers.

8 See also section on hs-/ls-complexes, table 2.
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synthesized based on monodental coordination subunits. Prominent exam-
ples in the literature are the cage-like supermolecules synthesized by Fujita
and coworkers (Fujita 1996, Kusukawa et al. 2001). The adaptation potential
of these cages has been beautifully demonstrated. A system consisting of dif-
ferent building blocks allowing for a variety of cages of different size dis-
played an impressive adaptation potential to the presence of different guests.
The cages with cavities of sizes that the guest fits inside have been produced
preferentially under appropriate conditions (Kubota 2002).

Figure 3.33: (Left) A supramolecular square based on the self-assembly of for
4,4’-bipyridine ligands and four platinum ions. (Right) A coordi-
nation nanocage consisting of four triangular organic ligands and
six paladium ions (Kusukawa et al. 2001).

Based on the combination of organic ligands with coordinating metal
centres not only nanoscale object can be designed and synthesized. A very
promising approach to functional materials that combines the advantageous
features of organic and inorganic chemistry are coordination polymers.’
These structures consist of regular three dimensional frameworks of metal
centres connected to each other by organic molecules with two or more
coordination sites (Kitagawa et al. 2004; Rao et al. 2004). In particular the
design of the nanoscale holes and channels in these porous materials has
attracted much interest as potential tailor-made materials for storage pur-
poses and sensors. Open framework materials are not restricted to organic
ligands. The most prominent and technically important materials are inor-
ganic mesoporous structures (Cheetham 1999) like zeolites or Al,Os.

As already mentioned in the beginning, the cited examples are only a very
small part of the current research in the field of nanostructures based on
supramolecular chemistry. The intention is rather to provide a feeling of the
potential, the features and the promises of this truly bottom-up approach to

®  See also section on coordination polymers, table 1.
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nanoscale objects than to provide a detailed overview. The amazing property
of these structures is their sensitivity to surrounding conditions. Subtle
changes in reaction conditions may lead to another supramolecular assem-
bly. Hence these objects display adaptation properties allowing for new
approaches to functionality like selectivity based on dynamic combinatorial
libraries.

H4: Shape Complementarity

In the previous section on nanoarchitectures, the outstanding self-assem-
bling features of molecules in general and of biomolecules in particular have
already been discussed. Closely related is the ability of molecular structures
to recognize shapes and chemical properties of other molecules or surfaces.
The most prominent example to illustrate this amazing properties are the
base pairs of the DNA double helix, which encode our genome by shape
complementarity of the arrangement of hydrogen bond donors and accep-
tors (s. figure 3.34 below; Watson and Crick 1953).

Numerous supramolecular recognition processes are known to be size
selective. A typical example is the complexation of ions in crown ethers and
cryptands, both molecular structures with cavities for ions (Lehn 1995). The
stability of the formed molecule- ion-complexes is drastically increased,
when the size of the cavity is adjusted to the size of the particular ion. These

Basepairs DNA double helix
Thymin Adenin A o
H \J,F“{oe o
=
[ (
—
=
Q o -
[o®
Q e
- i
(-]
—
-
Y =0 i
o] z . F—p® .
\ Cytosin Guanin d —
yo—d \ — ,
N\ 3 -

Figure 3.34: (Left side) The two base pairs encoding the whole genome in a
DNA double helix. (Left side) Schematic representation of a DNA
double helix.
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selective complexation properties are known to be crucial in natural sys-
tems. For example the information exchange in nerve cells is based on ion
gradients which are build up by selective complexation and the resulting
transport events through the membrane of the nerve cell. The selective
recognition of shape, size and function is based on interactions on the
molecular level, which can only be described by quantum mechanical laws.

The main field of application of these recognition events is in life-sci-
ence. For example, already the first known antibiotics were based on an
increased ion transport through the bacteria’s membrane. Diseases due to
imperfections in the DNA, in particular inheritable ones, are known. An
example is SCID (Severe Combined Immunodeficiency). It is a very nasty
disease which in effect disables the immune system — leading to very ill
patients. It has been clear for quite a while now which letters in the DNA
need to be fixed in order to cure these people. Numerous attempts where
made to patch running people, using viruses that insert new DNA into liv-
ing organisms, but this proved to be very hard. The genome is guarded far
too well for such a simple approach to work. Recently, however, the right
virus was found which was able to breach the protection of the genome and
fix the broken characters. It then lead to apparently healthy people. DNA is
the executing code of living organisms and numerous diseases, but also
many currently investigated therapies are related to its binding properties
and shape complementarity.

3.1.5 Hybrids/Composites
A5: Giant Magneto Resistance (GMR)
Introduction

The GMR-effect has become the first real success story of Nanotechnology.
The effect has been discovered independently from each other in 1988 by
Peter Griinberg in Jiilich and by Albert Fert in Paris (IBM-Research-Home-
page; Fert 1995; Levy 1994; Barthelemy 1999). Fert and Griinberg investi-
gated the electrical resistance of 2-dimensional (2-D) multilayer systems of
very thin alternating layers of various metallic elements. They found very
large changes in the electrical resistance between 6 and 50 percent when a
magnetic field was applied to a system with alternating ferromagnetic and
nonferromagntic, either metallic or insulator, layers. This change of the
resistance was enormous high in comparison with the then known
Anisotropic Magnetic Resistance (AMR) with values in the range of <3%
resistance change in a magnetic field. The AMR effect had been discovered in
1857 and is an anisotropic effect which can be observed also in thick layers
and which depends on the angle between the direction of current and mag-
netisation. On the contrary the GMR-effect is isotropic and is confined to
multilayers with layers of a few nanometer thickness. For this reason it is real
Nanotechnology in the sense of our definition.
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The whole topic has been comprehensively treated e.g. by the script of
FZ]J-Ferienkurs (1999).

Phenomenology of the GMR-effect

An electrical current can flow in the plane of the layers (CIP Current In
Plane) as well as perpendicular to the layer plane (Current Perpendicular
Plane CPP). In both cases a GMR-effect can be observed. Dependant on the
applied external magnetic field the electrical resistance decreases in a mag-
netic field continuously. Figure 3.35 shows this behaviour for the CIP-case in
the original curves.
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Figure 3.35: First observations of the GMR effect: (a) in Fe/Cr multilayers
(Baibich, Fert et al. 1988), (b) Fe/Cr/Fe trilayers compared with
AMR-effect (lower curve): (Binasch, Griinberg et al. 1989; from
Biirgler DE and Griinberg PA (2003): “Magnetoelectronics-Mag-
netism and Magnetotransport in Layered Structures” In Nano-
electronics and Information Technology, Wiley VCH 2003, ISBN
3-527-40363-9,111-128; reproduced by permission of Wiley VCH,
STM-Copyright & licenses.

The lower curve in figure “First observation b” shows the resistance
change of the so called Anisotropic Magnetic Resistance (AMR) in a mag-
netic field. As can be seen the AMR effect is much smaller than the GMR
effect. Measuring temperature in figure “First observation a” was 4.2 K, in
figure “First observation b” 300 K. In figure a) the observed maximum
GMR-effect is in the range of 80% while in figure b) at room temperature in
a trilayer the effect is about 1.5%. This strong temperature dependency of
the effect was confirmed in the following years by further investigations with
further improvements of the maximum GMR effect.

For the appearance of the GMR effect it is necessary that configurations
of the ferromagnetic layers can be established in which the directions of
magnetization can be arranged parallel (ferromagnetic coupling) or antipar-
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Figure 3.36: Ferromagnetic layers separated by non-ferromagnetic layers with
and without parallel magnetisation (schematically). White arrows
indicate direction of magnetisation.

allel (antiferromagnetic coupling) dependant on the external magnetic field.
This is shown schematically in figure 3.36.

This behaviour can be achieved either in “Interlayer Exchange Coupled”
systems with free magnetic layers or by “Spin Valve Systems” (SVS) where
one magnetic layer is pinned by a bias layer. In the following the Internal
Exchange Coupling (IEC) will be considered first.

The arrangement of the magnetisation directions is dependant on the
Energy Ejc of the IEC. Ejgc can be described phenomenologically in a first
order approach by the areal energy of the IEC:

Er =-J,+Cc0SO- J, * COS’® (eq.3.2)

O describes the angle between the direction of magnetisations in the mag-
netic layers. J; and J, are Parameters which depend on the layer material and
the thickness of the nonferromagnetic interlayer. They describe the type and
strength of the coupling between the ferromagnetic layers. If the first term
on the right side in equation 3.2 dominates then the coupling is ferromag-
netic for positive J; and antiferromagnetic for negative values of J; in the
absence of an magnetic field, which means that without external magnetisa-
tion the arrangement of neighboured layers is antiparallel. Thus the GMR
effect can be observed only for J; < 0. The IEC can be enhanced significantly
by additional nanometer thick ferromagnetic layers (Co) adjacent to the
nonferromagnetic interlayer (Peng et al. 2002).

Figure 3.37 (a) schematically shows how J; oscillates with increasing
thickness of the nonferromagnetic interlayer. Figure 3.37 (b) displays the
GMR in a Co/Cu/Co system. As can be seen the GMR only appears when J;
becomes negative. When in equation 3.2 the second term with J, is dominat-
ing and J, is negative then a 90 degree coupling occurs.

This kind of coupling is very sensitive to temperature and it is believed
that it is mainly due to interface roughness (Biirgler and Griinberg 2003)
and will not further be discussed here. A detailed discussion of the interlayer
exchange coupling (IEC) can be found at Mathon et al. (1993), Bruno
(1995), Stiles (1999) and Griinberg (1999).
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Figure 3.37: Oscillation of J1 (schematically; figure 3a) and of the GMR effect
(figure 3b) with interlayer thickness. The GMR effect has its first
maximum at 9 Angstrom interlayer thickness (Stoner 2004).

