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Remarks for the Reader

This document contains the description of my doctoral thesis and includes its purpose, as a
PhD thesis, and the most complete and comprehensive collection of facts and names, as
long as it is possible. It contains the methodology, the state—of—the—art, a literature review
and ad hoc description of my international participations. The reader will find both the
general and specific objectives of this paper, and a brief History of Nanoscience and
Nanotechnology to design the framework this research is conducted within. Also, I propose
a classification of the different sub—divisions of Nanotechnology. I studied/read and
archived copies of the original/fundamental documents, more than 750, translating into
English the ones in different foreign languages, regarding the subject of my thesis.

The idea behind my research work is to apply the historiographical method to construct
a large-scale course on the history of nanoscience and nanotechnology. This area of research
is fundamental because it represents at the same time the past, the present, and the future of
a large part of research. We speak of the past, because it was in the past decades that a strong
impetus was observed in the development of ideas and instruments that made it possible to
intervene in matter, as well as the achievement of the first major successes, such as the
realisation of new materials. It is possible, at the same time, to speak of the present of
research, as nanotechnology is now one of the leading sectors in many respects. Ideas are
exchanged, large amounts of funds are moved, and intra- and inter-national relationships
are forged. Nanoscience and nanotechnology are also the future of research, because only
the limits of imagination seem to be the obstacles, so to speak, to new and more exciting
discoveries. Nanotechnology has turned out to be an area of research with almost unlimited
cross-disciplinary potential, and this has resulted in a proliferation of publications devoted
to individual discoveries.

To describe the progress made over the decades, | have relied as much as possible on the
original articles. The search for some of them was quite complex, because they were
publications that were hampered by language or political barriers. With the advent of new
media, the dissemination of information in all fields, and particularly in science, has become
increasingly rapid and effective. While the ever-increasing number of articles and texts has
proved to be a very wide range of choice for my work, it has also made the choice of topics
to describe somewhat more complex.

However, this gives my research an additional value: it can serve as a starting point for
future research and in-depth studies, both of the points I have considered and those that have
not.

Each of the Chapter is introduced by a brief Prologue that depicts the contents the reader
will find, and will be concluded by a short Epilogue that recalls the topics described, before
the list of the references used. The structure of this work is divided into Part I-Introduction,
containing the chapter One The Nanophysics, Part II-Experimental Nanophysics &
Mathematical Modelling, containing the chapter Two Lab Instrumentation and
Mathematical Applications, Part III-A History of Nanotechnology Research, that groups
the chapters Three 1950-1970, Four 1971-1990, Five 1991-2020, and Six about the IEMN
and its 30 years of history, Part IV-A History of Nanotechnology & Science in Society,



Vi

including chapter Seven, where Nanotechnology is described as an Applied Science in
Society and Part V—Concluding Remarks where the reader will find the chapter
Conclusions.

The reader will see that chapter One acts as an introduction when chapter Two is the
most technical one, containing information that should be known to physicist-readers. The
historical part is recollected in chapters from Three to Six, and chapter Seven contains
concepts on Ethics and Nanotechnology. The Appendix at the end of the thesis contains the
permissions to use contents and/or from other authors and the list of my participations,
including the slides and the posters presented in the different events. At the very end, the
reader will find the complete list of the references used for this thesis: this includes the ones
separately reported at the end of each chapter, references which are specifically dedicated
to the contents of the chapters.

The referencing style follows the Springer Basic Style both as a recall in the running text,
at the end of each chapter and in the dedicated section at the end of this document. Under
the heading Primary sources I decided to group all the main sources that I have used to
retrieve information directly from researchers, both about scientific discoveries and about
the invention of brand new/improvement of the already known research tools. These are the
first observations, from a temporal point of view, of new materials, structures, investigation
devices. As primary sources I used the original articles and books (if original works on a
new topic, not recollecting or abridging other sources, see for example Kuhn 1962) and
when appropriate, I deepened through other writings of the same authors, such as the Nobel
Lectures. Under the heading Secondary sources I have reported the books and manuals —
which constitute indirect sources of information — that I have consulted and which group
information/articles/essays by other authors.

To give a complete view on the state of the art of research in the field of Nanosciences
and Nanotechnologies, 1 thought it appropriate to report a section of the bibliography
relating to the research that is conducted at the IEMN, to give further evidence to the work
environment in which I am inserted. Here I chose also to report some of the most recent
works published from IEMN researchers. This section also includes the publications —
together with the scientific ones, even the historical and epistemological ones appear — of
my thesis supervisor, prof. Raffaele Pisano.

When it was possible to go visit International Institutions in which to conduct my
doctoral research, I obtained information that is reported under the heading in sifu in the
bibliography. As the last item in the bibliography, I have also reported other sources, taken
from the articles consulted or from the websites, which expand and deepen the various
points of my thesis but which, for reasons of different nature, are not quoted in the different
parts of the thesis.

In the running text, I adopted the rule to quote all the names of the article
writers/contributors as long as their number is not larger than four, as several articles are
written by more than four researchers, the reader will find the citation (Surname et al.
YYYY). All the contributors’ names are listed in the References.

This large Reference section represents a source of value within my doctoral thesis,
particularly for History of Science and Historiographical and Epistemological research. In
order to collect the documents required, I consulted different sources. The most frequently
used sources are listed in the following table.
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Type of Reference & Sources

Primary and Secondary sources

Online sources

Academia

AAPT — American Association of Physics Teachers
AIP publishing

American Scientist

Archive.org

ArXiv.org

Britannica

Elsevier

Gallica.BNF — Bibiliothéque Nationale de France
Library of Congress

NASA — National Aeronautics and Space Administration
Nature

NewScientist

Researchgate.net

Science magazine

Science Publishing Group

Springer

Various University Press

Wiley Online Library
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Additionally, I asked for and obtained the permission to use copyrighted materials from the
respective authors/publishers. When I prepared myself some images to better describe the
arguments, the reader will find the note “Source: AD (Andrea Durlo), designed with XX”
and the name of the software I adopted to obtain the image

When encountering non—English historical texts in the document, a translation in English
is always provided in the running text, while the original text will be found in a footnote.
The used versions are the trusted English translations, preferentially and when possible.
Otherwise, the note “Translation by AD” will indicate that the translation is my work.

Finally, a native English speaker (English mother tongue), Prof. Julie Robarts of the
University of Melbourne — to whom goes my gratitude — proofread this thesis.






X

Summary of the PhD Thesis

My Ph.D thesis brings together the highlights of the History of Nanotechnology (1950-
2022) to the present day. As this time—span is well documented, I based my three—year long
research on the original articles and the most representative texts, according to the
historiographic method, aiming of highlighting the steps taken over time that have led to
Nanotechnology as we know it today. The thesis, consisting 850+ pages, is then a wide—
ranging work divided into five parts over eight chapters. It includes also a long Introduction,
an Appendix, four historical chapters as the Main Matter, a large comprehensive
Bibliography and Indexes of Names and Subjects. The results I achieved are:

1) the preparation of a large reference—volume recollecting chronologically the most
important discoveries in NNT, something that has not been prepared yet, to the best
of my knowledge;

2) the analysis of historical articles from the Russian literature usually not examined;

3) setting the basis for further and larger research on the subject;

4) the presentation of parts of my research to national and international events;

5) providing material for publication.

In the Introduction, the fundamental concepts and definitions, Nanotechnology within the
relationship Physics—Mathematics, the state of the art of Nanoscience and Nanotechnology
(NNT) with a description of the fundamental role of the IEMN and an analysis of the
research around the world, are reported and analysed.

The first chapter deals with the techniques used to create nanostructures and
nanomaterials, the figures of researchers who have played a fundamental role in the history
of Nanoscience, and the main fields of research into which Nanotechnology is divided.

The second chapter is devoted to the electron microscopy techniques that have made it
possible to investigate and manipulate matter, focusing on the technology and the physical
principles behind it. The progress made by mathematics to describe nanostructures in the
form of the models used is also presented.

The third chapter opens the specifically historical part of the thesis within the relationship
Physics—Mathematics, analysing the two decades between 1950 and 1970. Here I emphasize
the first laboratory observation of elongated hollow structures - the future so—called carbon
nanotubes - and the increasingly stringent perception of the need to design smaller and more
efficient electronic components.

The fourth chapter covers the decades between 1970 and 1990, when the term
Nanotechnology was born and tunnel effect and atomic force microscopes saw the light of
day. During this period, Nobel Prizes were awarded in the field of NNT.



The fifth chapter runs from 1990 to 2022 and describes the latest advances in NNT up to
the present day. These are the years when graphene and carbon nanotubes were discovered,
and when NNT developed on several fronts.

The sixth chapter is specific to the IEMN, the research centre where I carried out this
thesis, and its first thirty years of history. In this chapter I presented the most important
articles published by the Institute, comparing them with the most significant moments in
the history of NNT, to prove the quality of the research conducted and how many times the
results proved to be real premieres in the scientific landscape.

The seventh chapter addresses the impact that NNT have on the environment and what
regulations have been established over time to contain the inevitable effects on humans and
the environment of a new science.

The final chapter eight is dedicated to bringing together the conclusions and perspectives
indicated by this thesis work.

A large bibliographical chapter of studied references is included. This thesis can be
considered as a source—book that will be of particular interest for physicists, historians of
science, mathematicians and applied science & technology researchers.
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Résumé de 1a These

Ma thése de doctorat porte sur I'histoire des nanosciences et des nanotechnologies - NNT -
(1950-2022). Cette période étant bien documentée, j'ai basé ma recherche (3 ans) sur les
articles originaux et les livres les plus représentatifs, selon la méthode historique
scientifique/historiographique, dans le but de mettre en évidence les étapes et les
fondamentaux qui ont conduit aux nanotechnologies telles que nous les connaissons
aujourd'hui. La thése (850+ pp.) est donc un ouvrage de grande envergure divisé en cing
parties et huit chapitres. Elle comprend également une précise introduction, un appendice,
quatre chapitres historiques en guise de corps principal, une bibliographie et 1'index des
noms et des sujets. Les résultats obtenus sont les suivants:

1) Une véritable analyse et chronologie précise des résultats les plus importants
dans le domaine des NNT;

2) Une originelle analyse historique des articles/littérature russe qui n'ont pas été
examinés habituellement ;

3) La création d'une base pour des recherches plus approfondies sur le sujet ;

4) La présentation de certaines parties de mes recherches lors d'événements
nationaux et internationaux ;

5) Matériel pour des publications.

L'introduction analyse les concepts et les définitions fondamentaux des nanotechnologies
dans le contexte de la relation physique-mathématique, 1'état de 1'art des NNT avec une
description du role fondamental de I'TEMN et une analyse de la recherche mondiale.

Le premier chapitre traite des techniques utilisées pour créer des
nanostructures/nanomatériaux, des figures de chercheurs dans I'histoire des nanosciences et
des principaux domaines de recherche dans lesquels se répartissent les nanotechnologies.

Le deuxiéme est consacré aux techniques de microscopie électronique qui ont rendu
possible I'étude et la manipulation de la matiére, en mettant I'accent sur la technologie et les
principes physiques qui les caractérisent. Il est également question des progres réalisés par
les mathématiques pour décrire les nanostructures sous la forme de modeles utilisés.

Le troisiéme ouvre la partie spécifiquement historique de la thése dans le cadre de la
relation Physique-Mathématiques, en analysant les deux décennies entre 1950 et 1970. Je
souligne ici la premiére observation en laboratoire de structures creuses allongées - ou
nanotubes de carbone - et la perception croissante de la nécessité de concevoir des
composants électroniques plus petits et efficaces.

Le quatriéme chapitre couvre les décennies entre 1970 et 1990, période ou le terme de
nanotechnologie est né et ou les microscopes a effet tunnel et a force atomique ont vu le
jour. Au cours de cette période, des prix Nobel ont été décernés.
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Le cinquiéme s'étend de 1990 a 2022 et décrit les derniéres avancées des NNT. C'est au
cours de ces années que le graphene et les nanotubes de carbone ont été découverts et que
les NNT se sont développés sur plusieurs fronts.

Le sixiéme est consacré a I'TEMN et a ses trente premicres années d'histoire. Dans ce
chapitre, j'ai présenté les articles les plus importants publiés par l'institut, en les comparant
aux moments les plus significatifs de 1'histoire des NNT, afin de démontrer la qualité de la
recherche effectuée et la fréquence a laquelle les résultats se sont avérés étre de véritables
innovations dans le paysage scientifique.

Le septiéme chapitre traite de Il'impact des NNT sur l'environnement et des
réglementations mises en place pour contenir les effets inévitables d'une nouvelle science
sur I'homme et l'environnement.

Le dernier chapitre est consacré a la synthése des conclusions et des perspectives
indiquées par ce travail de thése.

Un chapitre bibliographique exhaustif de références étudiées est également inclus. Cette
thése peut étre considérée comme un ouvrage de référence particuliérement intéressant pour
les physiciens, les historiens des sciences, les mathématiciens et les chercheurs en sciences
et en technologies appliquées
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Introduction

In this Thesis, I want to present the History of Nanoscience and the most relevant results
achieved by its application, called Nanotechnology, from 1950 to 2022. Nanotechnology is
one of the most important research fields in Science since it continuously brings new
remarkable results in different fields, from Engineering to Medicine, to Biology. In detail,
this new science has spread to encompass Nanobiotechnology, Nanomedicine and
Nanobiology, Nanomanufacturing and Nanomaterials, Nanoengineering and
Nanofabrication, Nanometrology, Nanotribology and Characterisation at Nanoscale. New
sectors have taken hold and opened new paths for increasingly specific and advanced
research such as Nanophotonics, Nanotoxicology, Nanohealth. New names for new
disciplines have been created, new instruments are being designed, new laws are being
written to define the legitimate uses of nanoproducts and their ethical impact on the Society.
Today, it appears that the History of Nanoscience and Nanotechnology is not structured in
a single issue as, sometimes, it is just briefly described in short paragraphs or abridged
chapters in current literature; so far it appears that as book recollecting the most important
facts of this branch of Physics is not yet existing.

My is why this Ph.D. thesis is conceived, to present such a succession of events and
people under scientific, historical and epistemological points of view, in the most complete
way possible, reviewing the evolution of thought and means — mathematical and physical
ones, particularly — that made this revolution possible.
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I. General Introduction

The twentieth century was characterised by the development of Science in the direction of
the microscopic world, in a much more marked way than was observed during the previous
centuries. Yet, the second half of the twentieth century saw the birth and formalization of a
science that pushed even further towards an even smaller world: the nano world. The
research, in this direction, has led to absolutely innovative and sometimes sensational
discoveries. Virtually no field of scientific research has been left out of the Nanotechnology
revolution.

The word revolution is not accidental, the enormous development we have been
witnessing for decades in Nanotechnologies amply justifies it, especially if we consider the
vastness of the fields of action of these disciplines. As I shall discuss in detail in a following
chapter, a revision of the research paradigms is necessary, in terms of approach to the study,
practical methodologies, hypotheses and descriptive models.

The worlds of Nanoscience and Nanotechnology have opened the doors to a new
conception of the ethics of science, entirely new problems relating to the use of the products
of this new technology, and to the legitimacy of certain uses.

The 21* century aims to be like that of the complete development of Nanotechnologies,
from the point of view of research and epistemological approach.

In the following paragraphs of this Introduction, the reader will find the scientific
definition of “nano”, the most recent definitions of Nanoscience and Nanotechnology, and
the way I differentiate the branches of Nanoscience into Nanotechnology, also making
comparisons with the information available. I also report there a brief history of
Nanoscience and Nanotechnology, the natural observation of nanostructures and the
description of the branches of Nanotechnology, before studying the subject in detail in the
central chapters. To give a more complete description of the state of the art in the studies of
this discipline I also review the most important Universities and Research Centres where
Nano is the main area of research and development, briefly describing the IEMN — Institut
d’Electronique, de Microélectronique et de Nanotechnologie — and its departments.

I.1.Preliminary Concepts

Nanoscience and Nanotechnology are becoming more and more important in almost every
field of Science; in our era Nanotechnology has changed our lives and made them somehow
easier and healthier since there are many applications that make use of it. Many of these
have entered into our daily life even without us noticing their presence. Both Nanoscience
and Nanotechnology represent a fertile research area which is involving structures, devices,
systems and researchers. Nanotechnology deals with the control and manipulation of matter
at nanometric dimensions. What does nano mean? This prefix is derived from the Greek
word “nanos” — vavog — meaning “dwarf”. In the world of Science this means that the
measure we are taking is to be multiplied by the factor 10~; for example, a nanometer is
one billionth of a meter (10~°m). It has been used since it was admitted to the International
System of Units of Measures, in 1960. The following table (Table I.1) groups all the well—
known prefixes as they have been stated by the International System of Units of Measures.
In the last column I report the year of adoption, to give the reader an historical point of view
and the possibility to understand when new definitions became necessary, because of the
progress of Science.
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Table 1.1 The 20 prefixes for the International System of Units. According to the History of Science,
prefixes adopted before 1960 existed before the International System.

Prefix Base 10 Adoption
Name Symbol
Yotta Y 1024 1991
Zetta Z 102! 1991
Exa E 10'8 1975
Peta P 1015 1975
Tera T 10'2 1960
Giga G 10° 1960
Mega M 10° 1873
Kilo K 103 1795
hecto H 102 1795
deca Da 10! 1795
10° -
deci D 10! 1795
centi C 102 1795
milli M 103 1795
micro u 106 1873
nano n 10-° 1960
pico p 1012 1960
femto f 1015 1964
Atto a 1018 1964
zepto z 102! 1991
yocto y 102 1991

It is important to distinguish at the very start between Nanoscience, which is the study of
phenomena at the very small scale, and Nanotechnology, which implies to achieve a result
that is in some way useful. Thus, the words Nanoscience and Nanotechnology do not regard
the same concept.

In 1994, the Royal Society/Royal Academy for Engineering Working Group on the subject
adopted the following definitions:

-Nanoscience is the study of phenomena and manipulation of materials at atomic, molecular and
macromolecular scales, where properties differ significantly from those at larger scale.

-Nanotechnologies are the design, characterization, production and application of structures, devices
and systems by controlling shape and size at nanometre scale. (Whatmore 2006).

According to other more recent definitions, Nanoscience is the study of structures and
molecules on the scales of nanometers, ranging between lnm and 100nm, while the
technology that uses Nanoscience in practical applications such as electronic devices,
medical applications and so on, is called Nanotechnology (Mansoori 2017).

Nanotechnology is indeed one of the most promising research fields of the 21% century.
It is the skill to convert the Nanoscience theories to useful applications through
observations, measurements, assembling, controlling and manufacturing matter for
dedicated purposes at the nanometric scale.

The National Nanotechnology Initiative (NNI), in the United States, defines
Nanotechnology as:

A science, engineering and technology conducted at the nanoscale (1 to 100nm) where unique
phenomena enable novel applications in a wide range of fields, from chemistry, physics and biology,
to medicine, engineering and electronics. In other words, Nanotechnology is the understanding and
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control of matter at the nanoscale [...]. Encompassing nanoscale science, engineering, and
technology, Nanotechnology involves imaging, measuring, modelling, and manipulating matter at
this length scale (National Nanotechnology Initiative 2020. Retrieved via: https://www.nano.gov).

Both these definitions suggest that three conditions have to be kept well in mind when we
are talking about Nanotechnology.

The first is a matter of scale: Nanotechnology is concerned with matter whose structures
possess a size at nanometric scale.

The second issue has to do with novelty: Nanotechnology mus¢ deal with small things
taking advantage of brand—new properties because of the nanoscale; these properties do not
appear in the bulk material.

The last one, but not least, is about the interdisciplinarity of this subject since, as we shall
see briefly later, almost every field of science nowadays has its debt to this new technology
at small scale.

It is important to always make this distinction between Nanoscience and
Nanotechnology. Nanoscience merges physics, chemistry, material science and biology
manipulating materials at molecular and atomic scales, while Nanotechnology is the ability
to manipulate — whatever this means, measure, assemble, manufacture, control — materials
at a nanometric scale (cfr. Bayda et al. 2020).

What fields are embraced in Nanotechnology? Since the very first use of the word
Nanotechnology, by Norio Taniguchi (1912-1999) in 1974 (Taniguchi 1974), this
discipline has spread throughout almost all the disciplines available in Science. The
following picture (Fig. 1.1) illustrates briefly the fields with an interest in Nanotechnology;
it is to be noted that both Nanophysics and Nanochemistry (where new materials are
designed and new instruments studied to investigate matter at the nanoscale) can be
imagined as two bridges connecting the world of Healthcare, where we can include Nature,
Environment, Medicine, Biology, to the world of Engineering.

Nanoelectronics !“

Nanotechnology in Physics Nanomechanics ‘
and Engineering =
Nanophotonics
Bridge to...

~ Ceramic Engineering
__+ Material Science

-+ Nanoarchitectonics

~* Molecular Engineering

Nanotechnology

Instruments and Probes

Bridge to... Nanomedicine
Biomaterials
Nature Nanotechnology
Healthcare !
Nanotechnology and -
Healthcare Molecular Nanotechnolgg

Nanobiology ‘ 4

Fig. 1.1 Interpretation of the interdisciplinarity of Nanotechnology. Source: AD
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I set up a classification of Nanotechnology in this way, considering the fact that Chemistry
(as regards the manipulation of atoms and molecules) and Physics (as regards the
characterization, observation, determination of certain properties of materials), may be
considered as its basis, as Chemistry and Physics are the disciplines that can be imagined to
be the essential starting points for the development of these new sciences. Nanochemistry
and Nanophysics, the declinations in the world at 10~°m of these two sciences, are linked
on one hand to engineering applications, and on the other hand to human health and the
environment. As such, Physics and Chemistry of the nanoworld can be considered directly
in relation with the Science of Materials and their characterization. These can be the same
materials that then find application in the fields mentioned above.

Edilson Gomes de Lima (de Lima 2017) stated that the first step when organizing a
subject is to sort precisely, and then clearly draw up a list of topics. By doing so, it is possible
to arrive at a different classification of technological complexity, and we can therefore
conclude that after having organized what is complex, we have an effective and practical
simplicity. As the reader can see from the figure I showed above, there are many
articulations in which Nanotechnology is developed and a systematization procedure could
prove to be an endless job, as this new science is always developing towards new fields. For
this purpose, it is necessary to provide for a procedure that allows to correctly place the
disciplines in which Nanotechnology is articulated. Succeeding in this challenge is
important, as the matter is large and being able to separate the fields of action is
fundamental. The classification operation that I adopted here aims to organize and locate
the specific areas of Nanoscience and Nanotechnology. These two sciences bring together
multiple disciplines, and a classification is of extreme importance.

Separating each area of Nanotechnology from another is very difficult, because
sometimes they are intertwined in an inextricable way and there is not only one field
involved in research.

Consequently, thinking of Chemistry as the Science that tells us how things happen and
of Physics as the Science that tells us why things happen, 1 have chosen these two disciplines
as the starting point, in the context of the nanoworld, with the name of Nanochemistry and
Nanophysics, respectively. Then 1 decided to connect the part relating to Physics to the
Engineering field, as the affinities that bind these two fields are many, starting with the
equations that are used for setting up and solving problems, for example. Physics and
Engineering deal, among others, with problems relating to the transport or diffusion of
matter, equilibrium, statics, dynamics of rigid or variable mass bodies. Chemistry, Medicine
and, consequently, health, deal with how substances interact first with each other and then
with the organisms into which they are introduced or come into contact with and the
beneficial or harmful consequences they bring. The division, however, cannot stop at this
level because the description would still appear too general. In fact, there are very different
fields in which nanochemistry and nanophysics can be articulated. Thinking, in particular,
of the technological aspects of Nanoengineering and Nanophysics, I have combined fields
such as Nanoelectronics, Nanomechanics and Nanophotonics with these disciplines. On the
other hand, I have naturally combined Nanochemistry with Biomaterials, Nanomedicine,
Nanobiology, Molecular Nanotechnology and so on. Although it is not possible to think of
each of these areas as circumscribed and independent disciplines, as the influences of each
are continuous, [ have identified Materials Science, Ceramic Engineering, Molecular
Engineering as the subjects in which the presence of Chemistry and Physics is more
markedly in the same proportion. These areas constitute a region between the two that I
have previously described.
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Making a diagram of this type regarding Nanotechnology, from a practical point of view,
is a challenging and long—term task that, once completed, is going to allow the disciplines
that concern the nanoworld to be quickly framed.