Decoupled Layer System (Spin Valve Systems SVS). In this structure an anti-
ferromagnetic pinning layer (FeMn) pins a magnetic film (CoFe) with a
fixed magnetic orientation. A second softmagnetic (NiFe) is stacked above
the other separated by a nonferromagnetic interlayer, e.g. Cu. This free layer
is decoupled from the pinned layer. The arrangement is shown in figure
3.38a.

If the external field is not too large the antiferromagnetic pinning layer
keeps the magnetisation of the pinned CoFe-layer in a fixed direction. Sepa-
rated by a nonferromagnetic layer (e.g. Cu) a softmagnetic free layer is
deposited. In the absence of an external field the magnetisation of this layer
will be the same as that of the pinned layer.

Figure 3.38b shows the slope of magnetisation of the system with exter-
nal field, figure 3.38 (c) displays the resistance change with an increase of
the GMR when the magnetisations become antiparallel in an external
field. When the external magnetic field increases and becomes larger than
the exchange bias field then the magnetisation of the pinned layer rotates
and eventually also becomes parallel to the external field. The more the
magnetisations of the pinned and the free layer become parallel the more
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Figure 3.38: a: Arrangement of layers in a decoupled system; b: Characteristic
curves of normalised magnetisation in layer systems; c: AR/R dur-
ing cycling in an external magnetic field (Biirgler and.Griinberg
2003).

the GMR decreases. When the external field is reduced again the magneti-
sation of the pinned layer rotates once more with a hysteresis into the
direction of the bias field. The GMR follows the slope as shown in figure
3.38c. The GMR in SVS is especially appropriated for reading digital “0-1”-
information as even for small external fields a big change in the resisitivity
appears.
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Theoretical background of the GMR-effect

The GMR-effect can be explained by Sir Neville Mott’s two current
model. Two kinds of conduction electrons are responsible for the current
transport in a ferromagnetic 3d-metal: electrons with spin parallel and
others with spin antiparrallel to the local magnetisation (spin up and spin
down electrons). Near the Fermi-energy the density of states of electrons
in ferromagnetic 3d-materials is different for spin up and spin down elec-
trons. By the lowering of the spin up energy the number of spin up elec-
trons at the Fermi level is higher (majority carriers) than that of spin
down electrons (minority carriers). This is shown schematically in figure
3.39.

Energy

A
Density of states E Fermi | . Density of states
spinup ¢ N> spin down

s

Figure 3.39: Spin up and spin down electrons with respect to the Fermi level.

Without external electric field electrons move itinerant with Fermi-
velocity in the layer with no resulting electric current. The electrical resist-
ance is determined by the density of conduction electrons and by scattering
processes during the movement of electrons in the electrical field. The
observed GMR effect is related to different scattering processes for spin up
and spin down electrons in the different layers.

Figure 3.40 schematically shows that scattering of electrons when cross-
ing the interfaces of neighbouring layers for parallel and antiparallel direc-
tion of spin with respect to the directions of magnetization in the ferromag-
netic layers (after Biirgler and Griinberg 2003). Due to the asymmetry of the
density of states the scattering probability of d-electrons for both kinds of
electrons is different.
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Figure 3.40: Spin dependent scattering of electrons with spin directions paral-
lel and antiparallel to directions of layer magnetization (spin up
straight lines, spin down dashed lines) after Biirgler and Griinberg
2003.

spin down

An electric current results from the drift of electrons in the direction of
an applied electric field. This drift velocity of the electrons caused by the
electric field is much smaller than the Fermi velocity. The electric resistance
results from scattering of the electrons at inner and outer surfaces and
defects in the layer system. Only electrons near the Fermi-energy with spin
down magnetisation can be scattered because only they can find unoccu-
pied states above the Fermi-level after scattering. The scattering probability
is much higher for the minority carriers (spin down) than for the majority
carriers (spin up). The movement of electrons in the layers with the drift in
an electric field is shown schematically for parallel (a) and antiparallel (b)
direction of layer magnetization. For simplification, scattering at internal
defects like impurities or vacancies is not considered here.

This changes when the magnetization in the layers becomes antiparallel
(b) in a zero external field (H = 0). Now electrons with both spin directions
experience scattering processes when passing an interface with magnetiza-
tion direction opposite to the spin direction. The overall resistance then will
no be longer near zero but finite. The slope of resistance in figure 3.35 with a
maximum of resistivity for zero external field can thus be understood in
principle.

Realization of GMR-systems

The discovery of the GMR in 1988 found special interest by the manufactur-
ers of magnetic hard disc drives (HDD). Since about 1970 the AMR effect
with the rather poor sensitivity had been applied in magnetic reading heads
(MRH). An effect like the GMR seemed to be especially appropriate for
MRH with improved sensitivity. The first investigations and experiments on
the GMR had been carried out at very low temperatures and high magnetic
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fields which were not practicable for any application. Another critical point
was the production of the GMR layers. The first layers had been produced by
molecular beam epitaxy (MBE) which is an extremely expensive process. For
any application of the GMR a much cheaper production process had to be
developed.

All over the world many research groups in academia and industry recog-
nized the potential of the effect very quickly and several teams of researchers
started intensive investigations to design a sensor which would operate at
low magnetic fields and at room temperature for reasonable costs. By the
time many different systems have been explored. At IBM e.g. more than
30000 different multilayer combinations and layer dimensions have been
made and tested (IBM Homepage/research GMR). Some selected examples
of the investigated systems will be described in the following chapters.

Two Dimensional Magnetoresistive Systems, Multilayer Systems with Current
in Plane (CIP)

The focus of the development of GMR has been on two dimensional systems
with CIP-geometry all the time. Thus most results have been published
about this arrangement. As already mentioned before we have to distinguish
here between free layer systems where the magnetization is free without any
external pinning force. On the contrary there are (next section) so called
spin valves, where one layer with a preoriented magnetisation pins the adja-
cent ferromagnetic layer.

Systems with free magnetic layers (IEC). Table 3.01 shows the results of GMR
measurements for some representative sample structures (values from
Baibich and Griinberg 2003). The higher values for a higher number of lay-
ers in table 3.01 and also in figure 3.35 (a) can be explained by increased

Table 3.1: GMR effect as function of number of layers at various tempera-
tures for different layers.

Sample structure AR/R in % Temperature (K)
[Fe(4.5)/Cr(12)]s0 220 1.5

42 300

48 300
[Co(8)/Cu(8.3)]3 115 4.2

65 300
NiFe(100)/Cu(25)/Co(22) | 4.6 300

Table 3.1 Remarks: Number in Brackets indicates layer thickness in Angstrom (Biirgler
and Griinberg 2003).
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scattering probability as electrons have to pass a higher number of interfaces
with increasing number of layers.

Costs are of major importance for the application of the GMR effect. A
first step has been the successful application of sputtering instead of MBE.
Another step in cost reduction is the reduction of the number of multilayers.
In this field progress has been reported by Egelhoff et al. (1996; 1997). He
achieved smoothing of a Co-metal surface by annealing in oxidizing atmos-
phere. Preferably the peaks of the metal surface where oxidized to CoO. The
result was reduction of scattering by improvement of the specular reflectiv-
ity of the electrons at the external surfaces.

A well-functioning GMR-system is a combination of NiFe magnetic lay-
ers and Ag. The layer system can be easily produced by sputtering. The opti-
mum layer thickness is in the range between 1 and 1,5 nm. During an opti-
mization process by annealing between 200 and 300°C an Ag-Ni-Fe-alloy is
formed at the layer interfaces. The annealing is reducing the roughness of
the interface. In dependence of the magnetic and the non-magnetic layer
thickness these systems display a good antiferromagnetic coupling at mod-
erate magnetic saturation fields in the range of up to 1 Tesla combined with
reasonable detectable MR-effect of up to more than 20% at room tempera-
ture.

Spin Valve Systems (SVS)

IBM has developed special magnetic reading head based on spin valve sys-
tems. Figure 3.41 shows the principal design.

The whole multilayer structure is about 10 nm thick on a Si-surface.

The advantage of this system is that it is very sensitive to external fields,
e.g. the magnetic hard disc, with a very low saturation field of 10 to 30 Oe.

NiFe Free Laye
nm

Cu Spacer 2.5 nm

CoFe Pinned Layer 3n

Antiferromagnetic
Exchange Layer 15 nm

Figure 3.41: Principal design of a GMR reading head (Dietzel, Andreas) In:
Nanoelectronics and Information Technology, Wiley VCH 2003,
ISBN 3-527-40363-9, “Hard Disk Drives” 618-631; reproduced by
permission of Wiley VCH, STM-Copyright & licenses.
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For this reason spin valve system are now commonly used in magnetic
reading heads.

One Dimensional Magnetoresistive Systems, Multilayers in Nanowires (CPP)

One dimensional MR-wires can be easily produced by intermitting galvanic
deposition of ferromagnetic and non-ferromagnetic layers consisting of a
few atoms in nanoporous templates (Ansermet 1996; Piraux 1994). The
templates can be produced in different ways, e.g. in Polycarbonate (Martin
1994) or in Alumina (e.g. Jessinsky et al. 1998).

Advantage in comparison with CIP

> higher resistance of a single wire One wire external
(simple measuring) electric contact

> inexpensive deposition technique about 40 nm \

> Small lateral dimensions

Disadvantage in comparison with CIP

> difficult to contact ()
ol il
Cu-layer [ [—1 [
Co-layer -~ —]
Cu-film Current direction

(perpendicular to layers)

CPP GMR

Galvanically deposited quantum wires in Nanopores

Figure 3.42: GMR effect (CPP) in one-dimensional systems (Ansermet 1996).

The arrangement of the system is shown in figure 3.42. The external mag-
netic field is applied perpendicular to the current direction.

Table 3.2: CPP-GMR effect in some representative sample structures (CPP);
data from Biirgler and Griinberg (2003); Number in Brackets
indicate layer thickness in Angstrom.

Sample structure AR/R in % Temperature (K)

[Co(8)/Cu(12)], 170 4.2
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Figure 3.43: CPP-GMR and magnetisation in nanowires. Reprinted with per-
mission from L. Piraux, J. M. George, J. E Despres, C. Leroy, E
Ferain, R. Legras, K. Ounadjela, and A. Fert, “Giant magnetoresis-
tance in magnetic multilayered nanowires”. Applied Physics Letters,
65,2484 (1994). Copyright 1994, American Institute of Physics.

The electrical resistance of a single nano wire is in the range of some 10
Ohms. This value is much higher than that in 2-D-systems which facilitates the
evaluation of the GMR. But contacting discrete nano wires is much more diffi-
cult as it is in two-dimensional systems. Also the required magnetic fields are
higher than in the CIP case (figure 3.43). This reduces sensitivity of the effect.

Advantageous for applications could be the possible miniaturization of
the system. According to table 3.02 it should be expected that the GMR in
nanowires with CPP should be rather higher than in CIP geometry. But it
seems that the galvanic deposition of the layers with constant thickness is
not as reproducible as required. Another disadvantage which prevents appli-
cation is that with lower dimensionality higher magnet fields are required
equivalent to a reduced sensitivity of the GMR effect. Further research will
be necessary for improvement.

Zero dimensional Magnetoresistive Systems (Granular Systems)

Granular systems with a mixture of powders of non magnetic and ferromag-
netic materials can be easily produced e.g. by thick film technology (TFT) or
by sputtering. The advantage could be the extremely inexpensive production

]
... o ' K -. Granular GMR-layer:
' ) @ @0 elot e
% . . ® host: nonmagnetic metallic (e.g. Ag)

@ 12 s
) LY : + @ .. . grains: ferromagnetic (e.g. FeNi)

Figure 3.44: Granular GMR layer (schematically).
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Figure 3.45: GMR effect in a sputtered Ag/Ni granular layer (Hahn 1996,
reproduced by permission of Horst Hahn).

of granular systems e.g. by thick film technology. Figure 3.44 displays the
schematic design.

Figure 3.45 displays a measuring curve on a sputtered Ag/Ni granular sys-
tem (Hahn 1996). The powder had been produced by gas phase condensa-
tion and had been consolidated afterwards by pressure at room temperature.

Layers with granular powders can have a large MR-effect up to 60%. The
scale on the left side of figure “Granular curve” is for current I parallel to the
magnetic field, while the scale on the right is for perpendicular current
direction. As can be seen, the scales are almost the same for both current
directions because scattering occurs anisotropically. But reproducibility with
all available technologies up to now is rather poor and not sufficient for
introduction to any products. Usually the required magnetic field strength
are pretty high.

Colossal Magneto Resistance (CMR)

Some Perovskites like Lanthanum Strontium Manganese Oxide display a
resistance change of up to 600% at low temperatures at about 100 to 200 K
when high external magnetic fields are applied (VDI 1997). In Manganese
based systems a CMR effect up to room temperature has been observed, too
(v. Helmolt et al. 1993). The limitations to high magnetic fields and to small
temperature ranges prevent the application of the effect in industrial prod-
ucts up to now. Also the theory of this effect is not yet completely under-
stood.

Tunnel Magnetoresistance (TMR)

The TMR configuration consists of two ferromagnetic electrodes, normally
in form of thin films. The electrodes are separated by a thin dielectric (e.g.
AlOy) or semiconducting layer with a thickness of about 1 nm. If a small
voltage (< some hundred mV) is applied to the electrodes a small tunneling
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current will flow across the barrier. This corresponds to a CPP-geometry.
The TMR is found to be dependent on the magnetization of the electrodes
on both sides of the layer (Moodera and Mathon 1999). Record TMR values
have been found in the order of 50%. The effect is not yet really understood.

Applications of the GMR

The 2-dimensional GMR is being used extensively in magnetic recording
heads, because the GMR effect can be made much more sensitive than the
formerly used AMR effect (IBM-Homepage 2004). Figure 3.41 shows the
principal design of a reading head using a spin valve layer system with CIP
geometry which is most advantageous for this application. The NiFe free
layer can rotate its magnetization in the presence of an external field, e.g.
from the magnetic storage disc.

Other applications under investigation are contactless working position
sensors, e.g. for automotive steering wheel position or in anti-lock systems
(ABS). The requirements there concerning the temperature range of appli-
cation, robustness and costs are very hard to meet, especially in the mass
market for “automotive application”. This prevents further introduction into
products up to now. Support by funding should still be granted for further
development of systems like the CMR and the TMR which up to now are not
completely understood. In systems like these there may be room for further
improvements for products.

B5: High Strength Composites
(s. “High Strength Materials and Composites” B1)
D5: Photochromism

PhChr has been defined as a reversible change in the color, or darkening, of
a material caused by absorption of ultraviolet (UV) or visible light (Crano
1993). The reversion of the system to its original state can be driven either by
thermal or photochemical energy (“photobleaching”), or both.

PhChr systems are naturally separated into two principal categories:
inorganic and organic. There are several types of organic photochromic sys-
tems (Bouas-Laurent and Diirr 2001) involving a multitude of mechanisms.
The photochromic reactions can be uni- or bimolecular.

Within the inorganic category, the systems which are studied and com-
mercially utilized mostly are those containing silver halide nanocrystallites
dispersed throughout a glass matrix. The mechanism of the silver halide
PhChr is the reversible formation of the silver metal atoms with subsequent
formation of silver clusters on the halide crystallite surface. Both the photo-
chemical formation of the metal and the reformation of silver halide are cat-
alyzed by copper ions.

Silver halide glass systems have been used in photochromic eyewear.
Other possible applications in the future could be smart windows, displays
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and memories (Fujishima 2002). The photochromic reaction is controlled
essentially by diffusion processes. Therefore in it is rather a scaling effect and
not real Nanotechnology the sense of our definition.

D5: Plasmonics
(s.DI1)
G5: Self Assembly of Metal Nanoparticles

Self assembly of molecules and nanoparticles is a well known phenomenon.
If it happens in three dimensions it is traditionally called crystallization. In
connection with this chapter the two-dimensional (2D) self assembly is of
special interest, since those arrangements are of decisive relevance in
Nanoscience and -technology. As in the case of three dimensions, self assem-
bly happens due to weaker or stronger attractive forces between the particles
to be organized, linked with the natural tendency to form dense packings. In
the 2D case the substrate on which the monolayer shall be deposited is also
of great relevance. There should exist attractive forces between the particles
and the surface, however, these have to be weak enough that deposited parti-
cles can move around to form densely packed structures. However, too weak
interactions prevent well organized structures due to redissolution.

The final goal in generating and investigating 2D arrays of metal
nanoparticles is their use in nanoelectronics, optoelectronics, storage sys-
tems etc., based on their size-quantized electronic properties. Most impor-
tant for a successful self assembly of nanoparticles is a dispersity that should
be as small as possible. Deviations of up to 10% are tolerated. Appropriate
chemical modification of the nanoparticles’ surface, the substrates surface or

Figure 3.46: TEM image of square packed ligand protected 1.4 nm Au parti-
cles. With permission from Wiley-VCH, Weinheim.
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of both has turned out to give the best results. Figure 3.46 shows a transmis-
sion electron microscopy (TEM) image of 1.4 nm ligand stabilized gold
nanoparticles on an appropriately modified surface.

One-dimensionally organized structures of metal or semiconductor
nanoparticles are still very rare. They require appropriate templates to
arrange the particles in one dimension. First approaches look promising;
however, 1D organization is much more difficult compared to formation of
2D arrangements.

2D, with some respect also 1D and 3D organized metal and semiconduc-
tor nanoparticles, are the basic systems for applications in nano- and opto-
electronics, storage systems and many other future applications. This field of
Nanoscience and -technology is still at the very beginning. Intensive further
developments are necessary.

G5: Coordination Polymers

Coordination polymers are metal-ligand compounds of one- (1D), two-
(2D) or three-dimensional (3D) structures, as can be seen in figure 3.47.
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Figure 3.47: Principles of 1D, 2D and 3D coordination polymers.

Coordination polymers have gained an enormous interest during the last
decade. The formation of coordination polymers follows self-assembly
processes ending up in novel systems with highly interesting properties.The
bonds between metal and ligand usually are, but do not have to be of cova-
lent character. A discrete example for 1D is shown in figure 3.48.
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Figure 3.48: Sketch of a 1D coordination polymer consisting of 2,1,3-benzo-
thiadiazole molecules, linked by silver ions.

The use of appropriate building blocks allows the construction of an
almost infinite number of 1D, 2D and 3D systems with individual properties
depending on the nature of the buildings blocks, the dimensionality and the
kind of cooperation.

Applications of coordination polymers in future nanotechnological
devices can especially be expected on the fields of non-linear optics (NLO),
molecular magnets, catalysis, spin-crossover processes, sensors, zeolite
analogs and many more. In so far this chemically based scientific develop-
ment is worth to be intensively supported. For representative literature s.
Janiak (2000) and Munakata et al. (1994).