The diagram I propose is only one of the different choices possible. In fact, in 2008, the
Australian Bureau of Statistics published a possible alternative known as the Australian and
New Zealand Standard Research Classification (ANZSRC). The following are included in
the group that covers Nanotechnology:

Molecular and Organic Electronics;

Nanobiotechnology;

Nanomedicine;

Nanoscale Characterisation;

Health and Safety aspects of Nanotechnology and Nanotoxicology.

Also, this group can be divided into more detailed sub categories like:

Environmental Nanotechnology;
Molecular and Organic Electronics;
Nanobiotechnology;
Nanoelectromechanical Systems;
Nanoelectronics;

Nanofabrication, Growth and Self Assembly;
Nanomanufacturing;

Nanomaterials;

Nanomedicine;

Nanometrology;

Nanophotonics;

Nanoscale Characterization;
Nanotoxicology, Health and Safety;
Nanotechnology not elsewhere classified.

It is interesting to note also that a new vocabulary is flourishing, following the new fields
that come to light because of the continuous spread of Nanotechnology. Here I present a list
(Table 1.2), which will continue to be updated, of what I consider to be the “Nano” words.

Table 1.2 These 84 “nano” words hardly cover all the fields of Nanotechnology and new words are expected
to arrive as the research explores new paths and new discoveries are made. Adapted by Ewards 2006.

Nanoage Nanocrystalline Nanomanufacturing Nanorobotics
Nanoarray Nanocube Nanomaterial Nanorod
Nanoassembly Nanodevice Nanomechanics Nanoscale
Nanobacteria Nanodivide Nanomedicine Nanoscience
Nanobiologist Nanodomain Nanomembrane Nanoscope
Nanobiology Nanodot Nanometer Nanosecond
Nanobiomedicine Nanodrug Nanomicelle Nanoshell
Nanobiotechnology Nanoelectromechanical Nanomotor Nanostructured
Nanobot Nanoelectronics Nanoparticle Nanostructures
Nanocapsule Nanoencapsulation Nanoparticulate Nanoswarm
Nanocar Nanofabrication Nanophase Nanosystem
Nanocassette Nanofibers Nanophotonics Nanotechnology
Nanocatalyst Nanofilter Nanophysics Nanotool
Nanochemistry Nanofluidics Nanoplatelates Nanotoxicology
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Nanoclay Nanohealth Nanoporous Nanotransistor
Nanocoating Nanolayer Nanopowder Nanotribology
Nanocomponent Nanoliter Nanoproduct Nanotube
Nanocomposite Nanolithography Nanoreactor Nanotweezers
Nanoconnection Nanomachine Nanoreplicator Nanowire
Nanocosm Nanomagnetic Nanoribbon Nanoworks
Nanocrystal Nanomanipulator Nanorobot Nanoworld

This a list is waiting for new words and does not take into account the companies whose
name contains the prefix “nano”. Certainly, the proliferation of a science full of promise
will lead to the enrichment of the vocabulary with new nano terms to come.

L.1.1. The nano Revolution and its Concept of Paradigm

The advent of nanoscience and its consequent applications in nanotechnologies have led to
a real revolution in the scientific world, a revolution that, on one hand, has led to
extraordinary and unexpected results, as it is not possible to imagine the same results with
bulk materials, on the other hand, indeed, it has profoundly changed the direction of
research, having proposed itself as extremely transversal. The image of the “dwarf” world
has entered daily life through the products that are offered to the users with ever greater
accessibility. I believe that it is possible to say that, if in the years 1950 to 2000 the
foundations and the first structures of this scientific revolution were laid, from 2000 to 2020
we witnessed the full flourishing of the nanoworld. This is witnessed by the discoveries,
progress, availability of results, the number of publications which, at various levels — from
the strictly technical, in the various fields, to the more simply popular — multiply with a
trend that well conveys the idea of how much this science has established itself, and is
consolidated today. If, from 1950 to 2000, we can speak of nanoscience as a scientific
revolution which has dragged solid state physics even more towards the quantum world,
thanks to the quantum behaviour of the particles involved, precisely by virtue of their size,
from 2000 on we can affirm that we are in the midst of the post-—revolutionary development.

This concept of revolution perfectly fits one of the hypotheses that Thomas Kuhn posed
in his 1962 essay The Structure of Scientific Revolutions (Kuhn 1962):

[...] If I am right that each scientific revolution alters the historical perspective of the community
that experiences it, then that change of perspective should affect the structure of postrevolutionary
textbooks and research publications.

Based on what was established by Kuhn, regarding the value and historical collocation of a
new theory characterized by special connotations — and nanoscience enters by right into a
similar definition —, when the theory itself appears on the scientific landscape, it rarely
constitutes a simple addition to the amount of knowledge already consolidated. The
assimilation of the new concepts involves, according to Kuhn, a reconstruction and
rethinking of what is known through a slow process, that certainly cannot be accomplished
by a single person, or in an extremely short period of time. Again, the paradigms of science,
as they were previously known, change by definition and meaning. It is known that, in
Kuhn’s words, it is possible to speak of a paradigm when an acquired knowledge system
possesses two fundamental characteristics. First, it is innovative and unprecedented enough
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to attract significant groups of researchers, also it must be open—ended, so that it can leave
a number of unsolved problems available to scientists.

Nanoscience and nanotechnology fully meet these requirements as they answer a series
of unsolvable problems in the macro world and, at the same time, they are opening many
doors of a research field that seems to be unstoppable, and gradually moves its limits further,
to the point of almost having none, apparently.

In nanotechnology, the founding and iconic paradigm is linked to the affirmation that the
properties of materials that allow their most innovative applications emerge thanks to their
nanometric size. This fits in with the parameters set by Kuhn, as it possesses the qualities
of innovation and extraordinary interest together with the ability to open new horizons in
research. Not only that, but the declination of nanoscience in all branches of the nanoworld
has made it possible to coin new paradigms within each of the fields of application of
nanotechnologies. I am going to discuss this point in detail within the historical chapters, as
new discoveries and applications in the different articulations of nanoscience are described.

1.1.2. Nature and Nanotechnology

Since the most ancient times, man has been inspired by Nature to create materials and
devices that have allowed him to go beyond his own limits. Even in the case of
Nanosciences and Nanotechnologies, Nature has constituted for scientists the fundamental
model from which to draw inspiration to engineer the products that are used today, thanks
to the properties that they exhibit at the nanometer size.

The history of the universe began, according to the Big Bang model, about 14 billion
years ago while the Solar System seems to have formed around 4.6 billion years ago, when
the universe was about 65% of its current size. Soon after, according to the dates that are
accepted today, the formation of the Earth took place. Today, nanoparticles have been
observed in Nature, so it is logical to assume that while the universe itself was, and still is,
expanding the nanoparticles have been, and are still, well present within it. Since it is known
that the properties of nanoparticles that make them so important manifest themselves
precisely because of the particle size, it can be hypothesized that Nature itself continues to
design structures of this type, as they could prove to be fundamental in the continuation of
the evolution of life or in the formation of new worlds.

Here I will describe some of the most notable examples found in Nature, such as the feet
of the gecko lizard, the spider webs and the water—repellent leaves of the lotus.

The gecko is a small reptile that lives in coastal or sub—coastal areas where winters are
generally mild, and is known for its extraordinary ability to adhere to the smoothest
surfaces. To date, only PolyTetraFluoroethylene (PTFE) — named Teflon, or Syncolon —
appears to be the only material to which this animal cannot adhere. The gecko adheres to
the surfaces without resorting to adhesive secretions on the legs but, rather, through a series
of setae placed on the lower part of the legs themselves. Studies on the adhesive capacity of
these structures have shown that they are Van der Waals interactions that allow the animal
to climb on and remain attached to almost any surface, however it is oriented, thanks to the
extreme subdivision of the sefae themselves (Fig. 1.2).
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Fig. 1.2 Image of the sefae under the feet of a gecko attached on a glass panel.
https://upload.wikimedia.org/wikipedia/commons/d/d6/Setae.png. Source: unknown author, Public
Domain

There is a definite hierarchy in the structures that make up the gecko’s legs. The macro—,
meso—, micro— and nano—sized structures of the paws have been studied in detail: each of
the five toes carries about 20 rows of sticky and very tight lamellae, each lamella is
organized in “setal” arrays consisting of thousands of setae for a total of about 200,000 sefae
for each toe, each seta carrying hundreds to 1000 spatulae at the ends. The following
pictures, taken with the help of the electron microscopy show the fascinating complexity of
the structures Nature gave to this lizards (Fig. I.3).
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Fig. 1.3 From left to right: the lamellae under each toe of a gecko’s paw, the array of setae, the spatulae
at the end of each seta. Images available at https://geckskin.umass.edu/images for educational and non—
commercial use only
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The study of the hierarchical structure present on the legs of the gecko has allowed the
creation of extremely interesting materials, including the so—called gecko tape, an
experimental material the surface of which is covered with nanostructures, in order to
maximize the contact area with other interfaces. Deepening the study of how this lizard can
remain attached to the smoothest surfaces, and how it is able to move thanks to the natural
nanostructures it is equipped with, are challenges that sometimes lead not to solutions, but
to further rather complex problems. For example, the friction force FL (which we can
indicate as lateral force) and the adhesion force Fx (which we consider a normal force) must
obviously be added vectorially on each of the spatulae to obtain the total force acting on the
gecko. But the body, the legs, the fingers, can point in different directions, if we observe an
animal attached to a wall, and therefore the sum:

F(B) = [Fy sin 6 +F| cos 0] 1.1)

on the right side of the equation is what proves that adhesion and frictional forces together
allow the calculation of the net force, over all the angles 0 is not an easy task to perform, so
the calculation of both FL and Fx is not easy since both these components depend on the
angle too (Tian et.al 2006).

Able to withstand tearing or winds whose speed is equal to or greater than that of a
hurricane, the natural fibres the spider webs are woven with, are a marvel that hardly leaves
you indifferent. The web is made up of nanofibers that can be stretched two to four times
their original length, and which are also light and insoluble in water. As it regards their
specific strength, they are even stronger than steel: they are five times stronger than a steel
rod of the same diameter. The Darwin’s bark spider is said to produce a fibre that is stronger
than Kevlar (fig. [.4).

Fig. 1.4 Observing a spider’s web not only allows us to observe its incredible aesthetic appearance, but
also lets us appreciate what a marvel it is from a biological point of view, as the fibres were the most
resistant known, until the advent of carbon nanotubes.
https://commons.wikimedia.org/wiki/File:SpiderWeb.jpg Source: Michael Hartl. Public Domain

In the oriental tradition, one of the few flowers that have a fundamental importance is the
lotus flower. In Indian symbolism, for example, the Lotus (nelumbo nucifera) is a sign of
purity because the plant is able to remain intact under the action of water and mud. From
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the scientific point of view, the lotus leaf is classified as a super—hydrophobic material. It is
known that a surface is hydrophobic when a drop of water placed on its surface forms a
contact angle greater than 90°. If the contact angle is greater than 150°, the surface is said
to be super—hydrophobic. The following picture (Fig. 1.5) shows briefly the situations
possible, when a water droplet lies on a surface.

0 <90° 0 =90° 0 >150°

Fig. 1.5 On the left, a non—hydrophobic situation, with a contact angle lesser than 90°; in the centre the
limit situation, above which we speak of a water—repellent (hydrophobic) surface; on the right, the super—
hydrophobic surface situation. In the latter case, the drop of water is practically supported, almost
entirely, by the surface. Source: AD

Such a situation of super—hydrophobic surface can be observed in the case of the Lotus
leaves. As the following pictures show (Fig. 1.6), these leaves behave to repel water droplets.

Fig. 1.6 On the left, the behaviour of water on a Lotus leaf. Detail of a picture available at
https://commons.wikimedia.org/wiki/File:LotusEffectl.jpg. Source: Ralf Pfeifer, CC BY-SA 3.0
License

On the right, a computer rendering of a lotus leaf surface.
https://en.wikipedia.org/wiki/Lotus_effect#/media/File:Lotus3.jpg. Source: William Thielicke, CC BY—
SA 4.0

When a drop of water falls on a super-hydrophobic leaf, the high surface tension of the
water makes it take on a practically spherical shape, this is because, from simple geometry
considerations, the sphere is the solid that minimizes the lateral surface and by doing so, the
energy at the solid-liquid interface is minimal. The nanostructures on the surface are
responsible for the super—hydrophobic behaviour of the leaf: since the adhesion forces
between the drop and the leaf are extremely low, what we can observe is a capacity of the
Lotus leaf to be self—cleaning. Water repellence facilitates the removal of particulate
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depositions, like dust or spores, and results in the plant surfaces’ purification via rain, fog
or dew. (Neinhuis and Barthlott 1997).

More specifically, the lotus leaf shows superior properties, compared to those of other
plants, thanks to the combination of micro and nanostructures, the geometry of which is
optimized, as well as a waxing of the cuticular surface of unique chemical composition. The
upper part of the leaf is structured in papillae of different height and unique in shape, their
apical end is not spherical, but rather ogival in shape. The density of the lotus papillae is
the greatest, measured in comparison to other aquatic plants, but the diameters of the
papillae themselves are much smaller in order to minimize the area of contact with the water
droplets. The following SEM pictures (Fig. 1.7) depict examples of the structures coating
some leaves, to appreciate the difference among a lotus leaf and the others.

Fig. 1.7 SEM images of the papillae on the surface of Nelumbo nucifera (Lotus) (a), Euphorbia
myrsinites (b), Colocasia esculenta (c) and Alocasia macrorrhiza (d). The highest density of papillae
belongs to lotus. The image allows us to appreciate the difference in height. Source: Ensikat, Ditsche—
Kuru, Neinhuis, Barthlott 2011, Open Access article. Unrestricted use:
http://creativecommons.org/licenses/by/2.0

Due to the surface tension that limits the deformation of the water droplets, these only touch
the highest papillae when they are in contact with the leaf and at rest, i.e. they are sliding
away. This is easily understood, as the pressure exerted on the leaf is solely due to the weight
of the water. However, if the pressure exerted were to be greater, think of a drop of water
falling due to the rain, part of the water itself wedges itself more into the interstices of the
structures, forming a meniscus at the superhydrophobic wax tubules coating. A repellent
force is caused because of the deformation of the non—wetting droplet surface due to surface
tension. As the droplet water retracts the contact areas decrease in number and the contacts
between the water surface and the papillae are released one by one. Before losing contact
between the droplet and the leaf, only few of the papillae will still be in an adhesive state.
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Water drop

Fig. 1.8 The interpretation of the contact phenomenon between a water drop (blue) and the surface of
lotus leaves (green). With the action of a moderate pressure, water can wedge between the structures but
leaving a layer of air — in white in the picture — between the droplet and the epidermis. (a) The super—
hydrophobic surface exerts a repellent force (“re””). When the water recedes, there is a progressive loss
of contact (b and c¢). When the meniscus is flat the force is neutral (“n”). Just before the separation, an
adhesive force the almost horizontal papilla tip — due to the small surface involved, this can be
considered horizontal —. The last situation shows what happens in case of artificial super—hydrophobic
structures. Source: Ensikat, Ditsche—Kuru, Neinhuis, Barthlott 2011, Open Access article. Unrestricted
use: http://creativecommons.org/licenses/by/2.0

If we try to mimic Nature engineering an artificial super—hydrophobic we achieve a result
as the one shown in Fig.1.8 (d). There are structures of the same height, something that does
not occur in nature, and more adhesive forces appear all at the same time before the
detachment of the droplet, giving a global stronger adhesion effect than the natural one
(Ensikat, Ditsche—Kuru, Neinhuis and Barthlott 2011).
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1.1.3. Fields of Application: a Short Description

In the following sections I want to briefly describe the most important subjects in research
about the nanoworld, to give the reader some insights about the different fields where
Nanotechnology is applied. The historical details that led to the development of these fields
are the subject of the core chapters of this thesis.

1.1.3.1. Nanomaterials

According to ISO/TS 80004-1:2015 (ISO/TS 2015), the document setting the standards on

Nanotechnologiesl, we call a nanomaterial a “material with any external dimension in the
nanoscale or having internal structure or surface structure in the nanoscale”. Again, we call
nanoscale the length range from Inm to 100nm. A given nanomaterial may belong to two
different categories. The first category is the one grouping nano—objects, i.e. discrete pieces
of materials, while the second groups the so—called nanostructured materials, whose
internal or surface structure is on the nanoscale.

Earlier, on October the 18" 2011, the European Commission (EC) adopted a different
definition of nanomaterial. This is:

A natural, incidental or manufactured material containing particles, in an unbound state or as an
aggregate or as an agglomerate and for 50% or more of the particles in the number size distribution,
one or more external dimensions is in the range 1nm — 100nm. In specific cases and where warranted
by concerns for the environment, health, safety or competitiveness the number size distribution
threshold of 50% may be replaced by a threshold between 1% to 50% (Rauscher ef al. 2019).

There are three ways of making so—called nanomaterials: they can be imagined, designed
and then artificially manufactured to have certain properties and to have at least one

dimension below 100nm (NIOSH2 2013), or they may appear randomly, or they already
exist in Nature.

Today there are different methods to obtain engineered nanomaterials, each method is
distinguished from the others because of operative conditions to get the desired shape, sizes,
chemical composition. According to the Health and Safety Executive (HSE), a British
association whose mission is to reduce work—related death, injury and ill health, there are
six large manufacturing categories regarding artificial nanomaterials (NIOSH 2013).

e Gas phase processes, including flame pyrolysis, high—temperature evaporation and plasma
synthesis;

Chemical Vapor Deposition (CVD);

Colloidal or liquid phase methods;

Mechanical processes including grinding, milling, and alloying;

Atomic and Molecular Beam Epitaxy;

Dip—pen lithography.

The reader interested in the details of these processes can find a more detailed description
of the methods in the Appendix of this thesis.

I According to the website https://www.iso.org/standard/68058.html, retrieved October 30, 2020, the
standard was reviewed and confirmed in 2019 so the current version available still stands.
2 Acronym for National Institute for Occupational Safety and Health.
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Artificial and engineered nanomaterials are some fullerenes, quantum dots, nanowires,
nanorods, carbon nanotubes, graphene.

Some other nanomaterials may be produced incidentally as side products of industrial
processes or mechanical processing. Randomly appearing nanomaterials include vehicle
engine incomplete combustion exhausts, welding smoke, solid fuel combustion products,
cooking and heating. Ultrafine particles are those nanomaterials that incidentally appear in
the atmosphere and are unintentionally produced during intentional processes. They are
accounted as air pollution.

Nature has been producing nanomaterials since ancient times. The structure of
foraminifera and viruses, the wax crystals that cover a lotus leaf, spider—mite silk, the blue
hue of tarantulas, the gecko feet, some butterfly wing scales, natural colloids, paper, cotton,
corals are examples of natural organic nanomaterials.

There also are natural inorganic nanomaterials. We can observe them as crystals growing
under different conditions from the Earth’s crust. Clays display complex nanostructures due
to anisotropy — nanoclays — and volcanic activity can give rise to opals that behave like
photonic crystals, due to their nanoscaled structure (Fig. 1.9). Fires, volcanic ash, ocean
spray may be sources for natural inorganic nanomaterials.

EHT = 25.00 kV

Fig. 1.9 A SEM—acquired picture of Epitaxial Nanowire Heterostructures, Image by Christian Melhave,
https://commons.wikimedia.org/w/index.php?curid=1386053. Public Domain, CC BY 2.5 License

In any case, Nanomaterials are not something brand new. They have been prepared and used
by mankind for ages. It is the comprehension, the understanding of certain materials as
nanostructured ones that is relatively recent and it has been made possible by the
invention/improvement of laboratory tools that can give information at the nanoscale.

As I shall discuss in detail later, some remarkable examples of Nanomaterials used in
history are the following.

- The ruby red colour in some ancient glass is due to gold and silver nanoparticles in the glass
matrix.
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- Some medieval pottery is covered with a decorative glaze or a metallic film, called “luster”, this
film contains spherical metal nanoparticles that give rise to particular optical properties (Fig.
1.10).

Fig. 1.10 “Coppa a rilievo con la Maddalena”, Italian maiolica dish 1530-1540. Source: Sailko
(nickname) https://en.wikipedia.org/wiki/Lustreware, Public Domain, CC BY 3.0 License

- Carbon black is used in tires to increase their useful life and as a pigment to give them
the black appearance.

- The “wootz” steel prepared in India about 1500 years ago was used to manufacture
strong and long—lasting sharp swords. Nowadays electron microscopy shows that
carbon nanotubes are included inside the blade matrix.

1.1.3.2. Nanoelectronics

Nanoelectronics is the use of Nanotechnology in electronics, covering different devices and
materials. All of these possess the common feature that they are so small that interatomic
interactions and quantum mechanical properties cannot be neglected and must be seriously
taken into account.

The nano world entered the field of electronics sixty years ago. In 1960, the Egyptian
engineer Mohamed Atalla (1924-2009) and his Korean colleague Dawon Kahng (1931-
1992) at the Bell Laboratories fabricated the first Metal-Oxide—Semiconductor Field—
Effect Transistor (MOSFET) with a gate oxide thickness of 10nm and a gate length of 2um
(Sze 2002). Two years later, again Atalla and Kahng realized a nanolayer-base metal
semiconductor junction transistor with gold (Au) thin films 10nm thick (Pasa 2010).

In 1987 the Iranian engineer Bijan Davari and his team from IBM obtained the first
MOSFET with a 10nm gate oxide thickness, through wolfram—gate technology (Davari et



Introduction 19

al. 1987). The Fin Field—Effect Transistor, or FinFET, was the first to enable scaling multi—
gate MOSFETs below 20nm gate length, it being a three—dimensional and non—planar
double—gate MOSFET (Colinge 2008). Technology evolved rapidly, and in 1999 the limits
of what can be called the principles of MOSFET were tested using a CMOS,
Complementary Metal-Oxide Semiconductor, with a diameter of 18nm (roughly 70 atoms
placed side by side) developed in Grenoble, France, at the Laboratory for Electronics and
Information Technology. CMOS was first developed by Chih—Tang Sah and Frank Wanlass
(1933-2010) at Fairchild Semiconductor, the results were published in 1963 (Sah and
Wanlass 1963).

Since the 1970s CMOS logic has been widely applied in watches and calculators
(Semiconductor History Museum of Japan 2019). The French work, in 1999, was not just a
research experiment to move forward CMOS technology, but a proof of how this technology
was now working and how close technology was to working on a molecular scale (Gilder
1990). In 2006, a 3nm MOSFET was successfully developed by researchers from the Korea
Advanced Institute of Science and Technology, KAIST, and the National Nano Fab Center,
it was based on Gate—All-Around, GAA, FinFET technology (Lee et al. 2006). Recently,
in the 2010s, the commercial production of nanoelectronic semiconductor devices started
(Fig. 1.11). The Taiwan Semiconductor Manufacturing Company, TSMC, began a
production of a 16nm FinFET process (Kuhn 2018). In 2017, TSMC announced new plans
for the commercial production of a 3nm process by 2022 (Armasu 2019. Retrieved via:
www.tomshardware.com).

Fig. 1.11 The new way to integrate the full functions of a laboratory on a nano chip: it is called a Lab—
On—Chip. https://www.dreamstime.com/stock-photo-lab-chip-loc-device-integrates-laboratory-
functions-nano-image44548622. Public Domain, Creative Commons Zero (CCO0) License

1.1.3.3. Nanomechanics

Nanomechanics focuses on the mechanical properties of engineered nanostructures and
nanosystems such as the ones containing nanoscale components of importance. Such
devices may be nanomachines, nanoparticles, nanopowders, nanowires, nanorods,
nanoribbons, nanotubes and carbon nanotubes as well and boron nitride nanotubes,
nanoshells and nanomembranes, nanocoatings and nanocomposite or nanostructured
materials, nanomotors... (see Fig. [.12) Nanomechanics is based on general principles and
specific ones. The first general principle of mechanics that must be taken into account is the
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principle of conservation of total energy, which is valid when the system is subject to forces
derived from potentials that depend solely on the position. The second general principle
deals with conservation of linear momentum (if the total force is zero then linear momentum
is conserved) and angular momentum (if the total torque is zero then the angular momentum
is conserved). Also, the integral Hamilton’s principle for monogenic principles applies, as
a general principle. Last but not least, as general principles, symmetry principles of Physics
must be considered.

As nanoparticles are quite small, nanomechanics must take into account a series of other
effects. First the discreteness of the object whose size is comparable to the atomic distances,
then the degrees of freedom in the object, then the thermal fluctuations. Also, entropic
effects and quantum effects are to be considered.

Novel properties of nanoscaled objects appear because of the dimensions of the particles
and are not present in the macroscale objects or bulk materials. The smallness of particles
gives rise to several surface effects due to the high surface—area—to—volume ratio, so
affecting properties like the melting point, heat capacitance and so on. Discreteness serves
for the dispersion of mechanical waves in solids and some special behaviour of basic
elastomechanics solutions at small scales.

Degrees of freedom are the reasons for thermal tunnelling of nanoparticles through
potential barriers, such as the cross diffusion of liquids and solids. The Brownian motion of
nanoparticles is due to the smallness and the thermal fluctuations. Thermal fluctuations and
entropy at the nanoscale give rise to phenomena like super elasticity, entropic elasticity or
other exotic kinds of elasticity. Quantum effects determine novel electrical, optical and
chemical properties of nanostructures and are of great importance for areas of
Nanotechnology such as nanoelectronics and advanced energy systems.

Fig. 1.12 SEM image of a helical nanomotor. Image by “Xortical”.
https://en.wikipedia.org/wiki/Nanomotor#/media/File:Helical nanomotor.jpg. Public Domain CC BY—
SA 4.0 License
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1.1.3.4. Nanometrology

According to the Nanotechnology—Nanoscience Glossary, Nanometrology is “the science
of measurement at the nanoscale level” . As Nanotechnology is continuously developing,
Nanometrology is fundamental as it allows the analysis of nanomaterials and nanosized
devices to check their accuracy and reliability. There are several fields where
Nanometrology is important. Measurements of length and size are the first ones involved —
and it must be kept in mind that uncertainty is below 1nm when measuring dimensions in
the nanometric size —, including chemical composition, nanoparticle concentration, force,
mass electrical properties and so forth.

As Nanotechnology is developing at a very fast rate, Nanometrology being a very large
industrial sector, there is no reason to doubt it will also continue rapid growth, because of
the need for accurate and precise control of the dimensions of nanoobjects. In fact,
dimensions play a decisive role in the properties of nanomaterials. Some of these properties
are the following.

e  The phenomenon of atomic diffusion becomes a very efficient mechanism of mass
transfer when we are operating at the nanoscale.

e A crystal size smaller than the free mean path of electrons reduces conductivity and the
temperature coefficient through grain boundary scatter.

e  Nanosurfaces and nanoparticles modify the phonon spectra.
Band gap changes cause blueshifts in luminescence signals of nanosized semiconductor
particles.

e  Tribological properties are absolutely different when the interacting materials are
nanosized and this reduces friction and wear in microelectromechanical systems
(MEMS).

The following table 1.3 summarizes the properties of nanomaterials and the correlated
applications.

Table. 1.3 Properties of nanomaterials and their applications.

Property Applications

High surface—to—volume ratio Catalysis, solar veils and gas sensors

Low percolation threshold Conductive materials and sensors

Increasing hardness/wear resistance with decreasing Hard coatings and protective layers

grain size

Improved resistivity with decreasing grain size Electronics, passive components and
sensors

Improved atomic transport kinetics Batteries and hydrogen storage

Low melting and sintering temperature Materials processing and low—temperature
sintering materials

Improved reliability and fatigue resistance Electronic components and MEMS

In real life systems, nano—objects usually show characteristic size distribution, like grain
size in polycrystalline materials and particle size in particulate matter (Fig. 1.13). The size
distribution may result in serious problems when the properties of nanosized particles are
investigated. All the properties that appear when a bulk material is reduced down to
nanoscale may disappear if the particle dimensions are not correct, i.e. if they are bigger
than what is required for the particular application. Thus, it is important to control the
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dimensions with the maximum accuracy and check the grain size distribution when
manufacturing the nanomaterials (Herrera—Basurto and Simonet 2013).

Fig. 1.13 SEM image of nickel oxide with legenda. Source: AD, Master Thesis in Physics, University of
Ferrara, Italy

1.1.3.5. Nanorobotics

One of the most challenging and exciting goals of Nanotechnology is Nanorobotics, i.e.
creating robots or machines whose dimensions are at or close to a nanometre (Sierra, Weir
and Jones 2005). Nanorobotics thus concerns the engineering of designing and building
nanorobots (Ignatyev 2010). Nanorobotics carries different definitions throughout the
literature.

These machines/robots allow precise interactions with objects at nanoscales, or
manipulate things at nanoscale resolutions. Microscopy or scanning probe microscopy
already work down to a scale of 10”m, so Atomic Force Microscopy could be considered
as a nanorobotic instrument that performs nanomanipulations. From this point of view,
macroscale machineries like robots or microrobots can be considered to belong to
nanorobotics if they can move objects that are nanosized.

Usually, the field of nanorobotics can be divided into two main areas.

The first area deals with the design, simulation, control and coordination of robots with
nanoscale dimensions. Nanomachines/nanorobots are objects with dimensions at or below
a micrometre, i.e. 10m, and made of assembled nanoscaled components. According to the
definition, the dimension of the parts range between Inm and 100nm. The model to start
from is nature, because biological nanorobotic systems exist and provide evidence that such
systems are possible (Requicha 2003).
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The second area deals with the manipulation and/or assembly of nanoscale components
with macroscale instruments or robots.

The use of nano—object manufacturing techniques such as photolithography, combined
with nanoelectronics and the development of new biological materials, allows for the
creation of nanorobots for medical purposes, the area of greatest interest for these new
devices. The possibility to functionalize nanomaterials, in order to release the active
ingredients of medicines in a localized and specific way, is the main feature that makes
Nanotechnology and nanorobots of great medical interest. The diagnosis of diseases and the
intervention on patients in a non—invasive and absolutely punctual way can be the next step
towards a new medicine: the doctor/surgeon no longer physically intervenes on the body
but remotely controls the device. This is a desire that is often mentioned, a very strong idea,
not impossible to realize, but which today remains in the future. Therefore, it will be one of
the most popular research fields in Nanotechnology in the coming years. Another idea
involves the use of nanorobots as surgeons, injected into patients and who carry out their
functions independently at the cellular level. Obviously, such a type of device will have to
be engineered so as not to self-replicate, as such a feature increases the complexity of the
nanorobot itself. Other useful functions that can be implemented include tissue repair, such
as supporting white blood cells.

Fig. 114 Two  “Fullerenes Nano—gears” with  multiple teeth. Nasa  Images,
https://archive.org/details/GPN-2000-001535. Source: Public Domain

In people’s imaginations, the idea that a nanorobot is an object that, independently or
controlled from the outside, moves inside the human body, to perform certain functions,
may not be uncommon. Actually, the fields of application of nanorobotics (Fig. 1.14) are
many and not necessarily linked to futuristic or science fiction ideas. In addition to what
was previously mentioned, in fact, there is evidence of applications of nanorobots, for
example, in geology. Nanorobots that move in subsurface rock formations to determine their
geological and geophysical characteristics are in fact the subject of a patent filed in 2009,
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for instance. Underground rocks and hydrocarbon formations are the subject of research by
these modern nano geologists (Kamal, Sanni and Kanj 2010).

1.1.3.6. Nanophotonics

The study of light behaviour at the nanoscale or the analysis of the interaction between light
and nanometrically sized structures is the subject of Nanophotonics. Sometimes, this
discipline is also called nano—optics because it regards situations involving ultraviolet,
visible and near—infrared wavelengths.

There are two major issues that have to do with Nanophotonics. The first concerns the
interaction of light with nanoparticles, objects which therefore have a dimension smaller
than the wavelength, and the control of the flow of light when the scale is nanometric.

Spectroscopy and coherent control of single quantum dots are areas where
Nanophotonics research is particularly active. Semiconductors made with InAs
nanostructures are manufactured in such a way as to confine both the hole and the electron,
thus creating extremely intense optical dipole moments that give rise to strong interactions
with light. Such a phenomenon allows to operate using coherent light, produced — let us say
— on a chip, to control electronic interaction on the same chip.

Nanoparticles doped with ions of elements belonging to the rare earth group (scandium,
yttrium and the series of lanthanides) have recently been used to obtain new optical solids,
such as transparent ceramic materials that are now used in the field of high—power lasers at
the 100kW level.

A further area of research concerns plasmonics when nanoparticles and their complexes
are engineered to create optical structures with absolutely new properties.

1.1.3.7. Nanomedicine

Nanomedicine is the medical application of Nanotechnology (Cassano, Pocovi-Martinez
and Voliani 2018). As nanomaterials exhibit completely new properties due to their
extremely small scale, when these same properties are compared with the bulk material,
strong possibilities for their interactions with biological systems appear. Biological systems
possess components whose dimensions are nano scaled (such as proteins, membranes,
nucleic acids and so on). Therefore, nanomaterials can be applied to both in vitro and in
vivo biomedical research and applications.

Scientists can add different functionalities to nanomaterials to get diagnostic devices,
contrast agents, analytical tools and applications to physical therapies or drug transport
systems. This fact opens new doors to research as synergies among nanosystems and
biological components may improve health and quality of life, on one hand; on the other
hand, ethical implications arise about the legitimate use of such new discoveries and the
awareness of their side effects.

The possibility of delivering the active ingredients precisely to the designated site of
pathology is one of the major, and perhaps the most important, feature that Nanotechnology
provides to nanodrugs (Ranganathan et al. 2012). This is fundamental, as it regards the
opportunity of significantly reduce side effects on the organism, and therefore on the patient.
Also, a smaller dose of the ingredients will result in reduced expenses, a lower cost of the
medicine, and wider availability. Molecular targeting by devices that are nanoengineered
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could be the way to achieve such results (LaVan, McGuire and Langer 2003; Cavalcanti,
Shirinzadeh, Freitas and Hogg 2003).

The efficacy of drug delivery through nanomedicine (Fig. I.15) is based upon different
factors such as an efficient coating of the active ingredients, a successful delivery of the
drug to the exact point of action inside the body and an effective release of the ingredient
(Santi et al. 2020).

Advances in medicine have been very significant, especially in recent decades. Yet many
surgeries are still performed by cutting and opening patients’ bodies. It is true that certain
orthodontic interventions are today so advanced that they can be performed without
anesthesia, but such a thing is not yet imaginable for complex surgery that still intervenes
on the human body. Using nano dimensioned devices could result into less invasive
interventions on the patient and might open the door to the possibility to implant the
“surgeon” or the “chemist” inside the body, leaving the patient with no sensation of'it, unlike
an external prostheses, for example. Remotely monitoring the situation, an external doctor
could intervene in case of necessity without “physically touching” the body. This, on the
other hand, opens a serious debate on the Ethics of Nanomedicine: would anybody accept
being remote-controlled by somebody? Would people be aware of the fact that the drug is
being administered and is acting at one moment, rather than another? Careful attention must
be given to such a delicate field as that concerning human health.

Fig. 1.15 Metal nanoparticles in colloidal suspensions. These products are all registered medical devices
under CE certification. From left to right: Copper, Silver, Gold, Zinc, Iron, Silicon. Source: AD
taken/reproduced under permission by Living Source®

1.1.3.8. Nanohealth

Healthcare has to do with maintaining or recovering an individual’s optimal physical and
psychological condition. All this can be achieved through prevention, rapid and early



26 Andrea Durlo — Ph.D. Thesis, 2023, University of Lille, France

diagnosis, treatment of more or less serious illnesses, wounds and injuries, be they physical
or mental. The development of Nanotechnology has made it possible to create devices that
are able to help in the prevention and monitoring of any pathologies on which to intervene,
if necessary, also with innovative nanosurgery techniques.

Today, many devices are available for athletes, or amateurs, or ordinary people to
monitor their health status — checking medical parameters like systolic and diastolic blood
pressure, heart rate, body temperature and so on, or more simple data like the number of
steps in a walk and how many calories we burned along the way, the average speed we
maintained —. It is not difficult to download apps, purchase bracelets, watches, wristbands. ..
to get those data. Nanomaterials can open new perspectives when manufacturing such
devices. One of the best candidates to improve the existing technology could be graphene,
as this material is ultra—flexible and high—conductive.

Sports is not the only field where such a material may be applied. Hospital wards can be
an environment where nano—scale health monitoring devices find application.

We can imagine patients wearing control devices, based on nanomaterials, capable of
transferring biomedical data to a memory accessible by doctors at any time. In this way,
patient care could be facilitated and prompt action could be taken in the event of an
unfortunate change in the monitored parameters. Not only that, but such a device, easily
worn by the patient, could reduce hospitalization times and allow medical checks even from
home. The monitoring of the state of health of elderly patients could easily be made possible
by the application of nanodevices that collect data and send them to processing centres.
Their rapid control can allow targeted interventions and an improvement in the quality of
life of older people.

If, on the one hand, the control of biological parameters is important, on the other hand
the prevention of diseases is fundamental and their diagnosis must be made as soon as
possible. The use of nanometric devices could allow the intervention, in this direction, at
the cellular level, through sensors and imaging techniques that allow the observation of any
critical factors in the patient’s health.

1.1.3.9. Nanotoxicology

The study of toxicity of nanoparticles is called nanotoxicology (Buzea, Pacheco and Robbie
2007). Features like quantum size effects or their large surface to volume ratio may affect
the toxicity of the nanoparticles. Serious side effects such as inflammation, fibrosis or
carcinogenicity are possible hazards of inhalation exposure of some nanoparticles. Skin
contact and ingestion exposure are to be seriously considered.

Nanotechnology can be considered a relatively recent development in science and its
effects on health, despite the studies conducted so far, are yet to be deeply understood. It is
fundamental to know how exposures to these agents may affect the health and safety of
workers and users, or what level of exposure will be acceptable. As health must be
protected, over all it is important to take precautions to minimize hazardous exposure and
side effects (NIOSH 2013. Retrieved via: https://www.cdc.gov).

We can say that nanotoxicology is a new sub—speciality of particle toxicology. As the
properties of nanoparticles differ from the bulk—dimension ones, due to their nanometric
sizes, their toxicity appears to be different for the same reason: dimension. For example, a
metal like gold, which is known to be inert at macroscopic dimensions becomes very active
at nanometric dimension. This is one of the reasons why a discipline such as nanotoxicology
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is becoming more and more important, trying to establish if and to what extent these
properties may become hazardous to human health and the environment (Mahmoudi,
Hofmann, Rothen—Rutishauer and Petri—Fink 2012).

It is not correct to believe that nanoparticles are only man—engineered artificial
structures, like carbon nanotubes for instance. In fact, it is possible to find them in Nature
as combustion—derived nanoparticles, like in diesel soot, or as naturally occurring
nanoparticles from volcanic eruptions, or atmospheric chemistry. So, the hypothetical threat
comes from different sides, not one of them to be neglected. Once they have entered the
body, through inhalation, swallowing or skin absorption, because of their small size, the
particles can migrate inside the body and affect distant sites such as brain and other organs,
conveyed by the cardiovascular apparatus.

1.1.3.10. Nanotechnology and Safety

The rapid development of Nanotechnology has brought to the fore several ethical issues in
relation to the possible effects of nano—sized products on people’s health and on the
Environment in general. The proliferation of new nanomaterials raises the problem of
identifying what their health effects may be, not only, but also the question of what to look
for that may prove harmful in the short or long term. At the same time, finding a harmful
agent allows the establishment of rules relating to the use — or total disposal — of the material
that carries it.

The question of researching what dangerous nanoscale agents may be, at any level, is
also a prelude to the development of laboratory tools and operational protocols to identify
the agents in question. The search for risk factors is not always easy, due to the rapid and
continuous introduction on the market of new products, and it is not always possible to
evaluate which are the actual parameters that determine the degree of threat posed by the
materials.

It is therefore necessary for the researcher to ask himself some questions, faced with such
a sudden development of this new science, and that the same ethical and operational
paradigms must be rethought in function of the protection of the individual and the
environment in which he lives.

There is, in fact, the need to evaluate new approaches to the concepts of toxicity, or
hazard, associated with nanomaterials, to the control modality of new products and to
parameter testing.

11.3.11. Molecular Nanotechnology

Designing and testing molecular properties, their behaviour and interactions to obtain better
engineered materials, systems, and processes for specific functions are some of the most
important fields in Nanotechnology called molecular engineering. As Nanotechnology is
interdisciplinary, so is Molecular Nanotechnology. Under this name many aspects of
chemical engineering, material science, bioengineering, electrical engineering, physics,
chemistry and mechanical engineering are gathered.

In 1956, Arthur von Hippel (1898-2003) first mentioned molecular engineering,
defining it as “a new mode of thinking about engineering problems. Instead of taking
prefabricated materials and trying to devise engineering applications consistent with their
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macroscopic properties, one builds materials from their atoms, and molecules for the
purpose at hand” (von Hippel 1956).

Richard Feynman (1918-1988) echoed these concepts in his famous talk at Caltech in
1959, There’s Plenty of Room at the Bottom (POR), which is regarded by the classical
historiography as the founding document of some of the most important concepts of
Nanotechnology (Feynman 1960).

It was Eric Drexler who amplified the ideas and made them grow in popular
consciousness by publishing his famous book Engines of Creation: The Coming Era of
Nanotechnology (Drexler 1986).

In 1977, Alan Heeger discovered electrically—conductive properties in polyacetylene,
thereby opening the field of organic electronics, a discipline that proved to be fundamental
for many molecular engineering studies. Designing and optimizing these materials has led
to several innovations, including organic light—emitting diodes and flexible solar cells
(Chiang et al. 1977).

I1.2.Specific Introduction to My Ph.D. Thesis

My Ph.D. research thesis field is the History of Physics (and its relationship with
Mathematics). The subject is the History of Nanoscience—Nanotechnology (hereafter HNN)
from 1950 to the 2020s. It concerns both a history of theoretical/experimental aspects of
HNN and a history of discoveries and its impact in the Society. For, having a strong
pioneering interdisciplinary character, I will systematically confront several disciplines and
their technological applications.

My research revolves around the discoveries, scientists, thinkers who have contributed
significantly to the birth and growth of this new science. In fact, it has established itself as
an absolute novelty in many research fields, as I have already pointed out, changing the
paradigm of scientific observation regarding the dimensions of matter and its properties
which are completely different, to nanometric dimensions.

HNN is not only interested in science and technology, but has also benefited from the
mathematical tools of physics and materials science. Investigation from this direction also
proved useful to discover the uses of known mathematical relationships, or in which areas
new equations were needed to understand and predict the behaviour of nanomaterials and
their engineering.

This thesis is a first step in the realization of a historical and scientific path that embraces
the multiple fields involved in Nanoscience, and that leaves the doors open for further
historical and epistemological studies and developments.

1.2.1. The Purposes

I pursued and completed multiple objectives.

First, I analysed the historical context from which to develop the work in the field of
Nanoscience and Nanotechnology. Since a work that collects the most important events of
this science in an extended form does not yet seem to be available, considering the scientific,
historical and epistemological aspects, I started from the sources to frame the historical
context, in terms of authors and works. So, I have retrieved the most important documents,
functional to my research, in the form of articles, essays and books. By analysing the most
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recent texts, I was able to realise what the state of the art of historical research is in this
respect. The comparison between the texts and this thesis has shown me that, as far as I am
aware, the structure of my work constitutes a novelty in the field of nanotechnology history.

Collecting and categorizing the works I have read made me organize a dedicated library
on Nanotechnology, understanding what the role played by each work and its impact on this
field. Together with this work of systematic documentation, I had to consider not only the
simple historical succession of the events, but also the different disciplines. There have been
discoveries and advancements made first in Physics, for example, due to new instruments
made to explore such a small world, and in Mathematics, through a new use of already
known concepts, like the Finite Elements Method. The search for the original documents
led me to find articles of which I had to personally supervise the translation from foreign
languages other than English.

Secondly, I had to organize the succession of events. The chronological sequence
immediately appeared to be the most logical and linear choice, applying the Historical
Method. This allowed the sequence of historical events to be followed together with the
scientific discoveries. The flow of events in chronological succession has actually created,
in the historical chapters of this thesis, a chronicle of the most relevant facts and discoveries
in the HNN.

Consequently, I had to compare my results with other researchers and historians to
evaluate the formal correctness of my work from several points of view. Although the
chronological order is easy enough to pursue, as a researcher I had to be very careful when
considering the scientific event and the historical context where the scientific event itself
took place. The environment, the condition, the historical context, all deeply influence the
situation where and when scientific research is made and its purposes.

A careful analysis of the sources — articles mainly, since in books History of
Nanotechnology is not described broadly — is necessary to evaluate their impact, and the
influence they had on researchers. One remarkable case of a different possible interpretation
on There’s Plenty of Room at the Bottom emerged, and brought a new interesting light on
this paper, maybe one of the most famous in History of Science and History of Physics, in
particular.

Therefore, it was necessary to consider the historical and epistemological aspect in the
concatenation of the facts, their interpretation and their conceptualization. The question
concerning the history of science and the history of Nanotechnology, precisely because this
science investigates a world beyond the microscopic, in a myriad of aspects, also involves
science in society.

These aspects must be investigated and deepened because the discipline is, in itself,
profoundly transversal, and no researcher can be considered exempt from considering what
consequences and repercussions the discoveries in this field will have.

In addition to considering the technical and historical aspects, specifically, I also focused
on those of epistemological and ethical nature, which invest the role of the researcher as
such.

1.2.2. General Objectives

The scope of this thesis is to provide researchers a volume in which to find information
regarding research and discoveries on Nanotechnology from 1950 to 2022. T have organised
the information on the history of nanotechnology based on the chronological sequence of
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events. Whenever possible, I have reported the discoveries year by year. The concluding
work proved to be extensive, and provides a starting point for developing in—depth articles
from the topics covered. Similarly, it can be seen as a starting point for even more research,
going into even greater detail on the individual topics and expanding on the results reported
here. The topics dealt with in this thesis are in fact not limited to the history of
nanotechnology, but also concern the technical development of the instrumentation, the
mathematics used for modelling, and the implications that the development of new materials
brings to society, from the point of view of ethics and the impact on the environment and
those living in it.