H5: Biosensors

Semiconductor and metal nanoparticles with their unique and size
dependent properties are useful labels for biomolecular detection. In con-
junction with biomolecules with their highly specific recognition abilities
(oligonucleotides, proteins, anti-bodies, enzymes) they represent func-
tional hybrid systems, whereas bimolecular reactions and binding events
can be detected by means of electrical, optical or magnetic measurements.
This covers the fields of simple detection, sensing, imaging, diagnostics
and therapy. Thus, the hybrid systems can be applied in vivo or, at least,
can be immobilized on solid supports, applicable for high throughput
experimentation as well as chip technologies. In this sense, miniaturization
down to the nanometer scale will be one of the great challenges within the
next years and will contribute essentially to the field of home-care diag-
nostics. Furthermore, those systems can be relevant in the self-organized
assembly of electrical circuits.

The fields of applications range from biomedical applications and diag-
nostics to micro- and nanoelectronis (chemical information technology). A
detailed analysis of the technological potential of these developments will be
given in section 3.3, which will acquaint the reader with the biomedical chal-
lenges of Nanotechnology.
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3.1.6 Boundary Surfaces
A6: Proximity Effect

The proximity effect is a so-called nearfield effect. It generally occurs when a
current carrying system is brought in close vicinity of another conducting
sample. These currents can either be macroscopic external currents induced
by an external source or can also be based on the electronic system of two
bodies interacting via fluctuating electromagnetic fields. This interaction
gives rise to van der Waals and dispersion forces.

In nanocrystalline systems consisting of small non-magnetic particles
embedded in a magnetic matrix or in a non-magnetic interacting system
exhibiting strongly differing Fermi levels, magnetism can be induced in oth-
erwise diamagnetic system. This results from the shifting of the Fermi level
of a non-magnetic component. Thus, under these conditions magnetic
properties of diamagnetic systems such as copper can be induced.

This requires a precise control of the particle sizes and distribution of
nanoparticles in an appropriate inducing matrix. The local electric fields
may than be much higher than the corresponding dielectric breakthrough
fields. The effect occurs when the electronic screening length becomes

Figure 3.49: Schematic of sample layout, showing SWNTs grown from two 5
mm by 5 mm catalyst islands, then covered with 60 nm of sput-
tered NDb, producing a 300-nm gap between Nb pads. (A) Atomic
force microscope image of gap region between Nb pads, with
three SWNTs (marked with arrows) visible. (B and C) Top and
side views of a schematic device layout. Atomic force microscope
images show that the diameters of all SWNTs are 1.6 nm (except
for one SWNT in one of the samples measured, which has a diam-
eter of 1.8 nm) (with kind permission from Morpurgo et al. 1999).
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smaller than the range of the inducing local fields and coherence lengths
involved. This can be adjusted by choosing particles in the nanometer size.

A similar effect can be induced in the area of superconductivity where the
investigation of small particles between nanoelectrodes and electronic influ-
ence of the superconducting electrons on normal conducting systems is to
be expected. Using small particles in the close vicinity of superconducting
materials may thus induce superconductivity in the nearfield regime of the
inducing elements. Morpurgo et al. demonstrated the superconducting
proximity effect also in single-walled carbon nanotubes (SWNTs) connected
to niobium electrodes. Using a gate electrode, the niobium-nanotube trans-
parency could be tuned at 4.2 Kelvin (Morpurgo et al. 1999).

Hence, this effect only occurs below a certain particle size and can not be
induced in macroscopic samples and therefore has to be regarded as a quan-
tum size effect.

Applications of the proximity effect are in the field of inducing magnet-
ism in diamagnetic metals and also shift electronic states of magnetic par-
ticles such that they become non-magnetic. In addition, the effect can also
be used to induce superconductivity on small particles or thin layers in
otherwise non-superconducting materials such as gold. Applications
include switchable magnetic materials and sensor devices based on super-
conductivity.

C6: Gas Sensors and Catalysts

Sensor technology is one of the most important mass-markets of the future
with a constantly increasing number and variety of applications in both the
industrial and domestic sectors. Ever more sensors and sensor arrays are
being used in the control of technical processes, within environmental pro-
tection, applications in health care, for use in automobiles and aircraft and
the control of (chemical) production processes.

Semiconductor nanoparticles as well as nanoporous solids are increas-
ingly used for the fabrication of highly selective gas sensors. The nanoparti-
cles used are typically metal oxides, among the best-understood prototype of
oxide-based gas sensor is the SnO, sensor (Barsan et al. 1999). This material
has repeatedly been tested by changing the preparation and deposition tech-
niques. These range from powder preparation techniques, e.g. via precipita-
tion from solution, milling of bulk material or by laser pyrolysis up to gas
phase methods via chemical vapour deposition (CVD) or physical vapour
deposition (PVD). According to the presently most accepted model for the
working principle of a metal oxide gas sensor, the particle size of the sensor
material plays a crucial role. Below a certain grain or particle size, the radius
approximately reaches the Debye-length, which corresponds to the length of
the space-charge or depletion zone. At this size the sensitivity reaches its
maximum. At the same time nanoparticles provide an increased surface area
as compared to micrometer sized particles, making the materials more



3.1 Materials 139

accessible towards the applied gases. This will allow the further miniaturiza-
tion and integration of single sensor elements and sensor arrays. The devel-
opment of new material compositions on the nanometer scale, i.e., semicon-
ductor nanoparticles with variable compositions and huge variety in volume
and surface doping will be essential for this design routes. For this purpose,
high-throughput experimentation and combinatorial chemistry will be
powerful methods, as it was demonstrated just recently (Franzen et al. 2004).
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Figure 3.50: Physical model and band structure of a gas sensor material, illus-
trating the meaning of the Debye-lengths for the sensitivity. In
nanoparticles the Debye-length extends over the entire volume of
the particles.

Surface doping provides the opportunity of utilising size effects of the
respective catalytically active material, when it is applied as nanoparticles
with a narrow size distribution. With this method the sensitivity of a sensor
can be tuned via the particle size.

Nanoporous sensor materials, like zeolites, have a great potential in terms
of selectivity (Franke et al. 2003). A prominent example is a zeolite-based
NHj sensor, which will enter the market as an exhaust gas sensor for NO,-
rich diesel exhausts in commercial vehicles. Comparable to the shape selec-
tivity of heterogeneous catalysts one might expect new materials with high
selectivity. This can be utilised in applying the material as gas sensing mate-
rials as well as filters in combination with conventional sensor materials.

In heterogeneous catalysis most effects are related to the microstructure
of the catalyst as well as on the topology and topography of the catalytically
active sites on the nanometer or even atomic length scale. The technical rel-
evance of nanomaterials in catalysis cannot be underestimated. But it will be
an impossible task to foresee those fields of technical application, which will
profit from a rational design of nanomaterials, since the complex interplay
of the multiple reaction parameters in catalysis (as well as in sensor develop-
ment) need at least an empirical or semi-empirical strategy for system opti-
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Figure 3.51: Sensitivity of a nanoparticle doped SnO, sensor expressing the
increasing sensitivity with decreasing particle size (adapted from
Yamazoe 1991).

mization. Here again the use of high-throughput experimentation and com-
binatorial chemistry will be a promising approach. Modern literature on
catalysis more and more focuses on size effects. A comprehensive discussion
of the different aspects would by far exceed the limits of the present study, so
that the interested reader might be guided by a new text book edited by
Zhou, Hermans and Somorjai (2004) and the references therein. With the
title “Nanotechnology in Catalysis” it emphasizes the fundamental under-
standing of catalysis on the nanoscale, the synthesis of different nanomateri-
als (particles, porous materials, nanotubes, dendrimers etc.) and gives a lot
of instructive examples for the application of nanomaterials in a variety of
catalytic processes.

Dé6: Plasmonics
(s.DI1)

G6: Patterns by Phase Separated Block Copolymers

Block-copolymers are macromolecules consisting of at least two parts, gen-
erally differing in their hydrophilicity. As generally these molecular subunits
prefer to interact with the similar substructures of the neighbouring mole-
cule, ordered structures of nanoscale dimensions emerge. This organization
of macromolecules can result in very regular patterns in nanoscale dimen-
sions in two dimension on surfaces and in three dimensions in materials
(Hamely 2003). The regularity of the structure allows for physical effects
(optical properties) that are typical for periodic nanoscale structures. The
figure below shows two structures that have been made by phase separation
of a diblockpolymer (Park et al. 1997).
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Figure 3.52: Left side: TEM picture of a surface structure made by a diblock-
polymer. Both surface structures have been used as lithographical
masks resulting in the structures on the right side (Park et al.
1997). Right side: Schematic representation of the mushroom
shaped object formed by a diblockpolymer (Stupp et al. 1997).
The picture is reproduced from the internetpage stupp.northwest-
ern.edu.

These interactions can not only be used to organize two dimensional pat-
terns. Phase separation also allows for the engineering of nanoscale three
dimensional objects, like the mushroom shaped objects from Stupp et al.
(1997) shown in the figure above on the right side. These structures and
objects in nanoscale dimension result from selective recognition interac-
tions on a molecular level and thus must be described by quantum mechan-
ical laws. In addition, these patterns provide typical physical (optical) prop-
erties for periodic nanoscale structures.

The potential applications of such materials are manifold. Their use as
lithographical mask has already been demonstrated in the figure above.
Large antireflection surfaces have been prepared by phaseseparation as well.
An envisaged application of nanoscale objects is their use as artificial body
compatible polymers for surfaces of prostheses.