I examined the existing literature first, to understand how deep in the History of
Nanotechnology other authors have gone in their works.

So far, there is no evidence of a comprehensive book about a chronological and detailed
History of Nanotechnology so, after research on the publications available, I concentrated
on collecting articles, according to the contents chronologically ordered.

The purpose of the collection of articles is to get as close as possible to the original
sources relating to the discoveries in the field of Nanotechnology or to the development of
the tools that made the discoveries possible. For this purpose, the Nobel Lectures are
particularly significant because on the one hand they present the achievement of a result in
the words of its discoverers, and on the other hand they confirm the importance of the
discovery, which is rewarded with such a significant mention.

The research in the articles also opens up a further problem, concerning the significance
of the writings themselves and their impact on the scientific community.

Nanotechnology has affected so many fields of research and so many publications have
been written, that the differentiation of the different sectors makes it almost impossible to
be aware of all the discoveries. It is important to understand which information can be of
effective influence and which, even with their contribution to the scientific community,
should be considered of not so fundamental importance.

1.2.3. Specific Objectives

In Part One the early History of what will be later called Nanoscience and Nanotechnology
is described, including the role of Nature as the very first nano manufacturer in our history.
Also, concepts about what Nanoscience and Nanotechnology are, according to the
definitions that changed in time, and what fields are interested by these subjects will be
discussed. We will also talk about the difference between artifact and natural nanomaterials.
It will be proved how Nature has been the first manufacturer.

The pioneers of this brand new branch of physics will be introduced along with the
debate about the real/ideal influence of their works on subsequent researchers. This
argument will be discussed according both the historical and epistemological points of view.
The figures and authoritative careers of these researchers will absolutely not be criticized.

The possibility of investigating matter on such a small scale and with such great
effectiveness has given to the technological human being the power to create, assemble and
work with structures and mechanisms so small that they can intervene on materials on a
practically atomic scale. This aspect will be discussed in Part One.

The impact of scientists like Richard Feynman will be discussed regarding one of his
most famous works. This is the case of the conference that has entered history under the
name of There’s Plenty of Room at the Bottom. An Invitation to Enter a New Field of Physics
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in which this curious scientist poses a whole series of questions related to an extremely
small physical world.

Cited in seminars, translated and rendered available in papers and online, the paper
regarding this conference was and still is presented as the founding document of
Nanoscience. Yet, many scientists whose contribution has been nothing short of essential
in the development of the nanoworld, contributions that in some cases led to the Nobel
Prize, were not even aware of POR. In other cases, they stated that the influence of this
work was absolutely marginal to their research. Hence here arises the importance of
demystifying some interpretations and relocating, on the basis of the theory of knowledge,
in a correct light some scientific works whose validity is not in any way questioned.

In Part Two both the Physics needed, and the Mathematical instruments applied to the
nanoworld will be examined. We will talk about the progress and the instruments of electron
microscopy that made the observation and manipulation of very little things, down to atom
size, possible in less than one hundred years. The mathematics necessary to describe the
nanoparticles and their behaviour into nanostructures will be approached.

A short review of theory and applications of Quantum Mechanics, Continuum mechanics
and Finite Elements Methods will be presented in an accurate form.

This is relevant and necessary here, because it is historically important to underline that
new fields of science often need new tools, whose development goes hand in hand with the
experimental needs that have to be addressed.

Nanosciences are no exception and, although the first observations were made through
electron microscopy for example — the same microscopy that Feynman indicated in his talk
as still not adequate to go down to the bottom, in POR, for the proper intervention of the
researcher on a nanometric scale —, the progress of these tools has made discoveries and
achievements possible that were unthinkable a century ago.

Scanning Electron Microscopy, Transmission Electron Microscopy and Microanalysis
are techniques that have been improved over time and flanked by other devices such as the
STEM microscope (Scanning Transmission Electron Microscope), a hybrid device between
SEM (Scanning Electron Microscope) and TEM (Transmission Electron Microscope), or
the Environmental Transmission Electron Microscopy (ETEM) microscope for the analysis
of samples in controlled gaseous atmospheres.

It is essential that nanoscale materials are characterized with the highest accuracy
possible. For this reason, investigation techniques such as Electron Energy Loss
Spectroscopy (EELS) are used to allow a quantitative analysis of the chemical
characteristics of the sample.

The History of Science has awarded with the Nobel Prize the invention of the microscope
STM (Scanning Tunneling Microscope); the Atomic Force Microscope AFM (Atomic
Force Microscope) and the variants of the STM microscope today allow surfaces and
structures to be effectively probed and visualized on nanometric scales. The manipulation
of objects and the tools developed for such a manipulation are central aspects in the
development of a society who wants to be considered advanced; the SPL (Scanning Probe
Lithography) technique allows the manipulation of atoms on a material on a nanometric
scale. Although constrained by the diffraction limit, optical microscopy has also proved to
be an effective tool for Nanoscience investigation.

We could also define Confocal Microscopy (CM) and Scanning Nearfield Optical
Microscopy (SNOM) as improvements to a pre—existing technique, the optical microscopy
of the beginning of the XX century, to study atoms and molecules in this new, rapidly
growing field of Physics.
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Ion—based investigation devices are important in Nanotechnologies. Two of them are
Focused Ion Beam-based Lithography (FIBL) and Secondary Ion Mass Spectrometry
(SIMS).

Rooted in the Annus mirabilis by Albert Einstein (1879-1955) and, in particular, in the
photoelectric effect, although the term photoelectric is to be traced to the Italian scientist
Augusto Righi (1850-1920) who observed the phenomenon and described it in an article
dated back to 1888, is the Photoelectron Spectroscopy (PE), which is based on Einstein’s
equation of the photoelectric effect:

hv=KE + ¢ (1.2)

where hv is the energy of the light quanta — as Einstein would have said — coming out of the
metal material, ¢ the work function and KE the kinetic energy of the photoemitted electron.

Finally, the technique of investigation that allows, in an almost univocal way, an
unknown material to be characterized based on the shape of the diffractograms is X—Ray
Diffraction; single crystal diffractometry is used for the study of molecular structures while
diffraction from dust is used for the analysis of different phases, although the latter is also
able to provide information on a molecular scale. However, even X—Ray Diffraction is not
a technique of recent application — Bragg’s Law dates back to 1912, for example — but it
proves that important results in the field of Nanoscience have been acquired through new
investigations conducted with old tools.

A similar discussion can be made for the indispensable mathematical instrument.
Thinking of conducting technologically innovative observations without the help of
mathematics seems decidedly improbable.

In the study of Nanotechnologies it seems that—what we have already said about the new
use of old instruments in the field of physics—is particularly true, since modelling the
behaviour of structures and particles of such a small size has made use of a mathematics
already known, and which is borrowed from engineering. In the specific case, this is
achieved by reference to continuous mechanics and finite element calculation.

Carbon nanostructures have been the focus of researchers since they appeared on the
laboratory scene; in particular, their electrical and mechanical properties have been
extensively investigated in recent decades precisely because of their extremely interesting
behaviour. Strength and brittleness of nanostructures and nanomaterials, for example,
proved to be greater than the same measured properties in steel.

Today, the analysis of properties such as those mentioned above on nanostructures is
based mainly on the principles of molecular mechanics, molecular dynamics, continuum
mechanics, finite element calculus and laboratory experiments. For these materials it is
important to determine the value of the Young’s modulus (Hooke’s law constant), related
to longitudinal elasticity and often determined through the stress—deformation diagram in
the section where the response of the material to the voltage applied is linear, by the formula:

o
E=-= 1 (L3)

where o is the uniaxial stress, € the strain and A the stretch factor (defined as the ratio of the
final length to the initial length of the sample).
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These two characteristics of the material are essential, but their numerical value is yet to be
determined.

It is also very important to consider computational time in nanostructure modelling as it
is areal challenge. To meet this challenge, atomic—scale finite element calculation (Atomic—
scale Finite Element Method — AFEM) has been developed and applied, for example, for
multi-scale analysis of carbon nanotubes. It is based on the measurement of interatomic
potential energy that describes the interactions of one atom with others surrounding it in
terms of local or non—local bounding forces. Ultimately, the choice of the atom and the
arrangement of its close neighbours on the lattice will determine the specific atomic finite
element. In principle, the method can be applied to all atomic systems that can be described
by an interatomic potential energy. We will then see how the equation system of the AFEM
method can be written in the following condensed form:

[K(w)]{u}={P} (1.4)

where [K(u)] is the non—linear stiffness matrix, {u} the displacement increment vector and
{P} the non—equilibrium load vector.

In the Third Part, the history of the nanoworld will be explored in chronological order,
for easier reference. This is the real core of the text, the longest and most section. Where
possible, year by year the most important events will be treated, connecting the dots between
1950 and 2022. It appears obvious that 2022 will not be considered as the definitive end of
this historiography but just a “resting point” to start over from, for further research and
analysis.

Original papers on discoveries, Noble lectures will play a very important role in this
section of this work.

Archives, public (and private) libraries, bibliography, internet, newspapers, magazines,
films, photographs, testimonies are the necessary sources to draw up a document whose
most important part is historical. The chronological order of the events is the most natural
and allows parallels to be established between the most varied disciplines that have found
themselves involved in the explosion of the nanoworld, whose characteristics are modified
time after time within the different fields. Alongside this, the epistemological value of

research in the nanoworld — understood as structure, methodology and logic of science —
will also have to be investigated, to see how thought has changed over the last decades in
relation to a research field that has expanded beyond imagination.

The Fourth Part will consider the impact of Nanoscience and Nanotechnology in Society
and it is a very important part of discussion since many products we are using in everyday
life are based upon nanoproducts. The awareness of ordinary people about the presence of
nanoproducts will be examined together with the national and international rules and
regulations on the subject. The focus of this chapter then will be on Health, Institutions and
Nano.

New research conducted at such microscopic dimensions could not fail to arise from the
need to go further in the exploration of the world, the acquired knowledge of which being
insufficient to satisfy the curiosity of researchers. Every historical period has been marked
by precise cultural directions that have become representative of the epoch itself and the
nanoworld is no exception. Indeed, its impact on everyday reality is so significant — even if
perhaps not perceived in its entirety — that we could well say we are living in the Age of
Nanotechnologies, where there are still no changes in higher organisms, but where probably



34 Andrea Durlo — Ph.D. Thesis, 2023, University of Lille, France

“the higher organism” par excellence is manipulating nature in order to modify it and then
modify himself.

Therefore, it is essential to understand the full extent of people’s perceptions of this
revolutionary science,-and what the consequences may be. This research is revealing day
by day a world at the limits of the impossible straddling two physics — Classical Physics
and Quantum Physics —, a hyper—technological world. Nowadays changes occur at such a
rate that they almost do not allow people to assimilate them into society. Are individuals to
be necessarily informed of every mutation of nature obtained in the nanoworld? Should
their interest in such research be encouraged or are the results to be introduced into the
world deliberately without direct perception by the unaware end—users?

Will this be a form of hidden control?

It will probably be a long time before these questions can have a definite and indisputable
answer, if there will ever be one. However, all these questions can only reflect the
contradictions of the contemporary world, where the human being is subjugated to the
technology created by other human beings. Many are enthusiastic about the innovations that
have changed everyone’s life in a span of less than fifty years, and yet unaware of how this
technology works. Sometimes they are uninterested in the consequences, focused only on
the benefits, sometimes only apparent, and more quickly usable.

The transformation of a science such as physics and, in particular, the physics of the
nanoworld necessarily implies a transformation of society. This did not immediately
happen, for example, with the advent of quantum mechanics as the phenomena of everyday
life can be effectively traced back to the paradigms of classical mechanics. But today we
cannot ignore the technological nano revolution and, as a consequence, quantum mechanics
because the devices we are using daily depend on it.

The biomedical field, for example, has benefited from many nanotechnological research
results; could the full application of these definitively transform man into something bio—
nano—technological, literally extrapolating him from his place in nature? Is the human being
ready for this? Above all, is he aware of this? We are returning, as we can easily understand,
to the problem of the dissemination of information and the effects of research.

Moreover, it seems that this field of research on nanostructures and their applications is
giving rise to some modification, even if sectorial, of the very meaning of “scientific
culture”. From the old canon, according to which the so—called pure scientist has nothing to
say outside his field of expertise, we necessarily move towards an interdisciplinary science,
because nanotechnological research involves multiple disciplines such as physics,
chemistry, maths, medicine, biology, engineering and social sciences. This is why the
concept of interdisciplinarity is linked to the scientist who, although having his roots and
experience in his specific field, is able to dialogue with colleagues operating in other
theoretically distant sectors.

From this perspective, the rapid renewal of the concept of scientist requires the
protagonist of the research to mediate effectively between his specialist investigation and
those that will give rise to an organic conception of the nanoworld and Nanotechnologies.

What today is a mosaic of scientific disciplines merges under the umbrella of
Nanoscience and all together must be subjected to a methodological criticism, for the results
nowadays achieved through research show us a different conception of the world. However,
it is important to express this new concept clearly, and to analyse all the evidence in favour
and the philosophical difficulties with the rigour required and, above all, for the
consequences also to be made clear and known.

The Fifth Part of the thesis will include the conclusions, leaving further research and
epistemological questions open, for other further developments to come. I am aware that
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some observations may be raised in this work, especially in relation to the choice I made
regarding the succession of discoveries that I have chosen to include in the historical
chapters. The choices I made were dictated by the need to identify the salient moments in
the HNN, to give a first complete meaning to this thesis. Nothing prevents us from
conducting further investigations that lead to a subsequent rearrangement of the historical
sequence, to give rise, at a later stage, to a broader rewriting that also takes into
consideration new documents and discoveries.

I.3.Nanoscience and Nanotechnology: the State—of—the—Art

In the following subsections I describe the method I applied to collect the information and
the data needed to complete the task of writing this thesis. I also describe the state—of-the—
art of the research at Lille University and the different departments of the IEMN Research
Centre. I also report here the most prominent centres whose main research topic is
Nanotechnology, detailing what the main fields are and what opportunities can be offered
there.

I also include an abridged history of Nanotechnology, sketching the arguments that I am
going to describe in detail in the dedicated chapters of my work.

1.3.1. Methods and Data

As a first step of my thesis, I proceeded to draft what would later become the table of
contents of the final text. This made it possible to always keep in view the progress of the
writing.

After that, the first part of my doctoral research was devoted to the collection of texts
and articles that refer to the various aspects of HNN that I investigated. I have collected
historical, mathematical, epistemological articles on HNN and books on Nanotechnology,
which I have consulted, to understand to what extent the historical question has been
deepened. Most of the documents are, obviously, in English, but there are also articles
written in other languages, such as Russian, or German, or Japanese, for example, which
describe important technical discoveries or progress in thinking about the Nanoworld and,
thus, represent fundamental moments in the development of Nanotechnologies. To give the
reader an idea of how the number of publications has evolved, over the time span that I have
taken into consideration to conduct my research, and how broad and challenging this work
has been, [ have carried out a survey among the articles, texts, patents and citations that, in
the title, contain the following keywords.

¢ Nanoscience

¢ Nanotechnology
¢ Nanomaterials

¢ Nanoelectronics
¢ Nanomechanics

*  Nanometrology

¢ Nanorobotics

*  Nanophotonics

¢ Nanomedicine

¢ Nanohealth
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*  Nanotoxicology

For ease of reading, I grouped the number of publications in the following table 1.4,
considering the years two by two, with the exception of 1974, the year when Taniguchi
made the first use of the term Nanotechnology in history, in order to summarize the data
and highlight the trend, from which I extracted the graph then reported.

Table. 1.4 The growth of the number of publications on Nanoscience and Nanotechnology since 1974. Data
retrieved via Google Scholar. Source: AD

Year No. of Year No. of Year No. of
issues issues issues

1974 1 1989/90 50 2005/06 6110

1975/76 2 1991/92 139 2007/08 7840

1977/78 3 1993/94 129 2009/10 8940
1979/80 1 1995/96 273 2011/12 10250
1981/82 1 1997/98 350 2013/14 10660
1983/84 3 1999/00 824 2015/16 10930
1985/86 23 2001/02 1779 2017/18 12230
1987/88 25 2003/04 4090 2019/20 15530

The plotted data from the table gives the following graph (Fig. 1.16).

Trend of Publications about the Nanoworld (1974 - 2020)
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Fig. 1.16 The growth of the number of publications on Nanoscience and Nanotechnology since 1974.
Data retrieved via Google Scholar. Source: AD

This trend clearly demonstrates that the 2000s are the years in which there was a more than
significant increase in the study of the different fields on nanotechnologies, and the sudden
growth of the number of publications released on the subject.

The first text I took into consideration is the Springer Handbook of Nanotechnology, a
huge manual edited by prof. Bharat Bhushan in 2004 for Springer, Berlin. This book,
however, dedicates few pages to HNN, only five, for a brief historical description, while it
must be noticed that the other chapters are a meticulous description of the techniques that
are applied to Nanotechnologies.
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Another book I came across is Nano: the Essentials. Understanding Nanoscience and
Nanotechnology (Pradeep 2008). This volume is actually a manual for by students, with
theory and exercises. The first chapter is dedicated to HNN, but this is done from a very
general point of view, embracing from ancient times to modernity. There are no historically
specific details because all the other chapters are dedicated to specific parts of Nanoscience.

A very recent publication is the book History of Nanotechnology. From Prehistoric to
Modern Times, edited by Madhuri Sharon (Sharon 2019). This book concerns the History
of Nanotechnology mostly in the ancient times. The chapters are dedicated to
Nanotechnology from the Prehistoric Era to ancient Indians and the Maya, from the Roman
Empire to the Medieval period, from Faraday to Maxwell. The final chapter is dedicated to
contemporary Nanotechnology, reviewing the most famous steps only. A large part of this
book is dedicated, because of the origin of the author, to Nanotechnology in Ancient India.
There is an interesting chronological succession of events at the end of the book, covering
the most recent discoveries in the field.

In the same year Size Really Does Matter was published, by Colm Durkan (Durkan
2019). In this book, History of Nanotechnology is described in short paragraphs in chapters
1 and 2. This book is more a reader-friendly issue than a technical manual, and a systematic
succession of the events is not included. The emphasis is on the importance of the nano
dimensions and several applications are described, especially as regards the medical field.

The importance of the mathematical tool in Nanotechnology is well described in
Mathematics and Physics for Nanotechnology by Paolo Di Sia (Di Sia 2019). Here, HNN
is virtually absent, just a few notes about nanoelectronics are mentioned in the first chapter.
Problems are proposed at the end of most of the chapters. This is a very specific manual
proposing theory and exercises about several topics of Mathematics and Physics. Most of
the arguments are at university level, though some might be also proposed to upper
intermediate and highly motivated students.

A text I found interesting for its contribution to the description of the so—called pioneers
of Nanotechnology is The Nanotech Pioneers by Steve A. Edwards (Edwards 2006). In this
book the main accent is on the people who made the history of Nanotechnology and their
backgrounds, more than on the techniques applied in the nanoworld — although a description
of the instruments is present —.

Particular attention was paid to the articles that can be considered as foundations of
Nanoscience and Nanotechnology. Some of them are particularly famous and are repeatedly
cited as essential cornerstones such as, for example, There’s Plenty of Room at the Bottom
by Richard Feynman.

1.3.2. The IEMN: its Role in Nanotechnology in France

I was able to write this thesis also thanks to the affiliation to an important research centre
such as the Institute d'Electronique, de Microélectronique et Nanotechnologie — IEMN —in
Lille, a centre of European and world relevance that actually associates several institutions
such as the Centre National de la Recherche Scientifique — CNRS —, the Université de Lille,
the Université Polytechnique Hauts—de—France, the Central University of Lille, the Ecole
d'ingégneurs des Hautes Technologies et du Numérique ISEN YNCREA.

The cooperation between such diverse and prestigious partners allows the development
of extensive research that is divided into different areas of interest, such as the physics of
materials and nanostructures, advanced systems on telecommunications, microwaves and
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acoustics. In particular, nanostructures, microelectronics and nanoelectronics, the study of
microwaves and microsystems are the areas in which IEMN mainly focuses its interests, in
particular, to achieve the most innovative goals and discoveries.

One of the founding characteristics of the IEMN is the know—how to wisely combine
research on multiple areas, while maintaining a balance between the Academic world and
the external world of Research and Development for industry. To do this, 22 research groups
are divided into 5 main departments.

The first department, Matériaux, Nanostructures et Composants, deals with the study of
materials, nanostructures and components, as part of the most important research that is
carried out within the IEMN. Departmental research is oriented towards the study of thin
films, heterostructures and periodic structures (0D, 1D, 2D), optics and acoustics,
optoelectronics and Nanotechnologies, organic electronics and models inspired by biology.
The groups EPItaxy and heterostructures PHYsics — EPIPHY -, Nanostructures
nanoComposants et Molécules — NCM —, Physique, SImuLation PHYsique de Dispositifs
Electroniques et optoélectroniques — SILPHYDE - and Dispositifs Opto et
MicroElectroniques — DOME —, cooperate together in the most advanced research.

The second department, Micro et Nano—Systémes, over time has built and consolidated
a solid and internationally recognized experience in the study and development of micro—
and nano-systems. Its research work is highly interdisciplinary and concerns materials,
microfabrication processes of devices such as sensors and actuators, microfluidics and
microelectronics, chemistry and biology. Particular attention is paid to the social impact that
these areas have on everyday life. The IEMN design, first construction, testing and
production facilities, including a clean room of impressive size (1600m?), are exploited to
achieve the objectives of the structure.

The third department, Micro Nano Opto Electronique, has made its mission-research that
overcomes today’s limits of micro and optoelectronic components through the
implementation of new materials, developed through completely new technologies that go
beyond the traditional canons of research. The improvement of the characteristics of new
microelectronic components, in terms of background noise, power and working frequency,
is the leading principle on whose basis the improvements are increasingly moving the state—
of—the—art of these devices forward, devices that will find application in the fields of analog
and digital electronics, depending on their characteristics. The development of the most
innovative components of sensors and telecommunications is carried out through the study
of the interactions between microwaves and waves in the visible field, with the instruments
of optoelectronics and very high magnetic fields.

The Circuits et Systemes de Télecommunication is the fourth department, and it mainly
deals with the development of innovative systems dedicated to telecommunications and the
development of instrumentation and was the pioneer of 60GHz operating systems. The
fundamental objectives of this group are high speed and/or high mobility communications,
together with very low power communications. Circuit design, the problem of energy
recovery, energy storage and its management, heterogeneous integration, signal processing,
cooperative communications for sensor networks are the challenges the department faces
through the balance of several sectors, such as the conception, design, experimental
verification and practical realization of the devices.

The fifth department, Acoustic, deals with the design, characterization and production of
electronic components and systems, thanks to the acquired, developed and continuously
updated knowledge of active materials, acoustic meta— materials, unusual properties
observed during propagation of acoustic waves, and acoustic microsystems. The
components for telecommunications, instrumentation and biology are implemented through
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the study of sensor networks, while acoustic imaging is one of the non—destructive
techniques through which materials are investigated and which is studied in depth in this
department.

Within the research area called Physique, the History of Physics And Science Technology
— HOPAST — working group, headed by Prof. Raffaele Pisano HDR, my thesis supervisor,
has been activated, and is supported by Fabrizio Cleri. The main purpose of this research
group is to develop new historical-scientific approaches to science research, understood as
including natural sciences but also human sciences, through a continuous dialogue between
its members and European and extra—European scientific institutions. For this reason, the
area of the group’s discussions, be they regarding the historical, cultural, social,
epistemological aspects of physics in the first place, without neglecting the other sciences,
is of a very high level of quality. Furthermore, HOPAST organizes prestigious Lectures and
Meetings, Master Classes, Summer Schools, Workshops and other events that aim to
involve young and established researchers within a stimulating work environment to allow
comparison and the exchange of ideas. In—depth study of the study topics is encouraged
through the evaluation of doctorates and candidates for the HDR qualification — Habilitation
a Diriger des Recherches — which allows access to the position of full professor and
supervisor of doctoral theses.