3.2 Information Storage
3.2.1 Stimulus: Electric/Electronic
A1: Magnetic Random Access Memory (MRAM) (also B1)

Magnetic random access memories are non-volatile memories with access times
independent of the address. Thereby they combine the advantages of computer
hard disks, keeping the information stored without power supply, with the ones
of current DRAMs, having fast and constant access times. The core of an
MRAM cell is a junction between two ferromagnetic layers separated by an
oxide spacer layer, s. figure 3.53. Such a junction is known as magnetic tunnel
junction and its transport is characterized by the tunnel-magneto-resistance
(TMR). The conductance differs for parallel and anti-parallel configuration of
the magnetizations in the ferromagnetic layers due to the spin polarization of
the ferromagnets. Typically, one of the two ferromagnets is pinned such that
only one of the two electrodes switches when applying a magnetic field enabling
one to go from parallel to anti-parallel and back again. While the state of the cell
can be sensed with a very small sense current by the TMR, writing the cell
requires high currents injected simultaneously into bit and word lines produc-
ing high magnetic fields at the intersection which one wants to address.
Demonstrators and prototypes of MRAMs have been produced at
Cypress, Motorola, and IBM, collaborating with Infineon. The majority of
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Figure 3.53: MRAM cell.
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observed in nanowires and contacts to nanoparticles. Using this effect for
writing a MRAM cell directly yields to addressing in the very same way as the
read-out, only with different current magnitudes. Another promising
progress has been achieved in the TMR values obtained at room tempera-
ture. While 1000% have been predicted, only 80% were obtained (Reohr et
al. 2002, Parkin et al. 2003), until very recently single crystalline (Yuasa et al.
2004) and polycrystalline (Parkin et al. 2004) samples have demonstrated
more than 200% at 300 K.

Altogether the MRAM is greatly benefiting from fundamental studies and
presumably it will soon be an alternative to DRAMs. This will imply that we
don’t have to boot our computers any more and that they do not contain
mechanically moving parts any longer. An additional advantage of MRAMs
is the high speed with which magnetization can be reversed. Field pulses of
2 ps duration have been demonstrated to reverse the magnetization of a thin
film (Back et al. 1999).

A1: Semiconductor-Spintronics (also A2/B2)

While conventional semiconductor devices use electrical fields to manipu-
late the flow of the charge carriers, electrons and holes, spintronics (or mag-
netoelectronics) exploit their spin. Here we briefly discuss semiconductor
thin films and nanostructures which may possibly be employed in spin-
tronic circuits fulfilling memory or logic functions. For metal/oxide spin-
tronics we refer to the chapters on spintronics-GMR and on MRAMs. We
note that in addition to memories also reconfigurable logic gates can be real-
ized with spintronics using metallic components (Cowburn et al. 2000, All-
wood et al. 2002).

Since metallic components are considered to be incompatible with cur-
rent CMOS technology there is a desire to realize spintronics also with
semiconductors. This involves the creation of ferromagnetic semiconduc-
tors and the injection of spin-polarized currents into non-magnetic semi-
conductors. Groups working on the first issue have achieved Curie temper-
atures up to 110K in GaAs by growing thin films where 7% of the gallium
atoms have been replaced by manganese (Ohno et al. 1996). Despite the
effort put into understanding and optimizing these diluted magnetic semi-
conductors (DMS), no concise theoretical picture of the physics giving rise
to ferromagnetism could be put forward so far. Most of the uncertainty
originates from the state of the magnetic impurities in the semiconducting
host, in particular it is unclear whether the Mn is there in the form of clus-
ters or of single atoms. This influences the magnetic state of the individual
impurities and their coupling establishing the long-range ordered ferro-
magnetic ground state. The issue of spin injection has been solved for the
interface between a non-magnetic and a magnetic semiconductor, where
an efficiency of 90% was achieved (Fiederling et al. 1999, Ohno et al.
1999). At the interface semiconductor/metal spin injection is most effi-
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Table 2:  Information Storage

Table 2 and the corresponding sections take up effects that are to a certain extent already cov-
ered by Table 1. Regarding the enormous importance of new information storage systems with
a great future, this chapter is dedicated exclusively to physical and chemical nanoeffects offer-
ing principles that can be used for information storage. This chapter pursues two goals. First,
it gives a brief introduction into key technologies to probe nanostructures and second, the
potential of effects and concepts for envisaged, planned or even partly realized technological

applications is discussed.
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the problems encountered have to do with the writing process consuming
too much energy, and being not sensitive enough since the write current
produces half of the magnetic field of the crossing point all along the word
and write lines, and it is difficult to adjust the switching field of the cells to a
factor of two. Therefore neighbouring cells sometimes switch, too.

All of this can possibly be solved by a recently discovered phenomenon
known as current-induced magnetization reversal. Injecting a spin-polar-
ized current into a ferromagnet may exert torque onto the magnetization of
the ferromagnet by which it can be reversed. This effect is restricted to
nanoscale junctions since it requires high current densities. It has been



In the first column Table 2 lists the physical kind of the stimulus that triggers the state of the
storage device (A-E) against the physical kind of the retrieval of the stored information in the upper
row (1-4). The individual fields are treated row by row, i. e. from A1-A4, B1-B4 etc.

In numerous cases, the state of the storage device differs in several physical properties allowing
to read the information in different (physical) ways. Hence, some concepts are mentioned in several
boxes of Table 2 but are only discussed in detail in the box with the most advanced or the one tech-
nological information retrieval concept most likely to be realized.
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cient through a tunnel barrier (LaBella et al. 2001). Due to low Curie tem-
peratures and due to the spin injection efficiency decrease of temperature,
there is still some way to go before all-semiconductor room temperature
magnetoresistance devices will be realized. Part of these problems can be
solved with magnetic oxides which can be compatible to CMOS technol-
ogy and may therefore present valuable alternatives to DMS (Wolf et al.
2001).

The quantum mechanical nature of the spin makes it an ideal candidate
for the quantum bits (Qbits) needed for quantum computing. The concept
of quantum computing requires the creation of coherent spin carriers, i.e.,
spins which are not simply aligned, but are coupled in a collective quantum
state described by a single wavefunction (Ball 2000). The lifetime of such a
state is linked to the spin coherence time, which, in magnetic semiconduc-
tors, can be as high as 100 ns (Kikkawa et al. 1997). This is sufficiently long to
drag a coherent spin packet of electrons over a distance comparable to typi-
cal device dimensions (Kikkawa et al. 1999).

Semiconductor nanostructures, so-called quantum dots (QDs), are par-
ticularly interesting for the realization of Qbits (Engel et al. 2001, 2002).
Coherent spin packets could be confined for example in CdSe quantum dots
with 2 to 8 nm diameter (Gupta et al. 1999). Arrays of QDs have been pro-
posed to be used to implement a large scale quantum computer (Loss et al.
1998). In these proposals each QD is a Qbit interacting with its neighbours
by the exchange interaction, the strength of which can be switched by gate
voltages enabling for instance the realization of exclusive OR quantum gates.
The read out of a spin Qbit can be performed with a spin-polarized current
passing through the dot (Engel et al. 2001).

While the spin degree of freedom is already implemented in industrial
metallic devices, such as hard disk read heads, semiconductor spintronics
will still need a few years before being put into practice, however, currently it
is a prosperous field of fundamental research focusing on understanding
and manipulating spin in semiconductors. Quantum computers are still far
from being realized.

A1: Single Charge Storage

Since the late 1970s, CMOS (complementary metal-oxide-semiconductor)
technology is the leading technology for device fabrication in computer
industries and there is no doubt that this dominance will continue for the
next 10-15 years, at least for the set-up of logic elements. At the end of
1970s, in the early stage of this technology, the complexity of the chip-design
appeared as a limiting factor, which had been overcome by computer-aided
design. More than ten years later the increased integration rates lead to new
problems concerning the power- and heat-management, which are still
remaining. Nevertheless, optical lithographic fabrication techniques allow
mass fabrication down to 50 nm and new techniques, like extreme ultravio-
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let lithography, X-ray proximity lithography, imprinting lithography and
focused electron- and ion-beam techniques will guarantee the exponential
down scaling according to the famous Moore’s law. This has already been
illustrated by the fabrication of transistor elements with feature size of less
than 10 nm (Kagan et al. 2003).

However, fundamental limits require the development of new technolo-
gies, which will replace CMOS technology in course of further miniaturiza-
tion. From the present point of view elements for a spin-based information
technology (e.g. magnetic RAMs) and chemically based concepts (e.g.
molecular switches), carbon nanotube based elements (e.g. carbon nan-
otube field effect transistor) and single electron tunneling (SET) devices
appear to be most promising. Each of these approaches has its own advan-
tages and disadvantages, but it seems to be non-realistic that one of these
techniques will exhibit the versatility and stability of CMOS logic. But
besides logic elements, single electron devices will have a great impact in the
development of memory devices in the future, which consist of hybrid cir-
cuits of SET elements and CMOS devices.

In the following, the working principle of SET-based elements is briefly
described: Electric current in a macroscopic metallic conductor is associated
with motion of a huge amount of free electrons over the entire conductor. In
spite of the discrete nature of the charge carriers the current flow in a metal is
quasi-continuous. In contrast, in an isolated nanoscaled piece of metal
(islands), the number of electrons in there is always integer and at least count-
able. An electrical circuit of such islands should present a number of reservoirs
for free electrons, which should be small and well-conducting and which are
separated by poorly permeable tunneling barriers. As long as the size of these
islands is larger than the atomic scale, they certainly comprise a huge amount
of free charge carriers. But, however, handling of individual charges is still pos-
sible if the characteristic electric capacitance of the island C is small enough,
i.e. the charging energy is large enough to overcome thermal fluctuations.
Such a circuit deals with a small and defined amount of excess electrons on
islands changing their distribution over the islands in time in a desirable way.
This is the concept of single charge storage (SCS) and the respective electronic
transport process is called single electron tunneling (SET).