The research Prof. Pisano leads individually and in collaboration with other colleagues
embraces, particularly, the fields of History and Epistemology of Sciences (Physics—
Mathematics), Historical Epistemology of Sciences, Philosophy of Sciences (Physics—
Mathematics) Nature of Science Teaching, Intellectual History of Sciences, Foundations of
Sciences. In one of his most recent works, for example, (Pisano, et al. 2020), Prof. Pisano
and his associates explored the figure of James Prescott Joule, as described on the occasion
of a symposium organized in London in 2018, on the occasion of the bicentenary of birth
of the English physicist. The work is presented as relevant in several respects. Firstly,
because it deals with the Energy Conservation Law itself, then because it addresses the
problem of the concepts of energy and work from the point of view of the didactic proposal
on textbooks and in classes. Finally, the possibility of teaching/learning science through the
History of Science is examined. Again, in 2020, Prof. Pisano published an article in which
he examined a fundamental character in the Italian History of Mathematics, Niccolo
Fontana, known as Tartaglia, author, among other things, of the translation of Euclid’s
Elements in the Italian language of his time (Pisano 2020). The subject of the article is
Tartaglia’s work of 1546, Quesiti et Inventioni Diverse, and the sixth chapter — Libro sexto
(or Libro sesto as it appears in the header of some pages) — is studied in detail together with
an addition that follows with the name of La Gionta del Sesto Libro. The text contains
considerations about mathematics and geometry applied to the design of fortifications —also
following the rules of Euclidean geometry — and the use of artillery together with the study
of projectile trajectories. The professor here asked himself questions about the role and
temporal placement of La Gionta del Sesto Libro, in order to understand its actual placement
— is it a complement to the chapter or a text in its own right? — and the role played by the
Venice publisher Curzio Troiano Navo in editing Tartaglia’s manuscripts. In 2020 as well,
Prof. Pisano was co—author (Pisano and Sozzo 2020) of an interesting and profound article,
absolutely not trivial neither about the contents nor about the exposure, in which the
quantum formalism of Hilbert’s space theory is applied to cognitive domains, in order to
evaluate errors of judgment and decision making processes. Judgments on the action to be
taken and decisions are described as non—deterministic processes where the interaction of
two subjects is expressed, the conceptual identity and the surrounding cognitive context. A
quantum point of view, from which a phenomenon is considered, is introduced with
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observables, states and properties governed by the formalism of the typical mathematics of
quantum mechanics.

Still generally speaking, the IEMN is an international research centre whose studies
embrace a very wide range of scientific disciplines, in collaboration with other French,
European and non—-European Institutions. The broad scope of the research conducted and
the ability of the IEMN staff to open up to collaborations with other subjects are well
evidenced by the number of publications made individually by the various researchers, or
in teams with French and non—French colleagues. The continuous exchange of ideas and
cooperation ensures a continuous improvement in the quality of the results achieved and the
opening of new research opportunities, both in the academic field and in the field of
industrial research and development. Significant results have been obtained, over the years,
in Solid State Physics, Thermodynamics, Biology and Genetics, just to mention a few areas
researchers deal with, as it is underlined by the numerous publications available online, in
various databases.

In 2020, for example, the working group that includes Cleri and Giordano undertook the
study of a stochastic model applicable to the physical concept of force, to study the
transition from ballistic to diffusive modality of heat conduction in solids and
nanomaterials. They chose, as the simplest predictive model for conducting heat, that of a
harmonic chain made up of N masses. To obtain the results then published (Cleri, Giordano
et al. 2020), the chain, in contact with two Langevin thermal baths at different temperatures,
was subjected to a stochastic force field. The interactions between the dimensions of the
system and the properties of the thermal bath were analysed. Then, the interactions between
the dimensions of the system in question and the properties of the thermal bath were
analysed afterwards. A stochastic force field has proved to be the ideal tool, because it is
simple enough to guarantee the Principle of Conservation of Energy for each of the particles
making up the chain, but it also possesses those random properties that allow the transition
from the ballistic regime to the diffusive one for the chain, when its conductive
characteristics are studied. If the force field is not present, the ballistic behaviour proved to
be strongly dependent on the collision frequency, characteristic of the thermal baths,
whatever the size of the system. Once the stochastic force field is applied, a diffusive
behaviour is established and, within the thermodynamic limit, the effect of the thermal field
is removed. The results obtained also showed that the transition between the ballistic and
the diffusive regime is observed when the size of the system increases; the authors found
that — through a rigorous mathematical model — the so—called Matthiessen rule is able to
describe the investigated process very effectively. The results obtained can be applied to
thermal problems at the nanoscale, where an attempt is made to optimize the thermal
conductivity of nanosystems between two thermal baths, when the number of particles N is
finite and small. For the sake of completeness, the Matthiessen rule, to which the authors
refer, is an experimental one summarized in the formula:

N
=K, —— W-(mK)?! L5
K=o oy (m'K) (L5)

The researchers’ ability to cooperate in teams and the strong international vocation of the
IEMN both appear clear in a 2019 work on the local density of states (Franchina Vergel et
al. 2019), through Scanning Tunneling Microscopy (STM) topography, to study quantum
semiconductive structures . The working group of Franchina Vergel, Tadjine, Delereue and
other researchers of the IEMN, together with scholars belonging to different international
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institutes, investigated the behaviour of the quantum holes of Inos3Gaos7As grown on p—
doped InP (110), so as to be able to describe the local density of the states in the hole,
through the STM survey technique. The Inos3Gao47As, in particular, is a ternary compound
whose lattice is matched to the InP and used as a channel for high frequency MOSFETs
devices. The topography of this ternary compound, observed with STM microscopy, shows
structures whose width is of the order of 40nm and whose height measures approximately
0.29nm.

Another international work published the same year (Jazi ef al. 2019) studied quantum
dot solids of colloidal nanocrystals (NCs), as they are interesting both for their
optoelectronic properties, that reflect single nanocrystalline quantum dots, and for dipolar
and electronic couplings that are established between them. Solid NCs are very versatile
materials that can be configured very effectively through a chemical action on their surface.
For these materials, the working group studied the phenomenon of electron transport on
single sheets of PbSe having a geometric honeycomb structure. These structures, in fact,
can be effectively incorporated in a transistor device, and their electron density and electron
transport characteristics can be measured, the mobility of which is limited, because of the
very accentuated scattering due to lattice imperfections.

In 2018, the working group lead by Cleri addressed the study of thermal behaviour in
nanomaterials, through the relaxation of the thermal lattice in multilayer materials
characterized by thermal resistances at the interface (Cleri et al. 2018). The research group
has considered possible non—diffusive effects at the nanoscale of materials, through a non—
local formulation of the heat equation, applying a similar experimental approach to the
measurable thermal resistance at the grain boundary of silicon. A study of this type
constitutes a non—trivial challenge, which is why the team applied different techniques.
First, Raman thermometry, 3® method, time domain thermo-reflectance or Scanning
Thermal Microscopy were used. However, these methods work in the radiative spectrum of
the optical wavelengths, which is why the spatial resolution is necessarily limited. The
light-induced transient grating — LITG — technique, on the other hand, proves to be a non—
invasive approach, also ensuring high accuracy and reproducibility of the results. The
thermal response of the sample is a function of the wavelength of the transient grating and
allows direct detection of non—local effects, confirming other results obtained in this
direction, related to the nanometric thickness of the structure. The correct description of the
non—diffusive effects for nanoscale transport was obtained through the introduction of a
homogeneous non—local bulk conductivity, in the heat diffusive equation, in order to derive
the scale—dependent model of the thermal behaviour of the bulk.

Thinking about the properties of matter at the solid state, in 2017 Cleri and his co—
workers investigated the thermal conductivity of silicon nanowires (Cleri et al. 2017).
Generally, this subject is studied through atomistic simulations that mark it as dependent
both on the length and on the diameter of the wire itself. This equilibrium—approach
methodology works very well for bulk material, and has been applied to wires up to 1.2um
long and whose diameter ranges from 1nm to 14nm. The researchers also demonstrated that
the temperature profile, along the axis of the analysed wire, and its temporal evolution
satisfy the heat equation. Furthermore, it has been proved that the thermal conductivity
proves to be length dependent, as a consequence of the fact that the cumulative distribution
of the free mean paths of the phonons grows slowly. By reducing the mean free path of
phonons in nanowires to a few hundred nanometers, the simulations allowed the observation
of, unlike the bulk material, the infinity—limit saturation value of conductivity.

In 2015, Viero, Copie, Guérin, Krzeminski, Vuillaume, Lenfant and Cleri published a
study on functionalized and self-—assembling nanoparticles, a research field that sees
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applications, for example, in molecular—scale electronic devices (Viero ef al. 2015). Their
research focused on the self-assembly of 10nm-—sized gold particles, functionalized by a
dense layer of azobenzene—bithiophene (AzBT) molecules to create a light—controllable
device, characterized by on/off memristive properties. For this purpose, planar nanodevices
were prepared, consisting of a network of self-assembled nanoparticles. Simulations of the
molecular dynamics of the structures and of the interface between the chemo adsorbed
monolayers on the nanoparticles were carried out. This way it was possible to prove that the
action of light of a very specific wavelength had an effect on the molecules in terms of
switching between the cis and trans isomers of the AzZBT molecules; the switching between
the two isomers is reversible and can be obtained, in fact, through irradiation with a precise
sequence of wavelengths.

It is not only Solid State Physics, in terms of the structure of matter or the thermodynamic
behaviour of materials, that is treated within the IEMN labs, but also biochemistry, in terms
of the analysis of the DNA structure. In 2013, Singh, Blossey and Cleri studied the structure
and mechanical properties of i—motif (intercalated motif) DNA nanowires, a non—standard
structure of DNA discovered in 1993 by Maurice Guéron, at I’Ecole Polytechnique in
Palaiseau, France, through computer simulations of molecular dynamics (Singh, Blossy and
Cleri 2013). Wires with a length of up to 230 nanometers in length were prepared, based on
a repeating sequence of TCS5, from which it was possible to calculate both the Young’s
modulus and the bending modulus; from the realized models it was also possible to estimate
the tensile strength, demonstrating that the DNA i—motif nanowires are analogous, from the
point of view of tensile stiffness, to structural proteins, but are more similar to nucleic acids
and flexible proteins, in terms of what concerns the bending stiffness. Indeed, thanks to the
thin cross section, the tensile strength is comparable to that of a metal. Thanks to their
particular mechanical properties, they represent very good candidates for biomimetic
nanoscale templates.

1.3.3. Nanoscience & Nanotechnology: the Worldwide Research

Since Nanoscience and Nanotechnology are disciplines of worldwide interest, I think it
appropriate to indicate which, according to the statistics, are the best places to study these
subjects in depth. As the following table is the result of statistical surveys, it cannot be
considered as containing absolute results, but a snapshot of the situation as of today, a
situation which is obviously susceptible to changes. The following table 1.5 recollects the
first 50 “top” places in which to study Nanoscience and Nanotechnology, and is an excerpt
of 250 names, compiled from the website https://www.usnews.com/education/best—z—
global—universities/N anoscience—Nanotechnology3 where the data are collected and where
it is also possible to learn more about which parameters have been considered and through
which algorithms the numbers that are reported as Subject score and Global score have been
calculated.

3 Retrieved December the 24 2020.
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Tab. 15 The top 50 worldwide Institutions for Nanoscience and Nanotechnology,
https://www.usnews.com/education/best —global—universities/Nanoscience—Nanotechnology.
Country Institution Subject Global Enrollment
score score
Singapore Nanyang Technological 100 76,6 23.902
University
China Tsinghua University 92,2 78,5 37.484
United Georgia Institute for 90,1 73,3 24.695
States of Nanoscience and
America Nanotechnology
China Soochow University 89,6 55,5 49.098
China University of Chinese 89,3 62,6 N/A
Academy of Science
United Stanford University 89,2 95,3 16.223
States
China Peking University 88,9 74,9 38.583
China University of Science 88,3 68,0 16.434
and Technology of
China
United Massachusetts Institute 85,4 97,9 11.276
States of of Technology
America
China Zhejiang University 85,0 66,9 36.825
China Wuhan University of 84,8 52,4 52.910
Technology
United University of California 84,2 89,8 39918
States of - Berkeley
America
United Harvard University 82,9 100,0 21.261
States of
America
Singapore National University of 82,7 77,5 30.943
Singapore
China Huazong University of 81,6 62,2 56.941
Science and Technology
United University of California 79,4 84,3 42.509
States of — Los Angeles
America
China Tianjin University 78,6 55,6 N/A
China Xi’an Jiaotong 78,5 57,8 36.551
University
Saudi King Abdullah 71,5 68,3 N/A
Arabia University of Science &
Techology
China South China University 77,5 58,2 40.581
of Technology
United University of Cambridge 71,5 85,8 19.580
Kingdom
China Fudan University 77,2 65,5 32.597
United Rice University 77,2 67,6 6.805
States
China Shanghai Jiao Tong 77,2 68,2 38.556
University
Switzerland Ecole Polytechnique 76,8 74,4 10.942
Federale of Lausanne
United University of 76,5 86,0 46.258
States of Washington — Seattle
America
China Jilin University 76,1 51,7 71.593
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Saudi King Abdulaziz 76,1 76,0 31.869
Arabia University
China Nanjing University 75,9 66,0 37.457
China Nankai University 75,9 55,9 29.500
Australia University of Wollogong 75,5 61,8 19.703
China Beihang University 75,1 57,7 30.172
Hong Kong City University Hong 75,1 65,3 9.513
Kong
Hong Kong University of Science 75,0 69,1 9.976
and Technology
China Harbin Institute of 74,5 61,8 31.513
Technology
United University of Oxford 73,6 87,0 N/A
Kingdom
United University of Texas — 73,6 76,6 N/A
States Austin
China Sun Yat—sen University 73,4 64,0 53.734
China Xiamen University 72,3 57,9 41.546
China Beijing Institute of 72,1 52,7 31.964
Technology
China Nanjing University of 71,2 44,9 34.424
Technology
United Northwestern University 70,9 80,4 N/A
States of
America
United Drexel University 70,7 54,4 N/A
States of
America
China University of Science & 70,4 50,5 N/A
Technology Beijing
South Ulsan National Institute 70,1 54,1 N/A
Korea of Science &
Technology
China University of Electronic 69,9 55,9 32.932
Science and Technology
of China
China Shenzhen University 69,8 53,2 35.396
China Nanjing University of 69,4 47,6 33.452
Science & Tech.
South Seoul National 69,3 67,5 N/A
Korea University
Switzerland Swiss Federal Institute 69,3 79,5 19.043
of Technology Zurich

As part of my research, I also found it important to investigate where studies on
Nanoscience and Nanotechnology are being conducted in various countries at different
levels. For this reason, in the following table, I have reported the places — universities or

study centres — that deal with these topics, concentrating the research on institutions in the

“western” area. In order to retrieve the information, I used the website www.nanowerk.com*

which collects, in a very comprehensive way, the most important information on the
nanoworld (Table 1.6).

4 Retrieved December the 274 2020.
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Table. 1.6 Some of the research centres where Nanoscience and Nanotechnology are the most important

subjects with a short description of what is organised.

Country

Institution

Research Areas

Austria

Technical
University Vienna —
Centre for Micro—
and Nanostructures
(ZMNS)

The centre provides a state—
of-the art environment for
teaching the fundamental
techniques used to fabricate
new semiconductor devices.
The main goal of the research
and development activities is
the transfer of innovative
ideas from basic science to
device concepts.

Austria

Technical

University Vienna —
Solid State
Electronics Institute

Supramolecular ~ chemistry
involving:
Nanoglycobiology, = Nano—
Biotechnology,
Nanostructures

Austria

University of Graz —
Optical
Nanotechnology/Na
no-Optics

The group’s research
program is devoted to the
investigation of the physical
concepts of a subwavelength
light technology (Nano—
Optics), mainly based on
surface plasmon excitations
in metal nanostructures.

Austria

University of Graz —
Single Molecule
Chemistry

The group’s research is
focused on the
characterization and
manipulation of
nanostructures, single atoms
and functionalized molecules
on surfaces. By using
Scanning Tunneling
Microscope  (STM) and
Atomic Force Microscope
(AFM) at different
temperatures, imaging of
nanostructures is obtained
with  atomic and sub—
molecular resolution while
spectroscopy provides
information on their
electronic structure.

Austria

University of
Vienna — Quantum
Nanophysics  and
Molecular Quantum
Optics

Research interests are
focused on quantum
nanophysics  with  large
molecules and nanoparticles:
Matter—wave coherence,
interference and
decoherence; Quantum—
enhanced molecule & cluster
metrology; New trapping and
cooling  schemes; New
molecular beam and detection
methods.

Austria

University of
Vienna — Solid-state
spectroscopy

Solid State Spectroscopy
research group at the
University of Vienna.
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Belgium

Erasmus  Mundus
Master Nanoscience
and
Nanotechnology

Four leading research and
educational institutions in
Europe propose a joint
Erasmus Mundus Master
Course entitled “Nanoscience
and Nanotechnology”. The
objective of this course is to
provide top quality
multidisciplinary  education
in Nanoscience and
Nanotechnology.

Belgium

Katholieke
Universiteit Leuven
— Master of
Nanoscience and
Nanotechnology

The objective of the
programme Master of
Nanoscience and
Nanotechnology is to provide
top—quality University
multidisciplinary ~ education
in nano—science as well as in
the use of nano—technologies
for systems and sensors at the
macro—scale. Ethical and
societal aspects with respect
to the use of nano—science
and nano-materials are also
part of this curriculum.
Courses are taught in English.

Belgium

Université
Catholique de
Louvain — Institute
of Condensed
Matter and
Nanosciences

The institute of Condensed
Matter and Nanosciences
(IMCN) conducts
multidisciplinary research at
the intersection fields of
materials (starting from the
atomic and molecular levels),
electronics and biology. The
institute studies new
chemistry and  physics,
exploiting novel principles in
nanostructured devices with
new functionalities. The
research deals with the
synthesis, design, handling,
modelling and
implementation of
(bio)molecules, (bio)surfaces
and solid materials. The
functions,  properties  or
reactivity of these novel
(nano)structures are
investigated and
characterized by advanced
techniques, or predicted by
numerical simulations.




Introduction

Belgium

The Master of Nanophysics
programme is not organised
every year, but a number of
English  courses  remain
available to foreign students
(e.g. within Erasmus
program). Additionally,
foreign students are welcome
for internships and their
M.Sc.  thesis work at
University of  Antwerp.
Provided that more than 40
ECTS are collected and
recognized by his/her home
university, the student can
obtain a bi—diploma.

Belgium

The NanoLab centre of
excellence consists of six
research groups (EMAT,
CMT, PLASMANT, AXES,
DuEL, ENM) with
complementary expertise in
the field of Nanoscience and
nanomaterials. The research
focuses around the themes of
structural and  chemical
characterization by means of
electron microscopy,
computer simulations of the
growth of nano structures
formed in plasmas or by laser
interaction, theoretical
modulation of nano structures
and the study of their optical,
magnetic and
superconducting properties.

Belgium

University of
Antwerp — Master of
Nanophysics
University of
Antwerp — NanoLab
Centre of
Excellence
University of
Mons—Hainaut  —
Laboratory for

Chemistry of Novel
Materials

The research activities of the
group deal with the structural,
electronic, and optical
properties of novel organic
materials, such as functional
nanostructures, with
promising characteristics in
the field of electronics,
photonics, and information
technology.

Belgium

University of
Mons—Hainaut  —
Laboratory of
Polymeric and
Composite

Materials

Synthesis, characterization,
transformation, processing,
and applications of polymeric
and composite
(nano)materials.
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Belgium

University of
Namur —
Laboratoire
Interdisciplinaire de
Spectroscopie
Electronique (LISE)

The Laboratoire
Interdisciplinaire de
Spectroscopie  Electronique
(LISE) is an interdisciplinary
research and teaching unit at
the University of Namur.
Experimental, condensed,
matter physics and chemistry.
Focus is on synthesis and
analysis of nanomaterials.

Canada

Carleton University
— BSc Chemistry
with a concentration
in Nanotechnology

Students study atoms and
molecules used to create
computer chips and other
devices that are the size of a
few nanometres — thousands
of times smaller than current
technology permits. Such
discoveries will be applied in
a number of fields, including
aerospace, medicine, and
electronics.

Canada

Carleton University
— BSc Nanoscience

At Carleton, Nanoscience
through the disciplines of
physical  chemistry  and
electrical ~ engineering  to
understand the physical,
chemical and electronic
characteristics of matter in
this size regime is examined.
The combination of these two
areas of study allows to fully
understand Nanoscience in
photonic, electronic, energy
and communication
technologies. The focus of the
program is on materials —
their use in electronic
devices, their scalability and
control of their properties.

Canada

McGill University —
Bachelor of
Engineering, Minor
Nanotechnology

Through courses already
offered in the Faculties of
Science, Engineering, and
Medicine, depending on the
courses completed,
undergraduate students
acquire knowledge in areas
related to Nanotechnology.

Canada

McGill University —

Nano Electronic
Devices and
Materials

Investigation of
semiconductors and devices
for optoelectronic
applications including
photovoltaic energy
conversion and  optical
communications.

Development of thin film
transistors  for  electronic
displays and imaging
systems.
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Canada

McGill University —
Nanobioengineering

The group’s research in

micro— and nano—
bioengineering is focused on
miniaturizing biological
experimentation to

microscopic  scales  and
progresses along two axes:
Firstly, create tools and use
them for precisely controlling
and varying the cellular
microenvironment, which
will allow studying the
response of cells and groups
of cells to external cues and
stimuli applied to single cells.
Secondly, the large scale
parallelization of the
biological experiments for
both protein analysis and cell
biological experiments.

Canada

McGill University —

The focus of the research
program is to apply the
recently developed tools,
techniques and materials to
the emerging field of
Nanoelectronics.

Canada

Nanoscience &
Scanning Probe
Microscopy Group
McMaster
University -
Microscopy of

Nanoscale Materials

The group’s research focuses
on the application and
development of advanced
microscopy techniques to
study the structure of
materials at very high spatial
resolution. The core area of
research is  based on
Transmission Electron
Microscopy methods but they
also use scanning probe
techniques and other
characterization techniques to
provide information on how
the structure of materials
affects the properties these
materials exhibit.
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Canada

NanoQAM

The Research centre
NanoQAM is a grouping of
five laboratories in

Nanotechnologies of the
Universit¢ du Québec a
Montréal each offering their
knowledge and expertise in
nanomanufacturing using
polymers, development of
high—energy nanomaterials,
renewable energies,
nanoimaging, green
chemistry as well as the
development of biological
membranes, biomaterials and
biosensors. NanoQAM
allows access to its
infrastructures and scientific
equipment, either for
industries and other academic
institutions.

Canada

Nanorobotics
Laboratory at the
Ecole Polytechnique
Montréal

The main research focus of
the Laboratory is to pioneer in
the development of new
instrumented platforms and
techniques through
nanorobotics by exploiting
the wunique properties of
molecular scale entities. The
main areas of applications are
in medicine and
bioengineering, including
supporting new  robotic
platforms for
nanomanufacturing or high—
throughput automatic
operations at the nanoscale.