In order to realize this practically the following two principal conditions
must be fulfilled:

— the insulating barriers separating the conducting islands from each
other should be much higher than the characteristic resistance
expressed via fundamental constants, the so-called resistance quan-
tum, Ry = h/e? = 25.8 kQ. Then the electrons in the island can be con-
sidered as to be localized and their number already behaves classically,
although they undergo thermodynamic fluctuations as every statistical
variable.
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— in order to have these thermal fluctuations small enough and conse-
quently to make the exchange of electrons controllable, the energy asso-
ciated with charging by one extra electron should be essential with
respect to the characteristic thermal energy kgT. This is the charging
energy Ec and it depends on the charge Q, on the size, and on the charge
of capacitances of junctions, gates, conductors etc. in the vicinity of the
island. The smaller the island the smaller the capacitance and the larger
Ec as well as temperature, at which single electron charging can be
observed experimentally.

The simplest storage device is the single-electron box for injected/ejected
electrons, i.e. a device, which can control the numbers of electrons in a
quantum dot (island).
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Figure 3.54: Schematic structure of a single-electron box, consisting of a quan-
tum dot (island), an electron connected to the dot through a tun-
neling junction, and an electrode coupled to the dot through an
ideal, infinite-resistance, capacitor (left). Equivalent circuit of the
single-electron box (right).

Such an element can be implemented into a charge-state logic, which
bases on the bistable or, if more than one charge is deposited on the metallic
island, multi-stable configurations. Since one electron represents one bit,
which can be transferred from one island to the next, power consumption of
such a device is extremely small. This will be of great advantage with respect
to minimize the power loss and the heat development in future nanoscale
devices. However, the unavoidable drawbacks of SET logis devices are actu-
ally the large out-put impedance, which makes the elements intrinsically
slow, as well as the extreme charge sensitivity. Thus, the application of SET
elements will apparently be restricted on sensing and memory elements.

As a switching device capable for ultra-large-scale integrated circuits
(ULSIs), the single-electron transistor can be utilized in the set-up of devices
with nonvolatile memory function as well as in SET/CMOS hybrid circuits,
working even at room temperature (Uchida 2002). Such transistor elements
can be fabricated with different techniques, ranging from silicon-based tech-
nology up to chemical self-assembly. While single-electron transistors with
multiple nanoparticle charge-storage have a great potential to replace Flash-
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memories as non-volatile memories, the highest integration rate might be
expected from chemically based concepts, where metal or semiconductor
nanoparticles assembled at nanocontacts form simple or complex elements
with single or multiple SET function.

In order to utilize the opportunities of these molecularly based
approaches, principally two different routes have been followed up to now
with respect to the experimental design. On the one hand techniques have
been developed to fabricate metallic electrodes by electron beam lithography
which enable the addressing of a few or even single nanoparticles. On the
other hand scanning electron tunneling (STS) techniques have been devel-
oped further for chemical control of gating of the central island in a SET
transistor or far the chemical switching of the tunneling barrier, i. e. the
insulating organic molecules, separating the nanoparticles from the under-
lying support. This will be illustrated by the following two examples:

Alivisators and coworkers realized an electrode structure scaled down to
the level of a single Au nanoparticle (Klein et al. 1997). To fabricate such a
device, they combined optical lithography and multi-angle metal evapora-
tion techniques. They yield in a narrow gap of a few nanometers between
two Au leads on a Si substrate. The Au leads have been functionalized with
hexane-1,6-dithiol, which binds linearly to the Au surface. At the free ends
5.8 nm Au nanoparticles were bound from solution. The resulting device
reflects slight current steps in the I(U)-characteristic at 77 K. In further
development of this device, a gate electrode to externally control the current
flow through the central island a CdSe nanoparticle could be applied to real-
ize a SET transistor.

Since the current flow through such a device thus will be very sensitive
to any charges and impurities that reside on the nanoparticles or in the
ligand shell, the “transparency” of the ligand shell can be switched by
chemical modification. This control is called a “chemical gate”, which
allows to control the SET current. This has been demonstrated most
recently by Schiffrin and coworkers by means of an STS experiment (Git-

Nanoparticle Linker Molecule

Figure 3.55: Sketch of a chemically fabricated single electron transistor
(adapted: Klein et al. 1998).
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nis et al. 2000). They used a bipyridyl moiety (viologen group, V**) as a
redox group incorporated in the ligand shell of the particle. Electrons
were incorporated into this group under electrochemical control, while
the transparency of the insulating barrier was measured by STS. They
found that reduction of V** to the radical V'* leads to a significant
decrease of the barrier height. Further reduction to V° results in a very
large increase of the barrier hight. This result reflects the supporting
effect of a half-filled molecular ortbital in V**. This might lead to an
extension of the electronic wave function from the nanoparticle to the
substrate via the orbitals of the radical V'*. As soon as V° is formed, elec-
tron pairing in the LUMO (lowest unoccupied molecular orbital) sup-
presses the direct electronic interaction.

Au nano- |
particle

Figure 3.56: Scheme describing the redox switch, which is based on a viologen
redox center incorporated within the nanoparticles ligand shell.
For simplification the counterelectrode is not shown (adapted
from Gitnis et al. 2000).

These results impressively show that switching of the SET current
through a ligand stabilized nanoparticle can be induced by electron injec-
tion to a specific redox group within the barriers of the tunnel junction.
While the configuration, which was studied in this work, requires the reduc-
tion by at least 30 electrons to change the transparency of the barrier in the
nanoparticle layer, a great challenge will be to integrate those switching ele-
ments into a self-assembled SET circuitry.

In order to further develop this approach, there is a big need to advance
strategies for the controlled assembly of inorganic nanoparticles with large
functional organic molecules to build up SET devices. Actually, the combi-
nation of the large recognition capability of biomolecules, like DNA, pro-
teins or supramolecular complexes with the size dependent charging
energy of metal nanoparticles seem to be most promising to achieve this
goal.
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Analogous to SET devices, tunnel junctions can be fabricated from
superconducting materials. The tunneling events that appear in these
junctions are due to the transport of Cooper pairs, which have an integer
spin and which follow the Bose statistics. These so called Josephson junc-
tions or elements essentially need to be cooled down, e.g. as it is typical for
a SQUID (Superconduction Quantum Interference Device). With respect to
SET devices the recharging time in superconducting junctions is of orders
of magnitude smaller, which can increase the clock frequency in digital cir-
cuits, so that operation frequencies above 100 GHz become realistic.

A1: Ferroelectrics
Introduction

The triumphal march of information technology based on Silicone semicon-
ductors is a consequence of the continuous improvement of the technolo-
gies to store information. The storage density on a chip has grown exponen-
tially during the past four decades. The slope follows the well known
Moore’s law according to which, since the early sixties, the storage density is
doubled every two years.

Two principal types of storage information systems are used in informa-
tion technology:

— Volatile memories: The information is kept in the Dynamic Random
Access Memory (DRAM) only as long as the supply voltage is applied.
The information is used only for processing the information.

— Non-volatile memories: The information is stored after switching off the
external power supply.

DRAM’s have been realized since its introduction to the market by Intel in
1972 by large scale integration in Silicone chips with increasing requirements.
As progress in lithography was not sufficient to achieve the high storage den-
sities advanced technologies for a three dimensional integration of compo-
nents, especially capacitors, had to be developed. With the next generation of
DRAMS the limits of the existing technologies and materials are dawning at
the horizon and new ways and materials for further integration are necessary.

For non-volatile data storage common hard disc drives (HDD) with
magnetic storage media are used. They were being developed to highly per-
fect systems with still increasing storage densities. But for special applica-
tions as e.g. in hand held devices like a PDA, digital video cameras magnetic
storage is not preferred due to high power consumption.

High permittivity materials with and without hysteresis of the polarisa-
tion-voltage loop may be promising materials to overcome the problems of
volatile and non-volatile storage devices. The following discussion will focus
on material properties and processing of high permittivity materials with
respect to their integration in electronic memory circuits. This means that
the field cannot be considered as Nanotechnology in the sense of our defini-
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tion but only as a miniaturization by scaling down layer thickness and struc-
ture dimensions. The circuit design will be considered only schematically. A
more detailed excellent review of the whole field has recently been given by
Kohlstedt and Ishiwara (2003), Schroeder and Kingon (2003), Bottger and
Summerfelt (2003).

High Permittivity Material for DRAM Volatile Memory Devices

Principal Design of DRAM's
The principle of a DRAM storage cell is shown in figure 3.57:
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Figure 3.57: Principle of DRAM storage cell (after Schroeder and Kingon 2003).

Heart of the memory cell is the storage capacitor CS with a capacitance of
about 25 fF which is connected to the bit line via the transistor Tr as a switch.
The switch is controlled by the word line WL. The corresponding charge on
CS represent the binary information “1” or “0”.

The size of one memory cell is essentially determined by the geometrical
size of the storage capacitor CS. The capacitance can be described by the fol-
lowing equation:

CS=&E¢+&,* If‘c (eq 33)

where €, and ¢, represent the absolute and relative permittivities, Ac is the
area of the dielectric in the capacitor and t its thickness. For a prefixed capac-
itance CS different ways for reducing the projected required area of the
capacitor on the chip have been investigated and applied.
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The simplest way is to reduce the layer thickness t. This has been done in
the past down to values of a few nanometers. Further thinning makes no sense
because it must be guaranteed that the layers are pin hole free to avoid short
circuits.