Canada

Northern  Alberta
Institute of
Technology -
Nanotechnology
Systems  Diploma
Program

The two year program will
provide graduates with the
skills to operate systems and
equipment associated with
Canada’s emerging
Nanotechnology industry and
lead to a Diploma in
Nanotechnology Systems.

Canada

Université de
Sherbrooke CRN2
(Centre de
Recherche en
NanoFabrication et
en

Nanocaractérisation

)

The CRN2 is active in
fundamental and applied
research in microelectronics,
nanoelectronics, and
optoelectronics.
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Canada University of This option provides an
Alberta - BSc introduction to the processes
Computer involved in the fabrication of
Engineering  with nanoscale integrated circuits
Nanoscale System and to the computer aided
Design Option design (CAD) tools necessary

for the engineering of large
scale system on a chip. By
selecting this option, students
learn about fault tolerance in
nanoscale systems and gain
an understanding of quantum
phenomena  in  systems
design.

Canada University of This option provides an
Alberta - BSc introduction to the principles
Electrical of electronics,
Engineering  with electromagnetics and
Nanoengineering photonics as they apply at the
Option nanoscale level. By selecting

this option, students learn
about the process involved in
the fabrication of nanoscale
structures and  become
familiar with the computer
aided design (CAD) tools
necessary  for  analysing
phenomena at these very high
levels of miniaturization.

Canada University of The Nanoengineering Option
Alberta - BSc provides broad skills suitable
Engineering Physics for entry to the
with Nanotechnology professions,
Nanoengineering combining core Electrical
Option Engineering and Physics

courses  with  additional
instruction in biochemistry
and chemistry, and
specialized instruction in
nanoelectronics, nano—
bioengineering, and
nanofabrication.

Canada University of Subject areas covered include
Alberta - BSc electronic, optical and
Materials magnetic materials,
Engineering  with nanomaterials and  their
Nano and applications, nanostructured
Functional molecular sieves, nano and

Materials Option

functional materials
processing and fabrication.
Employment  opportunities
exist in several sectors of
Canadian industry, such as
microelectronic/optoelectroni
¢ device fabrication, MEMS
processing and fuel cell
development.
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Canada

University of
Alberta — Buriak
Research Group

Subject areas cover
nanomaterials, materials for
energy, silicon  surface
chemistry, block copolymer
self—assembly and
cooperation with industries

Canada

University of
Alberta — Centre for
Surface Engineering
and Science

Specializing  in  surface
characterization and
modification, ACSES
provides sample analysis
capabilities for a wide range
of material and process
applications. With a focus on
elucidating the composition
and structure of thin films, the
equipment set available to
academic and industrial users
is unmatched within an
academic environment.
Coupled with a dedicated
staff of 3, ACSES provides
all necessary onsite expertise
for training and data analysis.

Canada

The focus of the group’s
research is to understand the
fundamental  process  of
nanoscale interfaces and use
that information to develop
novel instrumentation and
tools which will enhance our
quality of life and protect the
environment. Their focus
areas are nanoscale interface
and molecular engineering
with an emphasis on oilsands,
nanobiology, and energy
harvesting.

Canada

University of
Alberta — Nano
Interfaces and
Molecular
Engineering
University of

Alberta — NanoFab

The nanoFAB is an open
access micro and nano
fabrication research facility.
With approximately
$30,000,000 worth of micro
and nano fabrication
equipment and infrastructure,
their instruments allow for
optical mask generation,
electron beam lithography,
PVD, LPCVD and PECVD
deposition of thin films, deep
Si etch processes and micro
and nano embossing. Along
with a dedicated staff of 10
for training and on-site
technical  assistance  for
process development, this is
an unparalleled Canadian
academic facility for micro
and nano fabrication research
and development.
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Canada University of The Office of Environmental
Alberta — Office of NanoSafety website serves
Enviornmental several purposes and
NanoSafety audiences: 1) This site serves
as a resource to industry to
inform them of the
Nanotechnology research
capacity in Canada. 2) It
contains an index of nano—
companies and  research
groups involved in
environmental health and
safety research in Canada. 3)
It acts as a non—governmental
sources of information on
environmental
nanotoxicology/nanosafety
issues in Canada for both
interested media and the
public.
Canada University of British A multi—disciplinary research
Columbia - centre with Nanoscience and
Advanced Materials Nanotechnology research.
and Process
Engineering
Laboratory
(AMPEL)
Canada University of British The group is engaged in many
Columbia - areas of microsystems and
Microsystems and Nanotechnology, with a
Nanotechnology particular focus on devices
Group (MiNa) and systems, experimentation
and fabrication. Applications
of MiNa research span over
many  areas, including
biomedical devices, nano—
computing,  nano—devices,
communication, energy,
sensors and actuators.
Canada University of British The research program is in
Columbia — Single the area of single molecule
Molecule AFM biophysical chemistry and
Laboratory interested in the mechanical
properties and
conformational dynamics of
elastic proteins.
Canada University of Courses offered are a B.Sc.
Calgary — B.Sc. Minor in Nanoscience and a
Concentration in B.Sc.  Concentration in
Nanoscience Nanoscience.
Canada University of Courses offered are a B.Sc.
Calgary — B.Sc. Minor in Nanoscience and a
Minor in B.Sc.  Concentration in
Nanoscience Nanoscience.
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Canada

The University of Calgary
nanoGroup is a student-led
organization founded in 2013
with one central focus: to
cultivate and support the
Nanotechnology community
at the University of Calgary
Campus.

Canada

The Suresh lab at the School
of Engineering is focused on
studying the  nanoscale
aspects of biosystems through
bio-instrumentation and bio—
imaging. The group fosters
interdisciplinary approach to
research in studies covering
diverse topics of food,
biological and agricultural
systems.

Canada

University of
Calgary nanoGroup
University of
Guelph — BioNano
Laboratory

University of
Guelph -

Nanoscience B.Sc.
Program

At Guelph we have created a
unique approach to
Nanoscience studies.
Fundamental science course
are combined with specially

designed courses in
Nanoscience covering
material that would

previously only be found in
graduate programs.

Canada

The Advanced Micro and
Nanosystems  Laboratory’s
research has a strong focus on
bio—oriented micro  and
nanosystems. The actively
pursued areas are micro—nano
device design and fabrication
(MEMS sensors and
actuators, bioMEMS, and

NEMS); microrobotic
biomanipulation;
microstructure controls;

cellular mechanobiology;
nanorobotic manipulation of
nanomaterials.

Canada

University of
Toronto — Advanced
Micro and
Nanosytems
Laboratory
University of

Toronto — BASc in
Engineering Science
(Nanoengineering
Option)
https://www.nanow
erk.com/nanotechno
logy-
labs.php?url2=Univ
ersity_of Toronto
BASc_in_Engineeri
ng_Science_Nanoe
ngineering_Option.
php

This option transcends the
traditional boundaries
between physics, chemistry,
and biology. Starting with a
foundation in  materials
engineering and augmented
by research from the leading—
edge of nanoengineering,
students receive an education
that is at the forefront of this
constantly evolving area.
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Canada University of ECAN’s mission is to provide
Toronto - Centre for visionary  leadership  in
Advanced creating a solid, dynamic,
Nanotechnology multidisciplinary ~ research
(ECAN) and development
infrastructure for Canada.
Canada University of EPMG is a research group
Toronto - dedicated to the training of
Electronic-Photonic highly—qualified personnel in
Materials Group understanding the science and
(EPMG) engineering of electronic
materials suitable for
advancing the performance of
future generations of
electronic and  photonic
devices.
Canada University of The Chan research group
Toronto — Integrated aims to elucidate the cell’s
Nanotechnology & molecular dynamics by using
Biomedical recent  developments in
Sciences Laboratory Nanotechnology,
microtechnology, and
molecular engineering.
Canada University of The Ozin research group at
Toronto — Ozin the University of Toronto.
Group
Canada University of The Sargent Group at the
Toronto — Sargent University of Toronto applies
Group discoveries in Nanoscience
towards applications relevant
to our health, environment,
security, and connectedness.
The team unites chemistry,
physics, and engineering
within ~ six  experimental
laboratories at the University
of Toronto.
Canada University of CAMTEC is a research centre

Victoria Centre for
Advanced Materials
and Related
Technology
(CAMTEC)

committed to
interdisciplinary work on
advanced  materials and
technology.
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Canada

University of
Waterloo -
Bachelor of Applied
Science
Nanotechnology
Engineering

The Nanotechnology
Engineering honours degree
program is designed to
provide a practical education
in key areas of
Nanotechnology, including
the fundamental chemistry,
physics, and engineering of
nanostructures or
nanosystems, as well as the
theories and techniques used
to model, design, fabricate, or
characterize them. Great
emphasis is placed on
training with modern
instrumentation techniques as
used in the research and
development of these
emerging technologies.

Canada

University of
Waterloo — Master
of Applied Science
Nanotechnology

The interdisciplinary research
programs, jointly offered by
three departments in the
Faculty of Science and four in
the Faculty of Engineering,
provide students with a
stimulating educational
environment that spans from
basic research through to
application. The goal of the
collaborative programs is to
allow students to gain
perspectives on
Nanotechnology from a wide
community of scholars within
and outside their disciplines
in both course and thesis
work. The MASc and MSc
degree collaborative
programs provide a strong
foundation in the emerging
areas of nano—science or
nano—engineering in
preparation for the workforce
or for further graduate study
and research leading to a
doctoral degree.
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Canada

The interdisciplinary research
programs, jointly offered by
three departments in the
Faculty of Science and four in
the Faculty of Engineering,
provide students with a
stimulating educational
environment that spans from
basic research through to
application. The goal of the
collaborative programs is to
allow students to gain
perspectives on
Nanotechnology from a wide
community of scholars within
and outside their disciplines
in both course and thesis
work. The MASc and MSc
degree collaborative
programs provide a strong
foundation in the emerging
areas of nano—science or
nano—engineering in
preparation for the workforce
or for further graduate study
and research leading to a
doctoral degree.

Canada

The objective of the Ph.D.
program is to prepare
students for careers in
academia, industrial Research
& Development and
government research labs.
Students from Science and
Engineering will work side—
by-side in world class
laboratory facilities namely,
the Giga-to-Nano Electronics
Lab (G2N), Waterloo
Advanced Technology Lab
(WatLAB) and the new
225,000 gross sq. ft.
Quantum-Nano Center.

Canada

University of
Waterloo — Master
of Science
Nanotechnology
University of
Waterloo — Ph.D.
Program in
Nanotechnology
University of
Waterloo -
Quantum-Nano
Centre (QNC)

The Quantum-Nano Centre
(QNC) will be a technology
incubator for the 21st
Century. From Nano
Structures  to Quantum
Information Processing, the
focus of the QNC will be to
develop new and practical
devices that exploit the laws
of quantum mechanics with
applications  that include
computation,  information,
metrology and  material
science.
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Canada University of The Waterloo Institute for
Waterloo - Nanotechnology (WIN) is a
Waterloo Institute world—class research centre,
for Nanotechnology located at the University of
Waterloo (UW) in Ontario,
Canada. The campus is home
to world—class researchers,
flagship research facilities
and Canada’s largest
Nanotechnology
undergraduate  engineering
program with over 450
students. The overall
objective is to establish WIN
as a global centre of
excellence for
Nanotechnology and its
applications.
Canada University of Offers the only undergraduate
Waterloo program  specialized in
Nanotechnology Nanotechnology engineering
Engineering in Canada.
China Beihang University Inspired by the natural
- Bioinspired biological materials, such as
Functional the spider silk, lotus root silk,
Nanocomposites shells, the group is focused on
bioinspired polymer
nanocomposites, including
assembly, design and
physical properties
investigation. Different
nanomaterials, such as
montmorillonite, carbon
nanotubes and  graphene
oxide, are utilized as building
blocks for  constructing
polymer nanocomposites.
China CAS Technical The lab’s research is focused
Institute of Physics on: Nanomedicine, Quantum
and Chemistry — dots, Biosensor, Textile,
Laboratory of Controllable synthesis,
Controlled Electronic paper.
Preparation and
Application of
Nanomaterials
China City University of COSDAF works in the areas
Hong Kong — Center of nanomaterials &
of Super-Diamond Nanotechnology, organic
and Advanced Films light—emitting devices
(COSDAF) (OLED), nanodiamond and
super—hard thin films.
China Hong Kong In partnership with local

University — Nano
and Advanced
Materials  Institute
(NAMI)

industries, NAMI will
conduct market—driven,
demand-led development of
Nanotechnology and
advanced materials.
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China Hong Kong At the Hong Kong University
University of of Science and Technology
Science and (HKUST), the School of
Technology - Science and the School of
M.Phil. Nano Engineering jointly offer
Science and Nano Science and Nano
Technology Technology Postgraduate

Programs  that integrate
different disciplines in both
science and engineering. The
School of Science offers
MPhil and Ph.D. Program in
Nano Science and
Technology (NSNT) and the
School of Engineering offers
Nanotechnology
Concentration.

China Hong Kong At the Hong Kong University
University of of Science and Technology
Science and (HKUST), the School of
Technology — Ph.D. Science and the School of
Nano Science and Engineering jointly offer
Technology Nano Science and Nano

Technology Postgraduate
Programs  that integrate
different disciplines in both
science and engineering. The
School of Science offers
MPhil and Ph.D. Program in
Nano Science and
Technology (NSNT) and the
School of Engineering offers
Nanotechnology
Concentration.

China Hong Kong Main  research interests
University of include soft condensed matter
Science and physics, electrorheological
Technology — Smart and magnetorheological
Materials Lab fluids, field—induced pattern

and structure transitions,
micro- and nano—fluidic
controlling, microsphere and
nanoparticle fabrications, thin
film physics, band gap
materials, metamaterials and
nonlinear optical materials.

China Hong Kong The mission of the INST is to
University of pursue world—class
Science and fundamental research in the
Technology - area  of  nanostructured
William Mong materials.

Institute of Nano
Science and
Technology (INST)

China Jinan University — The institute conducts
Institute of research in all areas of
Nanophotonics nanoscale optics and

photonics.
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China

Southeast
University -
Advanced Photonics
Center

The centre is focused on the
areas of advanced photonics,
including Fundamental
Photonics, Information
Photonics, = Nanophotonics
and Biophotonics.

China

Tianjin University —
Micro and Nano
Manufacturing and
Measuring
Technology
Engineering Center

The centre is supported by
school of precision
instrument and
optoelectronics engineering,
national key laboratory of
precision measurement
technology and instrument,
research institute of micro
and nano measurement and
equipment and it mainly
specializes in industrialized
work like micro
electromechanical  system,
Ultra—precision micro-nano
processing as well as micro
and nano measurement and
equipment.

China

University of
Science and
Technology of
China -  Deng
Research Group

Research in this group is
highly interdisciplinary,
covering analytical
chemistry, bio—
Nanotechnology, and
electrochemistry. The group
is working on constructing
electrochemistry—based
sensors for high sensitivity
and easy detection of
biomolecules (DNA and
proteins, in particular). They
are also interested in using
bio—inspired processes and
electrochemical approaches
for the development of new
tools towards
nanotechnological
applications.

Denmark

Aarhus University —
Center for DNA
Nanotechnology
(CDNA)

The vision of CDNA is
exploring fundamental
aspects of DNA as a
programmable  tool  for
directing the assembly of
molecules and materials into
nanoarchitectures and
functional structures.
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Denmark

Aarhus University —
Interdisciplinary
Nanoscience Center
(INANO)

iNANO commands a variety
of facilities for the synthesis
of
nanostructured/nanopatterne
d 0D (i.e. nanoparticle), 1D,
2D and 3D materials. These
include:  equipment  for
electrospinning, photo— and
electron beam-—lithography,

nanoparticle synthesis
(superecritical synthesis),
solid—phase peptide

synthesis, DNA modification,
bioreactors for large-scale
protein expression, isotope
labelling, and procedures for
synthesis of functionalized
nanoparticles for targeted
drug delivery and
bioimaging, aptamers, etc.

Denmark

DTU Nanotech —
MSc Physics and
Nanotechnology

The MSc programme in
Physics and Nanotechnology
covers a wide range of
technological, theoretical,
and experimental techniques
in modern physics. The
applications include various

topics, such as the
development of
nanostructured materials with
tailor-made electrical,

magnetic, optical, mechanical
and chemical properties,
manufacturing and
integration of nano— and
micro-components in systems
design, modelling of complex
biological systems, optical
data processing and transfer,
and the development of
technologies for sourcing,
storing, and  converting
sustainable energy — e.g. fuel
cells and hydrogen
technology.
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Denmark

DTU Nanotech —
Ph.D. Program

The Department of Micro—
and Nanotechnology — DTU
Nanotech — is a highly
esteemed research institution
within the field of micro- and
Nanotechnology. Applied
science, innovation strategies
and state—of—the—art
technology form the core
identity as a scientific
institution. Technology
transfer and  technology
development are encouraged
through industry
collaboration, and industrial
Ph.D. students are an
integrated part of the Ph.D.
programme.

Denmark

iNANOschool

iNANOschool is a graduate
school in Nanoscience and
Nanotechnology  at  the
University of Aarhus and
Aalborg University.

Denmark

Technical
University of
Denmark — Center
for Electron
Nanoscopy (CEN)

CEN  houses 7 new
microscopes built by FEI
ranging from a standard SEM
instrument to two highly
specialized Titan TEMs. The
new unit represents an
exciting opportunity that will
allow DTU and Denmark to
be at the forefront of research
utilizing all forms of electron
microscopy and will be
available for use by both in—
house and external users.

Denmark

Technical
University of
Denmark — Center
for Individual
Nanoparticle
Functionality
(CINF)

The main objective of the
Danish National Research
Foundation Center for
Individual Nanoparticle
Functionality (CINF) at DTU
is to explore and understand
the fundamental relations
between surface morphology
and reactivity on the
nanometer scale.

Denmark

Technical
University of
Denmark — Center
for Nanotechnology
(Nano DTU)

Nano DTU covers the full
spectrum from basic research
to applications. Nano DTU is
organized in nine research
themes, spanning from nano
bio—technology to energy
technology.

Denmark

Technical
University of
Denmark -
DANCHIP National
Cleanroom Facility
for Micro- and
Nanotechnology

DANCHIP is a national
facility for producing
components based on micro—
and nanostructured materials
for the use in research and
industrial products.
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Denmark

MIC is the department for
micro— and Nanotechnology
at the Technical University of
Denmark. MIC’s mission is
to: educate scientists and
engineers, conduct research
and development in micro
and Nanotechnology, and
transfer new technologies to
Danish industry, through
joint programmes.

Denmark

Technical

University of
Denmark -
Department of
Micro and
Nanotechnology
(MIC)

University of

Aalborg — Institute
of Physics and

Recent work has focused on
Linear and nonlinear optical
nanoscopy;  Photoemission
and nonlinear optical
spectroscopy of metallic
quantum  wells; Quantum
mechanical and statistical
modelling of organic and
inorganic nanomaterials;
Advanced spectroscopic and
STM studies of surface
structures and reactions.

Denmark

During the first three years,
students receive basic
interdisciplinary training in
physics, chemistry, biology,
molecular biology,
mathematics, and computer
science. Many of the courses
are followed along with
students from these core
disciplines. In addition, a
number of courses address
issues specific to the nano—
area.

Denmark

Nanotechnology
University of
Aarhus — Bachelor’s
Program in
Nanoscience
University of
Aarhus — Doctorate
Degree in
Nanoscience

In addition to the
undergraduate programs,
iNANO hosts a Doctorate
school in  Nanoscience,
iNANO school. Here,
students can be admitted with
a Master’s degree in a
traditional (5+3) year model,
but at this Faculty, studies are
more often carried out
following a (4+4) year model
where the students are
admitted after four years of
study and the Master’s
project becomes an integrated
part of the Doctorate which
then lasts four years. A
special (3+5) year honours
program has recently been
introduced  where  very
talented students can be
admitted to graduate school
with a Bachelor’s degree.
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Denmark University of The members of iNANO and
Aarhus - their respective  research

Interdisciplinary groups have complementary

Nanoscience Center research programs in the

(INANO) analysis and synthesis of

nanomaterials. The

framework of iNANO,

however, fosters and

strengthens interdisciplinary
activities,  promotes  the
development of new non—
traditional programs, and
provides unique facilities for
competitive research.

Denmark University of During their Master’s degree
Aarhus — Master’s students are required to
Program in specialize in one of three
Nanoscience different disciplines:

nanophysics, nanochemistry
or nanomolecular biology.

Denmark University of The university’s Nanoscience
Copenhagen - bachelor (in Danish).
Bachelor in
Nanoscience

Denmark University of The Center for Quantum
Copenhagen - Devices research: How to
Bachelor in create, control, measure, and
Nanoscience — QD protect quantum coherence
research and entanglement in solid—

state electronic devices are
the main themes of QDev.

Denmark University of On the master’s degree
Copenhagen — MSc program in Nanoscience you
Nanoscience will specialise yourself within

your field of Nanoscience and
Nanotechnology. There is a
great amount of freedom to
choose between the different
topics and courses, and to a
wide extent it will be possible
for you to draw up your own
education. You will also have
the chance to participate in
conferences in Denmark and

abroad.
Denmark University of Nanobioscience is a scientific
Southern Denmark discipline where techniques
- MSc in on a nano-scale are used to
Nanobioscience understand and utilise the

construction of nature and the
molecular principles and
structures which are the
cornerstones of all biology.
The purpose of
Nanobioscience is, for
instance, to use biological
molecules for constructing
functional nanomaterials with
a long list of groundbreaking
uses.
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Denmark

University of
Southern Denmark
— Nano Site

The Nano site serves all
activities around
Nanoscience,
Nanotechnology and
nanobusiness at the
University  of  Southern
Denmark. It is separated into
two platforms: NanoBIC for
activities related to
nanobioscience and Nanotek
related to Nanotechnology.

Denmark

University of
Southern Denmark
—NanoSYD

The mission of NanoSYD is
to establish Nanotechnology
in the region of Southern
Denmark around new and
existing focus areas and niche
competences and to bridge
basic science and technology
along micro— and
Nanotechnologies.

Denmark

University of
Southern Denmark
— Biomolecular
Nanoscale
Engineering Center
(BioNEC)

The vision of BioNEC is to
revolutionize bottom—up
nanoscale engineering by
integrating  state—of-the—art
lipid—, peptide— and
carbohydrate chemistry with
nucleic acid based self-
assembly. The group will
design and synthesize
building blocks for controlled
assembly of unique and
functional nanostructures in
solution and on surfaces.
Within BioNEC, the
assembled nanostructures
will be explored to solve
concrete scientific challenges
relating to synthetic
chemistry and biological
recognition processes.
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France

Ecole Polytechnique
— NanoMaDe Group

Created in 2003 the
NanoMaDe team
(NanoMAterials & DEvices)
is involved in the field of
Nanotechnology and
Nanoscience, particularly on
topics related to the carbon
nanotubes, graphene and
semiconductor nanowires
synthesis, as well as their
collective organization,
deposition on various
substrates, in deep
characterization and
integration into advanced
electronic  devices  (field
effect transistors, gas or
biological sensors, NEMS,
field emission micro—
cathodes and other
applications).

France

Grenoble Institute
of Technology —
Nanotech ~ Master
Program

A 2—year international course
born of the collaboration
between three European
engineering institutes: Institut
national polytechnique de
Grenoble (France), ecole
polytechnique federale de
Lausanne (Switzerland) and
Politecnico di Torino (Italy).

France

Lyon Institute of
Nanotechnology —
Master of Nanoscale
Engineering

The Master of Nanoscale
Engineering offers you the
opportunity to explore this
challenging field in a
stimulating  scientific and
cultural environment. The
program is dedicated to a
multidisciplinary and
international approach and it
is suited equally well for
students planning an
academic or an industrial
career. The two—year
curriculum provides both the
theoretical basis and the
practical expertise in all fields
related to the fabrication, the
characterization and the
design of nanoscale structures
and systems.

France

Université de
Bourgogne —
Département
Nanosciences

Research  areas include
nanomaterials and
Nanosensors.

France

Université de
Bourgogne — Master
mixte
Nanotechnologies et
nanobiosciences

A Master degree program in
Nanotechnologies and
nanobiosciences.
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France Université¢ de Lyon The Master of Nanoscale
- Master of Engineering offers you the
Nanoscale opportunity to explore this
Engineering challenging field in a

stimulating  scientific and
cultural environment. The
program is dedicated to a
multidisciplinary and
international approach and it
is suited equally well for

students planning an
academic or an industrial
career. The two—year

curriculum provides both the
theoretical basis and the
practical expertise in all fields
related to the fabrication, the
characterization and the
design of nanoscale structures
and systems.

France Université de The specialty “Optics and
Technologie de Nanotechnologies” relies

Troyes — Doctorat mainly on one of the research

Spécialité  Optique teams of the ICD, the

et Nanotechnologies laboratory of

Nanotechnologies and

Optical Instrumentation. The
training is mainly in the field
of microscopies and optical
spectroscopies  with local
probe and familiarization
with other microscopies. The
main research themes
addressed are focused on

Nanosciences®.
France Université de The Optics and
Technologie de Nanotechnologies (ONT)
Troyes — Master specialty of the Sciences,
Sciences Optique et Technologies and Health
Nanotechnologies Master offers training mainly
in the field of optical
microscopies and

spectroscopies  with local
probe and familiarization
with  other microscopies
(AFM, STM)S.

> La spécialité ‘Optique et Nanotechnologies’ s’appuie principalement sur une des équipes de recherche de
I'ICD, le laboratoire de Nanotechnologies et d'Instrumentation Optique. La formation se situe
essentiellement dans le domaine des microscopies et spectroscopies optiques a sonde locale et une
familiarisation aux autres microscopies. Les principaux thémes de recherche abordés sont tournés vers les
Nanosciences.

¢ La spécialité Optique et Nanotechnologies (ONT) de la Master Sciences, Technologies et Santé propose
une formation principalement dans le domaine des microscopies et spectroscopies optiques a sonde locale
et une familiarisation aux autres microscopies (AFM, STM).
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France

Université de
Technologie Troyes
— Laboratory of
Nanotechnology,
Instrumentation and
Optics (LNIO)

The Laboratory of
Nanotechnology,

Instrumentation and Optics
(LNIO) is tasked with the
development of nano—optics,
which addresses a number of
technological, scientific and
socio—economic challenges.
Researchers at LNIO are
working on new concepts and
approaches, developing both
innovative  instrumentation
and nanocharacterization and
nanomanufacturing methods.

France

Universit¢  Joseph
Fourier Grenoble —
Master
Nanosciences/Nano
technology

This interdisciplinary master
programme in  physics,
chemistry and  biology,
equips students with in-
depths knowledge in their
field of study while they are
being immersed in an
exceptional research
environment: the
international scientific
community of  Grenoble
which includes the UIJF
laboratories, the Grenoble
INP, the CEA Grenoble, the
CNRS and major research
centres such  as the
synchrotron (ESRF) and the
Institut Laue-Langevin
(ILL).

France

Université Lille 1 —
Master Micro &
Nanotechnologies

The Micro &
Nanotechnology  specialty
trains  professionals  and
researchers with a good
knowledge of industrial
applications of microsystems
and Nanosciences:
characterization,

manufacturing & integration.

France

Université Paris Sud
— Silicon Photonics

The main promising
applications are forecast in
the fields of  optical
interconnects in  CMOS
integrated circuits and optical
communications, where
silicon can provide low cost
solutions. Strong potential
also exists in the development
of silicon nanostructures for
biophotonics. Studies in this
field have been performed for
many Yyears in this group
(MINAPHOT). They mainly
work on the design, the
fabrication of test devices in
our cleanroom and the
characterization.
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France

University of
Strasbourg -
Banhart Group

Banhart’s group at the
University of  Strasbourg
focusses on carbon
nanostructures and irradiation
effects.

Germany

Chemnitz
University of
Technology -
Masters programme
in Micro and Nano
Systems

The Faculty of Electrical
Engineering and Information
Technology at Chemnitz
University of Technology
offers a new, 4-semester
international master’s
programme in Micro and
Nano Systems. The
programme provides world—

class, future—oriented
education in design,
manufacturing,

characterization and

integration of miniaturized
components into engineering
systems.

Germany

Leibniz  University
Hannover — Master
of  Science in
Nanotechnology

The interdisciplinary degree
courses in Nanotechnology at
Leibniz Universitit Hannover
provide extensive training in
the field of Nanotechnology.
The Faculties of Electrical
Engineering and Computer
Science, Mechanical
Engineering, = Mathematics
and Physics, and Natural
Sciences have combined
forces to offer this joint
programme.

Germany

Munich University
of Applied Sciences
— MSc Micro— and
Nanotechnology

This internationally
recognized Master of Science
(M. Sc.) course of study
offers students of the natural
sciences an advanced degree
coupled  with  practical
experience. The Course of
Study may be completed in
three semesters of full-time
study or over a longer period
of time for students whose
professions only permit part—
time study.

Germany

Ohm University of
Applied  Sciences
Nuremberg -
Master of
Engineering Nano-
and Production
Technologies

The course imparts
knowledge and skills in the
manufacture, testing,

processing and use of
materials, e.g. of metals,
plastics, non—metallic—
inorganic  materials  and
materials of composite and
Nanotechnology’.
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7 Der Studiengang vermittelt Kenntnisse und Fahigkeiten in der Herstellung, Priifung, Verarbeitung und
Verwendung von Werkstoffen, z.B. von Metallen, Kunststoffen, Nichtmetallisch—-Anorganischen
Werkstoffen und Werkstoffen der Verbund— und Nanotechnologie.
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Germany

Saarland University
- MSc
Microtechnology
and Nanostructures

The interdisciplinary course
in  microtechnology and
nanostructures combines the
basics of physics with
engineering with a focus on
miniaturization. Special
importance is attached to the
interdisciplinary system
concept?.

Germany

Technical
University Ilmenau
— Master in Micro—
and
Nanotechnologies

The aim of the course is to
impart the scientific and
technological basics for the
production of micro and
nanostructures and to enable
the students within the field
of study to advance future
developments in micro and
Nanotechnologies as well as
nanotechnical systems®.

Germany

Technical
University of
Dresden — Master of
Science (MSc)
Molecular
Bioengineering

The program  Molecular
Bioengineering aims to teach
students the fundamentals in
biomedicine and bio—
Nanotechnology combining
biology and technology,
which are linked in two ways:
On the one hand, biological
knowledge on cells is applied
to develop the notion of
molecular factories; on the
other hand, Nanotechnology
and  bioinformatics  are
enabling technologies
applicable  to engineer
biomaterials for medical
applications.

Germany

Technical
University of
Dresden — Master of
Science (MSc)
Nanobiophysics

The 2—year master program
aims to teach students the
fundamentals in biophysics
and bio—Nanotechnology
with a twofold aim: to use
nanotechnological

approaches to better
characterize and understand
complex molecular machines
such as biomolecules, but
also to harness these
molecules in technological
systems or use them as
templates or model systems
for a bottom-up
Nanotechnology.

8 Der interdisziplindre Studiengang Mikrotechnologie und Nanostrukturen kombiniert Grundlagen der
Physik mit den Ingenieurwissenschaften mit dem thematischen Schwerpunkt Miniaturisierung. Dem
facheriibergreifenden Systemgedanken wird dabei besondere Bedeutung beigemessen.

9 Ziel des Studiengangs ist es, die naturwissenschaftlichen und technologischen Grundlagen fiir die
Erzeugung von Mikro— und Nanostrukturen zu vermitteln und die Studenten innerhalb der Studienrichtung
zu befdhigen, zukiinftige Entwicklungen zu Mikro— und Nanotechnologien sowie nanotechnischen
Systemen voranzutreiben.
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Germany

Technical
University of
Dresden — Master
Program  Organic
and Molecular
Engineering

The Master’s Program in
Organic and  Molecular
Electronics is designed to
provide students with
professional skills needed to
advance a successful
international career in the
cutting edge field of organic
electronics. It offers an

interdisciplinary study
program comprising physics,
chemistry, electrical
engineering and materials
science. The close

collaboration with industry
partners enables a highly
practice—oriented education.
Moreover, we strongly focus
on developing soft skills
required in an everyday
professional lives of our
future graduates, such us
project management, patent
law, and much more.

Germany

University Duisburg
Essen — Master of
Science (M.Sc.)
NanoEngineering

The master’s degree consists
of two specializations, nano—
process technology and nano
(opto)  electronics.  Both
directions have some events
in common, in which, above
all, extended basics are
developed!®.

Germany

University
Erlangen—Niirnberg
— Master of Science
Nanotechnology

This new range of courses
complements the previous
options for students in the

natural sciences and
technology with an important
field. Nanoscience &

Technology is a course that is
located between the natural
sciences and the engineering
sciences, i.e. a good basic
education in natural science
subjects is necessary in order
to be able to develop new
technological applications'!.
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10 Der Master—Studiengang besteht aus zwei Vertiefungsrichtungen, Nanoprozesstechnologie und
Nano(opto)elektronik. Beiden Richtungen sind einige Veranstaltungen gemeinsam, in denen vor allem
erweiterte Grundlagen erarbeitet werden.
'l Dieses neue Studienangebot ergénzt die bisherigen Moglichkeiten fiir Studierende im Bereich
Naturwissenschaft und Technik um ein wichtiges Feld. Nanoscience & Technology ist ein Studiengang der
zwischen den Naturwissenschaften und den Ingenieurwissenschaften angesiedelt ist, d.h. es ist eine gute
Grundausbildung in naturwissenschaftlichen Fachern notwendig, um neue technologische Anwendungen
erschliessen zu konnen.
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Germany University of The concentration of research
Bielefeld — Master in the field of Nanosciences
of Science (MSc) was already taken into
Nanosciences account in teaching in the

bachelor phase. The range of
courses should be

supplemented by an in—depth
offering in an independent
master’s course in
Nanosciences, research—
oriented, but with a strong
application focus!'2.

Germany University of Kassel The Master of Science in
- MSc nanostructural science started
Nanostrukturwissen in 2012/2013 after the first
schaften Bachelor graduated in

nanostructural science'3.

Germany University of As a research—oriented and
Wiirzburg - time—compressed course of
FOKUS Physik the Faculty of Physics and
Masterstudiengang Astronomy of the Julius
(M.Sc. hon.) Maximilians University of
Nanostrukturtechni Wiirzburg, the FOKUS
k Physics—Nanostructural

Technology course is offered
as part of the Elite Network
Bavaria (ENB) with a Master
of Science with Honours
degree. The Master of
Science  course  prepares
students for scientific
activities in research and
development in the field of
Nanosciences'*.

12 Der Konzentration der Forschung im Bereich Nanowissenschaften wurde in der Lehre bereits in der
Bachelorphase Rechnung getragen. Das Lehrangebot soll durch ein vertiefendes Angebot in einem
eigenstindigen Masterstudiengang Nanowissenschaften forschungsorientiert, jedoch mit starkem
Anwendungsbezug, erginzt warden.

13 Der Master of Science in Nanostrukturwissenschaften begann 2012/2013 nach dem ersten Bachelor in
Nanostrukturwissenschaften.

14 Als forschungsorientierter und zeitlich komprimierter Studiengang der Fakultit fiir Physik und
Astronomie der Julius—-Maximilians-Universitdt Wiirzburg wird der Studiengang FOKUS Physik—
Nanostrukturtechnik im Rahmen des Elitenetzwerks Bayern (ENB) mit dem Abschluss Master of Science
with Honors angeboten. Das Studium zum Master of Science bereitet auf die wissenschaftlichen Téatigkeiten
in Forschung und Entwicklung im Fachgebiet Nanowissenschaften vor.
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Germany University of The Master of Science degree
Wiirzburg — M.Sc. prepares students for
Nanostrukturtechni scientific work in the field of
k nanostructure technology. It

also prepares for a doctorate
to become a Dr. rer. nat. or
Dr. — Ing. in front. The aim of
the training is to provide
students  with  in-depth
knowledge of scientific work
in research and application of
the Nanosciences and its
fundamental principles'3.

Hungary Bay Zoltan Institute The mission of the Institute is
For Materials to play a dominant role in the
Science And materials science and
Technology technology innovation chain,

first of all in the field of laser
technology, metal technology
and simulation, polymer

technology and
Nanotechnology.
Hungary Hungarian The primary task of the
Academy of Department of Biological
Sciences - Nanochemistry is the
Biological Soft preparation and
Matter Platform characterisation of nanosized
systems for medical
applications
Hungary Hungarian The Institute of Materials and
Academy of Environmental Chemistry
Sciences — Institute studies functional and
of Materials and structural materials, micro—
Environmental and nanosized surface layers
Chemistry and solid/liquid interfaces in

order to reveal correlations
among their chemical
composition, structure,
properties and methods of
preparation. The institute is
involved in research aimed at
developing new procedures
and methods decreasing
environmental impact of
technologies.

15 Das Studium zum Master of Science bereitet auf wissenschaftliche Téatigkeiten im Fachgebiet
Nanostrukturtechnik vor. Es bereitet auch auf eine Promotion zum Dr. rer. nat. oder Dr.—Ing. vor. Das Ziel
der Ausbildung ist es, den Studierenden vertiefte Kenntnis des wissenschaftlichen Arbeitens in der
Forschung und Anwendung der Nanowissenschaften und seiner inhaltlichen Grundlagen zu vermitteln.
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Hungary Hungarian The mission of the Institute of
Academy of Technical Physics and
Sciences — Institute Materials Science is to
of Technical conduct multidisciplinary
Physics and research on complex
Materials Science functional —materials and
nanometer—scale  structures
targeting the exploration of
physical, chemical and
biological principles, and
their exploitation in
integrated micro— and
nanosystems.
Hungary MTA MFA Nanotechnology  at  the
Budapest - Hungarian  Academy  of
Nanostructures Sciences
Laboratory
Ireland Dublin Institute of Nanoscience and
EIRE Technology — BSc Nanotechnology are built
Science with upon chemistry and physics.
Nanotechnology This degree is a solid science
degree (physics and
chemistry) but with a unique
focus on Nanoscience and
Nanotechnology. In the Years
3 and 4 of the degree the
student chooses to major in
either physics or chemistry,
but all students do the
Nanotechnology modules.
Ireland National University The Centre’s research is
EIRE of Ireland — National focused on innovative
Centre for therapeutic ~ solutions  to
Biomedical current medical challenges
Engineering Science and deals with various
nanoscale applications and
materials.
Ireland Trinity College This laboratory is focuses on
EIRE Dublin - the dynamics and kinetics of

Nanomechanics
Team

interacting biomolecules, the
mechanics of protein
imported to mitochondria
membranes, the kinetics of
molecular motors  under
external strain and the
nanomechanical action at
ribosomal complexes during
translation.
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Ireland
EIRE

Trinity College
Dublin -

Nanoscience,
Physics and
Chemistry of
Advanced Materials
(N-PCAM)

This is a four—year degree
programme, run jointly by the
Schools of Chemistry and
Physics at Trinity College
Dublin. Students will gain a
deep and lasting
understanding of the science
of advanced materials that
underpins the nano
revolution. Some laboratory
training is provided in
CRANN, the leading institute
for Nanoscience in Ireland.

Ireland
EIRE

University College
Dublin — Centre for
Bionano
Interactions

The Centre for BioNano
Interactions (CBNI) is a
multi—disciplinary  platform
for Nanotoxicology and
NanoMedicine. CBNI s
Ireland’s National Platform
for BioNanolnteraction
science, and draws together
specialists from its
Universities, Institutes and
companies. They are one of
the world’s leading Centres
of knowledge for bio—nano—
interactions applied to the
fields of nano-safety,
nanobiology and
nanomedicine, and we are
pioneering many of the new
techniques and approaches in
the arena.

Ireland
EIRE

University College
Dublin — Masters

Current MSc projects include
molecular modelling,
molecular motors, imaging
and analysis, Atomic Force
Microscopy, light scattering
in tissues, and organic solar
cells. Future career options
include biomedical
technologies, pharmaceutical
industry and drug
development, sustainable
energy, academic and
industrial  research, and
students are taught innovation
as part of the programme.

Ireland
EIRE

Programme in
NanoBioScience
University of
Dublin — Centre for
Research on
Adaptive
Nanostructures and
Nanodevices
(CRANN)

CRANN is Ireland’s first
purpose—built Research
Institute with a mission to
advance the frontiers of
Nanoscience. The three major
research areas are Nano—
Biology of Cell Surface
Interactions, Bottom-Up
Fabrication and Testing of
Nanoscale Integrated Devices
and Magnetic Nano—
Structures and Devices.

75



76

Andrea Durlo — Ph.D. Thesis, 2023, University of Lille, France

Ireland
EIRE

University of
Limerick -
Nanotechnology
Research Group

The group research Interests
are in Semiconductor
Nanocrystals and Nanowires
with emphasis on Synthesis,
Assembly and Device
Applications in  Energy
Storage and Energy
Conversion Applications.
The group also studies
nucleation and growth in both
hard (metal, semiconductor)
and soft (pharmaceutical)
nanocrystal materials with
emphasis on size, shape and
crystal phase control.

Italy

Politecnico di
Milano — Master of
Science  Materials
Engineering and
Nanotechnology

This Master of Science
programme is taught entirely
in English to stimulate the
student in acquiring greater
familiarity with the
terminology used
internationally. The objective
of the programme is to
prepare a professional figure
expert in materials and in the
design of processes and
manufactured goods. Within
the scope of the study plan a
number of specific
specialisations are foreseen:
Surface Treatments
Engineering; Polymer and
Composite Engineering;
Nanotechnologies; Materials
Design.

Italy

Politecnico di
Torino — Materials
and Processes for
Micro & Nano
Technologies

The Group has a well-
established experience in
growth, characterization and
processing of semiconductors
and insulating materials.

Italy

Universita degli
Studi di Modena e
Reggio Emilia
(UNIMORE) -
Ph.D. in
Nanosciences and
Nanotechnologies

This is a strongly
multidisciplinary course open
to students with different
background (physics,
chemistry biology,
engineering, etc...). Students
will learn about fundamental
phenomena that are relevant
at the nanoscale, approaches
to the fabrication and the
analysis of nanostructures, as
well as advanced
Nanotechnology
applications.




Introduction

Italy Universita degli The School focuses on
Studi di Modena e development and application
Reggio Emilia of advanced experimental and
(UNIMORE) - theoretical/computational
Physics and methods for the study of
Nanosciences matter and systems at the
micro and nano-—scale. The
program has a strongly
interdisciplinary character: it
ranges from physics to
chemistry, biology and
engineering.
Italy Universita degli The Balzani group’s research
Studi di Bologna — focuses on molecular
Photochemistry and engineering and molecular
Supramolecular motors.
Chemistry Group
Italy Universita degli Nanomedicine: Artificial
Studi di Brescia — Olfactive Systems in—vivo
CNR-INFM Sensor and specific sensors in—vitro
Laboratory for early diagnosis and
prevention of severe diseases
and for drug screening.
Italy Universita degli The main goal of CSGI is the
Studi di Firenze — preparation and study of new
Center for Colloid supramolecular “smart”
and Surface Science devices and colloidal
(CSGI) systems, and the development
of their different industrial
applications.
Italy Universita degli LENS is presently an active
Studi di Firenze — member of the LASERLAB—
European EUROPE consortium,
Laboratory for constituted by 18 large laser
Non—Linear infrastructures operating in
Spectroscopy different European countries
(LENS) providing access to the
different laser facilities to
external visiting scientists
with the financial support of
the European Union. The
research fields at LENS
nowadays cover a wide
spectrum of subjects, from
atomic physics to
photochemistry,
biochemistry and biophysics,
from material science to
photonics, from art
restoration and preservation
to solid and liquid state
physics.
Italy Universita degli The main emphasis is on
Studi di Modena — fundamental properties of
Theoretical nanoscale structures,

Nanoscience Group

particularly low—dimensional
quantum systems, and their
applications in novel
nanodevices.
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Italy Universita degli CIGA’s mission is to research
Studi di Padova — ethical and social
Centre for implications of
Environmental Law Nanotechnology; analysing
Decisions and the frameworks of legal
Corporate  Ethical regulation of new
Certification technologies and namely of
Nanotechnologies;
promoting interdisciplinary
exchanges on these topics;
improving the public debate
on implications of new
technologies.
Italy Universita degli The group’s research is about
Studi di Salerno — understanding the behaviour
Soft Matter of materials on the basis of
Molecular their chemical structure and
Simulation Group its effects on large length and
timescales. For this reason,
they develop and apply
simulation methods and
theory to study polymeric
materials, nanomaterials and
more in general soft matter.
Italy Universita degli The lab of Nicola Pugno,
Studi di Trento — Professor of Solid and
Laboratory of Bio- Structural Mechanics.
inspired &
Graphene
Nanomechanics
Italy Universita degli The main goal of the Master
Studi di is to train professionals in the
Trento/Bruno design,  fabrication  and
Kessler Foundation characterization of nano— and
- Master micro— systems for different
NanoMicro applications, such as sensors
and actuators, photonics,
BioMEMS, with high
scientific ~ and  industrial
impact. The Master will offer
an educational portfolio that
includes four thematic areas:
Bio NEMS - MEMS,
photonic NEMS-MEMS,
NEMS-MEMS for sensors
and actuators, NEMS MEMS
for the alternative energy
sources and environmental
monitoring.
Italy Universita degli The Prato group at the
Studi di Trieste — University of Trieste
Carbon conducts research on
Nanotechnology nanostructures  such  as
Group organic functionalization of
fullerenes and carbon
nanotubes.
Italy Universita degli Research on nanoparticles in
Studi  Trieste — the Department of Chemical
Laboratory of Sciences.

Nanoparticles
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Italy

Universita degli
Studi di Trieste —
Molecular
Simulation
Engineering
(MOSE)

The MOSE laboratory deals
with theory, simulation and
modelling in three different
areas: process simulation,
material science (mesoscale
modelling and simulation in
the field of nano science and
Nanotechnology) and life
science.

Japan

ERATO Nakamura
Functional Carbon
Cluster Project

The Nakamura Functional
Carbon Cluster project aimed
at creating a wide variety of
functional materials based on
C60 and carbon nanotubes
that are given functionality
through organic synthesis.

Japan

Hiroshima
University -
Research Center for
Nanodevices  and
Systems (RCNS)

The RCNS consists of four
research divisions:
Nanodevice; Nanoprocess;
Molecular Assembly and
Materials  Synthesis; and
System Design and
Architecture.

Japan

Hokkaido
Innovation through
Nanotechnology
Support (HINTS)

Hokkaido Innovation through
Nanotechnology Support
(HINTS) is a
Nanotechnology support
project centered at Hokkaido
University (Research
Institute  for  Electronic
Science, Catalysis Research
Center, Center for Advanced
Research of Energy
Conversion Materials, and
Research Center for
Integrated Quantum
Electronics)  with  close
cooperation  of  Chitose
Institute of Science and
Technology.