Another way is increasing the dielectric area in 3D perpendicular to the chip
surface while the lateral dimensions of the capacitor on the chip surface can be
reduced. This can be achieved by growing columns of dielectric and plugs into
the interior of the chip (trench technology). In this way the projected memory
cell area can be reduced down to the range of about 10% of the dielectric area.
Another more complicated way is using a capacitor as a multilayer stack (stack
technology; Mitsubishi 1994). The stack is arranged on the surface of the chip
above the wiring of the memory cell (Capacitor over Bit-line COB). Both meth-
ods are schematically displayed in figure 3.58 and result in smaller lateral dimen-
sions with higher storage densities.

According to equation 3.3 the third possibility to reduce capacitor dimen-
sions is using a dielectric with a higher permittivity. In the first memory cells
in the 1960’s SiO, with a permittivity of about 3 had been used as dielectric.
This has been improved by introducing Silicone-Oxi-Nitride (SON) compat-
ible with the CMOS process. SON has a permittivity of about 7. While all the
other ways described before have already been developed almost to their
technical limits it seems that this could be the big chance for high permittiv-
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Figure 3.58: Schematical design of 3D capacitors; (a) trench technology; (b)
stack technology (H. Schroeder and A. Kingon, “High-Permittiv-
ity Materials for DRAM’s in Nanoelectronics and Information
Technology”. Waser, Rainer (ed) Wiley-VCH 2003. ISBN 3-527-
40363-9, chapter 22:564-589 (reproduced by permission of Wiley
VCH, STM-Copyright & licenses).
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ity materials for future Gbit generations of DRAM’s. The properties of high
permittivity materials as thin films will be presented in the next chapter.

High Permittivity Materials for DRAMS

Requirements to high permittivity films for FeDRAM’s

The most important requirements to the dielectric of the storage capacitor
with enhanced permittivity in advanced Gbit generations are (Schroeder
and Kingon 2003):

— No hysteresis;

— High permittivity (¢> 200) to reduce the folding factors in 3D designs;

— Material must be deposited homogeneously as a thin film (<30 nm) also
on 3D structures over large areas (e.g. a 12 inch wafer);

— For read/writing times down to ~1 ns the material should display no con-
siderable dispersion up to frequencies up to ~1 GHz;

— Low leakage currents and charge loss due to polarization;

— All processes for the dielectric material itself and the electrodes have to be
compatible with CMOS technology;

It will be discussed in the following in how far high permittivity materials
can meet these requirements.

Materials Properties

The following results are shown for BariumStrontiumTitanate Ba,Sr 5 TiO;
(BST), which has been extensively investigated by Bascerie et al. (1997) and
from which most data are known. The Ba/Sr-ratio was kept at 70:30 while the
(Ba+Sr)/Ti-ratio was controlled at ~ 47:53. This was important as it proved
that this ratio has some influence on the properties. The BST films were
deposited by MOCVD (Metallo Organic Chemical Vapor Deposition) at a
temperature of approximately 640°C. The electrodes were made of Platinum.
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Figure 3.59: Polarization versus applied voltage. Reprinted with permission
from Cem Basceri, S. K. Streiffer, Angus I. Kingon, and R. Waser,
Journal of Applied Physics, 82, 2497 (1997). Copyright 1997,
American Institute of Physics.
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BST as bulk material is ferroelectric with a transition temperature of
about 0°C.

But in thin films phase transition from the paraelectric to the ferroelec-
tric state is suppressed (Bascieri et al. 1997). Figure 3.59 shows the polarisa-
tion of a 61 nm thick BST layer in dependency of the applied voltage. As
required no hysteresis is observed.

In figure 3.60 the relative permittivity is plotted versus the nominal elec-
tric field for various temperatures. Figure 3.61 shows the slope of &, versus
temperature for zero applied field.
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Figure 3.60: Permittivity versus applied electric field strength. Reprinted with
permission from Cem Basceri, S. K. Streiffer, Angus I. Kingon, and
R. Waser, Journal of Applied Physics, 82, 2497 (1997). Copyright
1997, American Institute of Physics.
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Figure 3.61: Relative permittivity as function of temperature. Reprinted with
permission from Cem Basceri, S. K. Streiffer, Angus I. Kingon, and
R. Waser, Journal of Applied Physics, 82, 2497 (1997). Copyright
1997, American Institute of Physics.
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The maximum of permittivity decreases from about 290 at 192 K to
about 190 at 473 K. For temperatures higher than 373 K the slope follows the
Curie-Weiss-law (straight line). Permittivity figures for films are much
smaller than the figures for bulk material.

The variation of the capacitance area density with film thickness is dis-
played in figure 3.62. It shows the inverse capacitance area density (C/A)™
versus layer thickness t.
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Figure 3.62: Inverse capacitance area density versus thickness layer. Reprinted
with permission from Cem Basceri, S. K. Streiffer, Angus I.
Kingon, and R. Waser, Journal of Applied Physics, 82,2497 (1997).
Copyright 1997, American Institute of Physics.

According to equation 2.1 the expected linear relationship between (C/A)!
and t is shown. It is striking, however, that for t>0 the inverse capacitance area
density displays an offset and does not become zero as it would be expected. This
indicates that the measured permittivity is an effective one. An explanation can
be derived from figure 3.63 by the assumption of additional capacitance caused
by low permittivity interlayers near the electrodes in series with the BST layer.

£ BT electrode
electrode

| !

additional capacitance BST layer additional capacitance

Figure 3.63: Schematic presentation of interlayers between electrodes and fer-
roelectric layer.
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(C/A)" of the whole arrangement in figure 3.63 can be described by
equation 3.4:

c\”! 1 t-t1-12 12
— =$ e + + (eq.3.4)
0 rl

A E,*Epr &y *E,,

t1 and t2 describe the thickness of the interlayers adjacent to the elec-
trodes. For t>0 there remain terms with t1 and t2 by which the offset in fig-
ure 3.62 can be explained. The microscopic reason for this behavior is not
yet really understood. It should be mentioned that by using conducting
oxide electrodes (e.g. RuO,) instead of Pt the offset is reduced.

The frequency dependence of the permittivity €, (w) is shown in figure
3.64 as a function of frequency normalized to the value at very low frequen-
cies:
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Figure 3.64: Normalized relative permittivity (referred to values at low fre-
quencies) versus frequency. From H. Schroeder and A. Kingon,
“High-Permittivity Materials for DRAM’s” In: Nanoelectronics
and Information Technology. Waser, Reiner (ed). Wiley-VCH
2003. ISBN 3-527-40363-9, chapter 21:540-563 (reproduced by
permission of Wiley VCH, STM-Copyright & licenses).

It can be seen that up to frequencies of more than 1 GHz almost no vari-
ation is observed.

The current leakage is strongly dependent on the pretreatment of the
layer. Annealing in oxygen at higher temperatures yields the best results. The
mechanism is far from being well understood (Banieki et al. 1999).

Integration of High Permittivity Layers in DRAMS

As described before, many of the requirements for an application of BST lay-
ers in DRAM’s seem to be fulfilled. Integration aspects of the layers in
CMOS technology have not been discussed yet. In comparison with the
geometries of figure 3.58 capacitors with high permittivity layers can be
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Figure 3.65: Integration of high permittivity capacitors in CMOS circuits
(schematically adapted from Schroeder and Kingon 2003).

designed much more simplified with moderate aspect ratios. This is shown
schematically in figure 3.65. The CMOS-circuit is only indicated schemati-
cally. The capacitor is arranged on top of the Si-chip (COB=Capacitor Over
Bit-line). But technically there arise some problems from the materials and
the processing of the materials.

— Plug connection to the capacitor: Due to the design the plug connection
of the capacitor to source/drain of the cell transistor. The plug material,
usually Platinum, should have high electric conductivity, compatible with
CMOS processing and form no high resistivity or insulating layers at the
interface to the capacitor electrode.

— Diffusion barrier: To avoid formation of brittle silicides with low conduc-
tivity between Pt bottom electrode and the Silicone a diffusion barrier
has to be deposited. The barrier should display good oxidation resistance
and also good electric conductivity to guarantee high conductivity
between the plug and the bottom electrode. Up to now no material is
known which might be an acceptable compromise.

— Bottom electrode: A series of requirements must be fulfilled by the bot-
tom electrode. The electrode must adhere to the diffusion barrier, main-
tain a low resistivity to the underlying plug and it must remain conduc-
tive after the deposition of the dielectric. Furthermore structuring by
reactive dry etching should be possible. Noble metals such as Platinum
are favorized because of their chemical inertness which on the other hand
aggravates structuring. As an alternative also conducting oxides like RuO,
are being discussed, mainly because the interface capacity to the high per-
mittivity dielectric is minimized. Another point of interest is the adhe-
sion between the layers. Adhesion can be decreased due to thermal stress
by different thermal expansion coefficients and due to the deposition
conditions.
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— Deposition of the dielectric layer: This process requires uniform depo-
sition of the dielectric on the 3D structure of the bottom electrode (s.
figure 3.65). MOCVD (Metallo Organic Chemical Vapor Deposition) is
the most suitable technology. The process requires the optimized tun-
ing of all processing parameters e.g. precursor material, evaporation
and flow in the reactor vessel, partial pressures of the reactants and
temperature. Optimization is also necessary with respect to uniformity
of the layer, grain size distribution and orientation of the layer. Typical
deposition temperatures for BST are in the range between 850 to 900 K.
Somewhat lower deposition temperatures are possible with plasma
assisted MOCVD (>720 K). At lower deposition temperatures the
dielectric properties of the layer diffusion barrier deteriorate while the
oxidation resistance of the conductive diffusion barrier and the unifor-
mity are improved.

— Top electrode: Except the adhesion on the dielectric the requirements are
less severe for the top electrode.

— Final processing of the chip: A final step in the CMOS process is anneal-
ing in a reducing Ar-4%H, forming gas mixture while mixed oxide lay-
ers like BST are usually deposited and post annealed under oxygen to
minimize oxygen vacancy defects. On the contrary the annealing in
forming gas creates oxygen vacancies yielding in an increase of the leak-
age current (Banieki et al. 1999). As expected after the annealing
process in reducing the results for the leakage current are not accept-
able. To prevent the deterioration of the dielectric properties an encap-
sulation of the whole capacitor by a Hydrogen diffusion barrier has
been proposed. But this means a complication of the whole manufac-
turing process with a considerable increase of costs.

To sum up, it can be stated that conventional capacitor integration
technologies (trench and multilayer stack) have almost reached their
technical limits and thus no further improvement will be possible with
reasonable expense. A new technology jump is required which hopefully
will be achieved by high permittivity dielectrics. According to the fore-
cast of researchers from Samson (Park and Kim 2001) the incorporation
of BST is inevitable for DRAM technology nodes below 70 nm. A time-
table for the introduction is not existent yet. More progress and more
investigations also on other high permittivity thin layer systems are nec-
essary.
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Ferroelectric Layers as Storage Medium in Random Access Memories
(FeRAM's)

Essential general demands on non-volatile memories are:
— low power consumption,

— fast write/read times,

— near infinite number of write/read processes,

— non-volatility,

— high storage density.

In chapter 1 it has already been mentioned that especially for some appli-
cations storage density is a less relevant requirement so that magnetic stor-
age systems like HDD become disadvantageous due to their high power con-
sumption and sensitivity to shock and vibration. A current trend in chip
design is the use of embedded non-volatile memories with the memory inte-
grated on-chip. One product, recently introduced, are smart cards with a size
range from 1 to 4 kb (Béttger and Summerfelt 2003).

Principle of Operation

The most simple ferroelectric non-volatile memory cell is a ferroelectric
capacitor as is schematically shown in figure 3.66.

Q
t

+Q, (0)

Figure 3.66: Ferroelectric capacitor as memory cell (schematically adapted
from Sheikholeslami and Gulak 2000).

The remanent polarization +Q, and —Q, at external voltage 0 represent
the logical states “0” and “1”. Reading and writing the information is
achieved by applying voltage pulses. With a voltage pulse in the same direc-
tion as the remanent polarisation no charge from the capacitor is transferred
(except the small amount due to the difference of saturation polarisation
and remanent polarisation). When the voltage pulse is opposite to the direc-
tion of polarisation, polarisation direction will change which results in
measurable current response. Unfortunately this reading process destroys
the information on the capacitor and its no real non-volatile memory. These
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Figure 3.67: Ferroelectric 1-Transistor-1Capacitor memory cell (schematically
adapted from Bottger and Summerfelt 2003).

problems can be overcome by using more transistor switched circuits. An
example for a 1 Transistor-1 Capacitor (1T-1C) cell is displayed in figure
3.67.

The transistor T is called the access transistor which controls the access to
the capacitor. When T is off the bit line is disconnected from the Fe-capaci-
tor and the stored information remains undisturbed. When T is on
(switched by the word line) the Fe-capacitor is connected to the bit line and
information can be written or read via the plate line. More sophisticated cir-
cuits with detailed description of the read/write process are described by
Sheikholeslami and Gulak (2000). As in the case of DRAM’s we will not go
into details of the memory architecture but focus more on the material and
processing problems with respect to the ferroelectric capacitor.

Ferroelectric Films for Application in RAMS

Requirements to Ferromagnetic Films in FeRAM’s
With two exceptions the requirements to ferroelectric thin films for
FeDRAMS’s (s. chapter above)

— For storing information by the state of polarisation the films should show
a hysteresis. On the other hand coercivity should not be too high so that
switching of the polarisation can be achieved with reasonable electrical
fields (only low voltages should be necessary). This requires layer deposi-
tion with preferred orientation.

— To avoid read failure the switched charge AQ = A*AP (A = capacitor area,
AP change of polarisation) with reversal of polarisation should exceed 30 fC
(Bottger and Summerfelt 2003). Thus with decreasing area polarisation
must increase.

Favorite materials for FeRAM application are Pb(Zr,Ti;,)O5 (PZT) and
SrBi,Ta,Og (SBT). SBT has a lower coercivity than PZT.
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Properties of Ferroelectric Thin Films

— Thickness dependency of coercivity: Dependent on the system under
consideration (ferroelectric dielectric, electrodes, pretreatment) the
behavior is quite different. For PZT with Pt electrodes a strong increase of
coercivity with decreasing thickness has been found (Ren et al. 2001,
Larsen et al. 1994, Lin et al. 2001, Cillessen et al. 1997). The effect for SBT
with Pt electrodes is somewhat smaller, but still considerable. Only for
oxide electrodes (e.g. RuO,) weak or no dependency was observed. The
effect can be explained by low permittivity interlayers adjacent to the
metallic electrodes (similar as shown in figure 3.63 for non-ferroelectric
high permittivity layers). Zhu et al. (1998) found on film with the com-
position 0.8SrBi,;Ta;0,-0.2Bi; TiNbOy (BST+BTN) that rather the grain
size than the film thickness determines the dielectric properties.

— Ferroelectric switching: Switching time depends on many parameters like
e.g. domains structure and mobility of domain walls. The lower limit is
given by the time for a domain wall to propagate from one electrode to
the other. It can be assumed, that propagation occurs with approximately
sound velocity c. The time t, to cross a layer with thickness t is given by
the relation t, = t/c. For ¢ = 4000 m/s and a thickness t = 200 nm the
switching time is about 50 ps. Experimental values have been found near
this theoretical limit.
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Figure 3.68: Current response on a voltage step above coercivity voltage for
undoped and 1% Nb-doped PZT. (Bottger U, Summerfelt SR
2003: “Ferroelectric Random Access Memories.” In: Nanoelectron-
ics and Information Technology. Waser, Reiner (ed). Wiley-VCH
2003. ISBN 3-527-40363-9. chapter 22:564-589 reproduced by
permission of Wiley VCH, STM-Copyright & licenses).



164 3 Fields of Research and Technology

Current response can behave in different ways when a voltage step above
the coercivity voltage is applied. Figure 3.68 shows this behavior for
undoped (left side) and 1 mol% Nb doped PZT (right side). The upper pic-
tures show the polarisation switching current for various voltages, the lower
show the calculated polarisation for different electric fields versus time. The
undoped film shows a continuous decrease of current versus time without a
maximum. The maximum in the slope which can be recognized for the
doped films is characteristic for ferroelectric behaviour with a marked hys-
teresis.

This behaviour was explained by Lohse (2001). He assumed an ideal fer-
roelectric capacitor in series with an interlayer capacitor with high dielectric
losses represented by a parallel resistor. The equivalent circuit is shown
schematically in figure 3.69. Lohse showed that the dielectric interface has an
extremely strong influence on the switching behaviour. The delay of polari-
sation reversal time is determined to a high degree by dielectric dispersion
losses in the interlayer at the electrodes.

Figure 3.69: Equivalent circuit of a ferroelectric capacitor with dielectric losses
(Lohse et al 2001).

An assumed distribution of relaxation times results in a smear of depo-
larization current versus time as observed in figure 3.68.

— Polarisation fatigue is also very dependent on the layer system which can
be seen in figure 3.70. The fatigue behavior for different electrode-layer-
systems has been investigated by Wersing (2000). The figure was taken
from Boettger and Summerfelt (2003). It shows the decrease of polarisa-
tion over the number of cycles (logarithmic scale). It can be seen that the
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Figure 3.70: Normalized polarization versus number of hysteresis cycles from
(Bottger U, Summerfelt SR 2003: “Ferroelectric Random Access
Memories.” In: Nanoelectronics and Information Technology.
Waser, Reiner (ed). Wiley-VCH 2003. ISBN 3-527-40363-9. chap-
ter 22:564-589 reproduced by permission of Wiley VCH, STM-
Copyright & licenses).

decrease strongly depends on the dielectric / electrode layer system.
Polarisation fatigue up to now cannot be explained satisfactorily. Accord-
ing to one model the effect is caused by oxygen vacancies as defect traps
in the interface between Pt-electrodes and ferroelectric film (Desu and

Yoo 1993). To some degree oxide electrodes are capable to compensate
these defects.

The change of the hysteresis by fatigue is displayed in figure 3.71.

— Another effect influencing life time is the observed shift of the ferroelec-
tric hysteresis loop with cycling combined with a continuous decrease of
polarisation (figure 3.71). This effect is observed in polycrystalline and
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Figure 3.71:  Fatigue behavior of polarization (VDI 2003).
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Figure 3.72: Schematic presentation of integration of ferroelectric thin films in
different systems of stacked cells. From (Béttger U, Summerfelt SR
2003: “Ferroelectric Random Access Memories.” In: Nanoelectron-
ics and Information Technology. Waser, Reiner (ed). Wiley-VCH
2003. ISBN 3-527-40363-9. chapter 22:564-589 reproduced by
permission of Wiley VCH, STM-Copyright & licenses).

single crystalline bulk material as well as in ferroelectric thin films. Sev-
eral models have been proposed to understand the effect (Lohkdmper et
al. 1990, Robels et al. 1995, Grossmann 2001).

Integration of Ferroelectric Thin Films

The integration aspects for ferroelectric layers in RAMS are in some respects
similar as the integration of non ferroelectric high permittivity layers (s. sec-
tion 2.3). The problems concerning plug connection, diffusion barrier, bot-
tom electrode, deposition of the ferroelectric layer and back end processing
are rather the same. Figure 3.72 shows schematically two examples for non-
volatile 1T-1C-memory cells. As can be seen, tha