Japan

Hokkaido
University -
Laboratory of
Nanobiotechnology

The group studies unsolved
biological problems in terms
of applied physics toward
elucidating the nature of life
and developing the state—of—
the—art technology.
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Japan

Keio University —
Laboratory for
Precision
Machining and
Nano Processing
(PMNP)

The PMNP Laboratory (Yan
research group) is interested
in  high-accuracy, high—
efficiency, resource—saving
manufacturing technologies.
Through micro/nanometer—
scale  material removal,
deformation, and surface
property control, new
products with high added
value are provided to
micromechanical, optical,
optoelectronic, and
biomechanical applications.
Japan The group is exploring
multidisciplinary R&D by
interfacing with mechanical
science, physics, material
science and Nanotechnology.

Japan

Kobe University
Mesoscopic
Materials Lab
(MML)

Major research topics are
Optical Properties of

Mesoscopic Particles;
Fabrication and
Characterization of Novel
Carbonaceous Nano—

Materials; Surface Plasmon
and Near—Field Optics; and
Optical Waveguides and
Other Photonic Devices.

Japan

Kyoto University —
Kawakami
Laboratory

The lab tries to construct and
establish a new concept of

semiconductor materials
research, that is,
semiconductor exciton

photonics. Research includes
growth techniques for low
dimensional or nanoscale
structures by atomic—scale
controlling of surfaces and
interfaces  together  with
excitonic and  photonic
properties.

Japan

Kyoto University —
Quantum
Optoelectronics
Laboratory

Research in the group
involves searching for new
optoelectrical phaenomena in
atomic  structures, which
result from new quantum
phaenomena as well as the
co—existence of light and
electrons. Design of new
optoelectronics devices.

Japan

Kyushu Institute of
Technology -
Center for
Microelectronics

Research  areas  include
Parallel Processors, Super-
Scalar Technology, Nano—
Fabrication Technology,
High Speed Devices, Smart
Sensors, Interconnection
Technology and
Micromachining.
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Japan Nagoya University Nano devices and bio—
— Department of MEMS.
Micro-Nano
Systems
Engineering
(Fukuda Lab)
Japan Nagoya University The department offers
— Department of programs of study and
Molecular  Design research in the major areas of
and Engineering biofunctional polymer
chemistry, applied organic
chemistry, organic process
and  catalyst chemistry,
chemical physics of
condensed matters, analytical
science, materials design
chemistry, and function
development technology
including nanoparticulate
systems.
Japan Nagoya University The lab aims to develop the
— Institute of Nano— bases of future nano—
Life-Systems electronics.  Their  main
subjects are novel electron
devices and optoelectronic
devices using carbon
nanotubes, high—power and
high—frequency GaN
transistors, and resonant—
tunneling devices and
functional circuits.
Japan Nagoya University Global Research, Education,
— Quantum Nano— and Industry Center for
Device Group Advanced Biosciences and
Next—generation Systems
Using Integrated Physical and
Cyberspace Platform.
Japan Okinawa Institute of The group combines

Science and
Technology -
Micro/Bio/Nanoflui
dics Unit

experiments, theory, and
modelling to explore the
dynamics and properties of
flows involving nano— or
micro—structures (i.e., DNA,
surfactants, lipid vesicles, or
bacteria, cells), in which
intermolecular/particle forces
give rise to time— and length—
scale distributions that are
important in many
biophysical and technological
processes.
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Japan

Okinawa Institute of

Science and
Technology -
Nanoparticles by
Design Unit

This research unit studies the
structural, magnetic,
electronic, chemical
properties and applications of
size selected monometallic,
bimetallic and core—shell
nanoclusters/nanoparticles
prepared by  magnetron
sputter gas  aggregation
source.

Japan

Osaka  Prefecture
University -
Nanofluidics Lab

The research group is
directed toward the
integration of “Nano”, “Bio”,
and “Chem” at femtoliter,
attoliter, and single molecule
scales through nanofluidics.
They continue to involve the
study and development of
novel nanofluidic methods
and devices for single cell
omics, single  molecule
chemistry, biomaterials,
nanomedicine, energy, and
process engineering.

Japan

Osaka University —
Biophysical
Dynamics
Laboratories Nano—
Biophotonics Group

Ultra—high spatial-resolution
and sensitivity for sensing
biomolecules and DNA can
be achieved by the use of
Nanotechnology such as
scanning probe techniques
and non-linear photonics
using ultra short pulsed
lasers. The Group is evolving
these techniques to create
new biological applications,
particularly, real-time
measurement of the chemical
reactions occurring in living
cells and tissue.

Japan

Osaka University —
Institute for
Nanoscience Design

The Institute for Nanoscience
Design  prepares  various
kinds of education and
training programs such as
trans—disciplinary graduate—
school  minor  program,
evening course refresher
program, short—term
international research
training program, etc. It
offers a series of lectures,
some of them in the form of
distance education
broadcasted live to satellite
classrooms located many
places in Japan, and
tentatively even overseas in
English.
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Japan

Osaka University —

Laboratory for
Scientific
Instrumentation and
Engineering
(LaSIE)

LaSIE is doing some of the
world’s frontier research in
photonics, Nanotechnology
(nanophotonics,
nanofabrication), and bio—
related areas.

Japan

Osaka University —
Nanoscience  and
Nanotechnology
Center

The Nanoscience and

Nanotechnology Center
proactively promotes
industrial applications of
Nanotechnology while

carrying out bottom—up and
top—down technologies.

Japan

Osaka University —
Protonic
NanoMachine
Group

The Protonic NanoMachine
Group aims at the ultimate

understanding of the
mechanisms of self—assembly
and its regulation,

conformational  switching,
force generation, and energy
transduction by biological
macromolecular complexes.

Japan

Osaka University —
Soft Biosystem
Group

Research in the group focuses
mainly on molecular
signalling  systems  that
transmit and convert cell and
gene information, in which
dynamic organization into the
bio—system is deeply related
to the function. Techniques
including imaging technique
of single molecules in 3D and
real time are being developed
to visualize and manipulate
single molecules in bio—
systems and the behaviour,
structural ~ changes  and
physical and chemical
properties of individual bio-
molecules acting in bio—
molecular systems will be
monitored in real time and
space.

Japan

Ries Hokkaido

University -
Laboratory of
Functional Thin

Film Materials

The group’s research focuses
on the development of
functional oxides based thin
film devices utilizing
photonic, electronic, and
magnetic  properties;  the
fabrication of conducting
oxide based superstructure
and their potential
investigation as
thermoelectric materials; the
development of  special
epitaxial growth method; and
the development of novel
oxide spintronics devices.
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Japan Ries Hokkaido The group explores advanced
University - molecular photonics based on
Laboratory of semiconducting quantum
Molecular dots, photofunctional organic
Photonics molecules, and laser
manipulation techniques.
Japan Ries Hokkaido The group’s research focuses
University — on plasmonics for
Laboratory of photochemistry and
Nanomaterials and photophysics, including
Nanoscopy following sub—topics:
Plasmonic Waveguiding;
Single Molecule Studies;
Plasmon Associated Energy
Harvesting; Drug Delivery
System based on Plasmonics.
Japan Ries Hokkaido Researchers in the lab are
University - involved in a variety of
Laboratory of research aimed at integrating
Nanostructure and combining top—down and
Physics bottom—up phenomena.
Japan Ries Hokkaido The lab is researching
University - inorganic optical material
Laboratory of with its robust frame
Nanostructured structure, and are conducting
Functional research on the expression of
Materials optical functions through
formation of nanostructures
on the surface.
Japan RIKEN Research includes: Three—
Nanophotonics dimensional — multi-layered
Laboratory tera byte optical storage with
gold nano—particles; Chiral
nanophotonics;  Near—field
Vibrational Nanophotonics;
Plasmonic Band Gap
Devices; Plasmonic
Metamaterials; Metallic
Nanolens.
Japan Ritsumeikan Research target is
University ~ Micro establishment of new
Nanoscience evaluation technique for

Integrated Systems

MEMS / NEMS material
properties.  Research  of
silicon nanolithography
technique and development
of MEMS/NEMS devices are
also performed.
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Japan

Shinshu University
— Research Center
for Exotic
NanoCarbons

This project is about the
ultimate nanocarbons “exotic
nanocarbons”, which are
expected to make innovations
possible in a wide number of
fields ranging from the
environment, energy,
resources and ICT to
biotechnology and medicine.

Four distinguished
researchers with differing
backgrounds in

Nanotechnology were invited
to participate in this project
and they, together with
Shinshu  University  and
participating companies, are
conducting joint research on a
wide range of topics with the
goal of making various
advanced innovations.

Japan

Tohoku University
— Laboratory for
Nano—
Photoelectronics

The lab’s main interest lies in
the studies of physical and
chemical phenomena that
take place in nanometer—scale
regions as well as the
applications of such
phenomena in photo—
electronic devices.

Japan

Tohoku University
— Laboratory for
Nanoelectronics and
Spintronics

Research activities at the
Ohno Lab cover the areas of
preparation, characterization
and application of compound
semiconductor quantum
structures for high speed
devices.

Japan

Tohoku University
— Laboratory of
Strength and
Reliability of Nano
and Micro Scale
Structures

The group has  been
developing the methods for
explicating the determinant
factors of physical properties
of nano—particles, thin film
materials, and materials used
for micro structures.

Japan

Tohoku University
Micro/Nanomachini
ng Research and
Education Center

The centre consists of several
individual research groups
and labs that deal with nano—
related research.

Japan

Tohoku University
Institute of Fluid
Science — Intelligent
Nano-Process Lab

The Samukawa Lab conducts
research on ways to generate
charged particles (positive
and negative ions, electrons)

and neutral particles
(atoms/molecules) and
associated acceleration

technologies (including beam
technologies), as well as
research on particle flow and
the latest bio—nano processes.
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Japan

Tokai University —
Micro/Nano
Technology Center

MNTC encompasses all
fields from molecular level
mechanism  analysis  to
medical application.
Specifically, MNTC’s
research focuses on
functional ultra—thin polymer
films (films with thickness of
under 100 nm). The
cooperative medical, physics,
and engineering organization
utilizes the features unique to
the “structure of the plane”
created when polymers are
formed into ultra—thin films,
and applies these to medical
technologies.

Japan

University of Tokyo
— Aida Laboratory

The laboratory for
supramolecular and
macromolecular chemistries
and materials sciences.

Japan

University of Tokyo
— Nakamura Lab

Among other areas, research
in the Nakamura lab deals
with the Nanoscience of
tailor—made cluster
molecules in biology.

Japan

University of Tokyo
— Nanoelectronics
Collaborative
Research Center
(NCRC)

NCRC was established at
University of Tokyo for the
purpose of realizing core
technologies for the
development of the
ubiquitous information
devices based on
Nanotechnologies, and is
aiming at becoming one of
the Center of Excellence
(COE) in the world of
advanced nano-photonics and
electronics.

Japan

University of Tokyo
—  Theory  and
Construction of
Molecular
Computers

Project group dealing with
molecular computing.

Japan

Waseda University
— Department of
Nanoscience  and
Nanoengineering

Backed by the establishment
of Center of Excellence as a
hub research centre and the
enhancement of research
facilities, the Department of
Nanoscience and
Nanoengineering has created
an environment that provides
powerful support for
Nanoscience and
nanoengineering, alongside
industry—academy
partnerships.
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Japan

Yokohama City
University — Kojima
& Tachibana
Laboratory Lab

The research of the lab
interfaces with condensed
matter physics, materials
science, and biophysics.
Current research projects
involve the development of
synthesis and crystal growth
of novel carbon materials
such as carbon nanotubes and
fullerenes.

Netherlands,
The

Casimir  Research
School

The Casimir Research School
is a graduate school for
interdisciplinary physics with
a strong emphasis on the
various Nanosciences.

Netherlands,
The

Delft University of
Technology -
BioNanoscience

The department focuses on
the functioning of single cells
in all their complexity down
to the molecular level.
Understanding the
mechanisms operating inside
a cell is very useful for
practical applications in, for
example, improved health
care, molecularly targeted
medicine, and development
of new energy sources. The
department of
BioNanoscience is part of the
university's successful Kavli
Institute of Nanoscience.

Netherlands,
The

Delft University of
Technology — Else
Kooi Lab

The Else Kooi Laboratory
and its staff aim to provide
micro fabrication capabilities
that facilitate excellence in
(sub)micro—fabrication
oriented Research & Science,
enable customers to test out
concepts that may lead to
business successes (up to and
including small scale
production) and build a
bridge between Academics
and Industrial Innovation.
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Netherlands,
The

Delft University of
Technology — MSc
Nanobiology

The Nanobiology programme
of TU Delft and Erasmus MC
builds on extensive existing
bottom up research
collaborations and
cooperative mission
organizations like Medical
Delta. The molecular
building blocks of living
organisms are the focus and
current advances in the
Nanotechnology toolkit
enable the precise
visualization, study and
control of these biological
molecules. Developments in
biomedicine, such as studies
on human genome variation
and the control of stem cells,
increasingly require analysis
and quantitative description
at the fundamental level.

Netherlands,
The

Delft University of
Technology -
Quantum
Nanoscience

The  department studies
quantum phenomena in a
wide variety of nanometer
scale devices and materials,
exploring new physics and
novel applications of
quantum effects. The
department consists of a
number of active scientists
working on both
experimental and theoretical
aspects of Quantum
Nanoscience.

Netherlands,
The

Delft University of
Technology — Kavli
Institute of
Nanoscience

The Kavli Institute of
Nanoscience at Delft
University of Technology
consists of six research
groups and a nanofabrication
cleanroom facility.

Netherlands,
The

Eindhoven
University of
Technology -
Advanced
Nanomaterials &
Devices

The group exploits the
properties of new
nanomaterials; their unusual
structural, optical, thermal,
and electronic properties for
future applications. Research
in the group centres around
nanowires since these offer
an unprecedented level of
flexibility and control. The
versatility of their material
composition allows
envisioning new applications
in chemistry, physics,
engineering  science  and
bioscience.
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Netherlands, Eindhoven Bio/Nanoscience and
The University of Technology (BIONANO)
Technology - focuses on the control of
Master Track materials at the nanometer
Bio/Nanoscience scale. It involves emerging
and Technology technologies  that enable
(BIONANO) scientists to address and
position individual atoms and
molecules. There is also the
possibility to gain the
“Theoretical Physics  for
Technology” certificate
intended for students with
extra interest in the more
theoretical and fundamental
aspects of the chosen
specialization.
Netherlands, Eindhoven This track approaches
The University of biomedical problems from a
Technology - molecular perspective.
Master Track Researchers simulate extant
Chemical Biology, biological systems, so as to
Materials and build upon them and for
Nanomedicine example develop new
materials with new functions
or properties. Another
category of research involves
decoding the molecular
mechanisms behind diseases
such as Alzheimer’s disease
and Creutzfeldt-Jakob.
Netherlands, Eindhoven The group brings together
The University of researchers from these two
Technology - fields and aims at establishing
Molecular Materials a coherent research program
and  Nanosystems on the physics and chemistry
Group of nanostructured materials
and nano-sized organic and
inorganic molecular systems.
Netherlands, Eindhoven Current research projects in
The University of the areas nanomagnetism,
Technology — The spintronics, and ultra—fast
Physics of spin dynamics.
Nanostructures
Group
Netherlands, Leiden Institute of The Kamerlingh  Onnes
The Physics Laboratory has 6 research

groups that deal with Atomic
and Molecular Conductors,
Interface Physics, Magnetic
and Superconducting
Materials, Quantum Physics
of Nanostructured Materials,
Quantum Physics and
Applications at Ultra Low
Temperatures, Granular &
Disordered  Media, and
Physics of Surfaces and
Materials.
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Netherlands,
The

Radboud University

Institute for
Molecules and
Materials

The aim of IMM is to conduct
research in the field of
functional molecular
structures and  materials.
There is an emphasis on
understanding and
controlling complexity in
order to be able to design new
functionality in these
systems. This research area
can roughly be divided into
two main themes: bio—
inspired systems and
nano/mesoscopic structures.

Netherlands,
The

Saxion University
of Applied Sciences
— Master in Applied
Nanotechnology

In the course of this master
programme, you will acquire
fundamental and extensive
theoretical and  practical
knowledge of all disciplines
related to design, laboratory
and manufacturing
techniques. Upon graduation,
you will have mastered the
skills needed to come up with
innovative  product-market
combinations and production
processes. Meanwhile, you
will have an entrepreneurial,
creative and  inquisitive
mindset.

Netherlands,
The

University of
Groningen -
Feringa Group

The research program of the
Feringa group at the
University of Groningen in
the Netherlands is focused on
synthetic organic chemistry
with a major part of the
research is directed towards
Nanotechnology and novel
functional materials, like
molecular  switches  and
motors.

Netherlands,
The

University of
Groningen — Master
programme in
Nanoscience

The Top Master programme
in Nanoscience aims to train
the cutting—edge scientists of
the future. This is achieved by
offering a  challenging
interdisciplinary programme
and by admitting only very
talented and  motivated
students. The courses are
taught by top international
scientists, and a large part of
the programme consists of
actually conducting scientific
research, alongside world—
class scientists, using the
state—of—the—art facilities of
the Zernike Institute.
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Netherlands,
The

Within the NanoLab NL
program, the infrastructure in
Groningen is designed to
function as the Dutch centre
for bottom—up (bio)molecular
electronics and functional

(bio)molecular
nanostructures, and for the
development of

nanostructures  based on
supramolecular interactions
and molecular lithography.

Netherlands,
The

The classic materials triangle
concerns an  integrative
approach in the three aspects
of structure, property and
chemical composition. The
Zernike Institute for
Advanced Materials adds an
extra dimension to this
traditional view by an
unconventional linkage to the
field of biomolecular
sciences, which includes the
design aspects as well.

Netherlands,
The

University of
Groningen -
NanoLab

University of
Groningen -
Zernike Institute for
Advanced Materials
University of

Leiden — Molecular
Nano—Optics  and
Spins

For many years, the group’s
research theme has been the
resonant  interaction  of
electromagnetic waves, or
photons, with condensed
matter, consisting in most
cases of organic molecules.
Photons can be simply
absorbed by matter, they can
flip spins in a magnetic field
in Electron Paramagnetic
Resonance (EPR), or excite
the electron cloud in optical
absorption experiments.
However, many of the effects
they look at are more
complex, nonlinear. They
study, for example, the effect
of two frequencies on spin
echoes in EPR, the emission
of light at wavelengths
different from that of the
excitation laser
(fluorescence), and the effect
of spin resonance on this
emission (optically detected
magnetic resonance,
ODMR), or phenomena
involving two or more
photons, such as spectral
hole—burning.
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Netherlands
The

>

University of
Twente — Complex
Photonic  Systems
(COPS)

The group investigates
photonic band gap crystals,
Anderson localization and
diffusion of light, random
lasers and related
phenomena.

Netherlands,
The

University of
Twente - Mesa+

Institute for
Nanotechnology

MESA+ institute for
Nanotechnology, trains
graduate students and Ph.D.—
students and conducts
research in the fields of
Nanotechnology,

microsystems, materials
science and microelectronics.
Unique of MESA+ is its
multidisciplinary

composition. Many research
groups of the faculties
Electrical Engineering,
Mathematics, Computer
Science  (EEMCS)  and
Science and Technology
(S&T) participate in the
MESA+ institute.

Netherlands,
The

University of
Twente — MSc
Nanotechnology

The MSc Nanotechnology is
a 2 year programme for
anybody having a BSc degree
in any applied science. The
educational programme is
offering you a
multidisciplinary approach to
this new emerging field,
forming an excellent
preparation for a scientific
career both at the university
or in industry.

Netherlands,
The

University of
Twente — Ph.D.
Program Novel
Nanomaterials

The  graduate  research
programmes of the Twente
Graduate School are set up as
a coherent and integrated
master and doctorate course
that runs over a period of five
to at most six years leading to
a Ph.D. degree.
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Netherlands,
The

University of
Twente — Physical
Aspects of
Nanoelectronics

In order to obtain a deeper
insight into the behaviour of
nanoscale devices the group
of Prof. Zandvliet studies
their physical, chemical and
especially electronic
properties with high spatial
resolution techniques. For
that purpose they mainly
apply Scanning Probe
Microscopy  (SPM)  and
Spectroscopy (SPS). Further
development of SPM-based
probes for electrical
characterisation of
nanostructures is a key part of
their described research area.

Netherlands,
The

Wageningen
BioNanotechnology
Centre for food and
health innovations —
BioNT

Wageningen BioNT at the
University of Wageningen is
active in the fundamental
science and technology of
micro— and nanosystems and
their applications in food and
health. The centre helps
companies to utilize the
opportunities of micro— and
Nanotechnology to improve
our food and prevent health
problems.

Norway

Norwegian
University of
Science and
Technology

(NTNU) — Master’s
Program
Nanotechnology

The 5-year programme is
supported on a  solid
foundation of courses within
physics,  chemistry  and
mathematics. These are
combined with courses in
electronics and materials
science that are oriented
towards technology to give a
good grounding for further
studies in Nanotechnology.
The programme provides the
theoretical basis and
knowledge of experimental
methods and technological

applications of
Nanotechnology. The social
implications of

Nanotechnology pertaining to
ethical and environmental
issues are also addressed. The
first two years are common
for all students in the
programme. In the last three
years, students choose their
main profile from key areas
relating to research, business
and industry.
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Norway

Norwegian
University of
Science and
Technology

(NTNU) — NanoLab

The aim of NTNU NanoLab
is to establish a cross—
disciplinary research
environment for researchers
within the fields of physics,
chemistry, biology, electrical
engineering, materials
technology and medical
research.

Norway

University of Oslo —
Master’s Degree
Materials  Science
and
Nanotechnology

This is a multidisciplinary
programme at the interface
between physics and
chemistry. The main focus is
on advanced  materials,
energy, and Nanotechnology,
but the programme also
provides a solid foundation in
physics and chemistry. Even
though specific courses in

physics, chemistry,
mathematics,

Nanotechnology, and
computer science are

compulsory, there is room for
a range of optional courses
that you can integrate into the
degree.

Norway

University of Oslo —
Master’s Degree
Nanoelectronics and
Robotics

The master’s programme
Nanoelectronics and
Robotics will provide you
with the necessary knowledge
and skills to develop
application specific data and
electronic systems from basic
building blocks implemented
in nanoelectronics, to
complex systems consisting
of both software and
hardware for demanding
signal processing and control.

Norway

University of Oslo
Center for Materials
Science and
Nanotechnology

The centre is responsible for
the university’s strategic
programme on functional
materials (FUNMAT), and
the activities at the Micro—
and Nanotechnology
laboratory (MINA-lab).
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Portugal

International Iberian
Nanotechnology
Laboratory (INL)

The INL International Iberian
Nanotechnology Laboratory,
located in Braga (North of
Portugal) was founded by the
governments of Portugal and
Spain under an international
legal framework to perform
interdisciplinary ~ research,
deploy and articulate
Nanotechnology  for the
benefit of society. INL aims
to become the world—wide
hub for Nanotechnology
addressing society’s grand
challenges.

Portugal

Universidade da
Madeira — Master in
Nanochemistry and
Nanomaterials

University of Madeira and
Centro de Quimica da
Madeira, Madeira Island,
Portugal, invite applicants
with a Bachelor or a Master
degree in Chemistry,
Biochemistry, Biology, Life
Sciences, Materials, Physics
or related
sciences/engineering courses
to apply to our new two years
Master Programme in
Nanochemistry and
Nanomaterials.

Portugal

Universidade de
Aveiro — Ph.D. in
Nanosciences and
Nanotechnology

The University of Aveiro,
particularly  acknowledged
for its research concerning
the synthesis, properties and
applications of
nanomaterials, offers a
program of study leading to
the Ph.D. degree in
Nanosciences and
Nanotechnology. In its first
stage, students are introduced
to contemporary topics in
Nanoscience and
Nanotechnology, comprising
several courses in the field
and thus initiating a cross—
disciplinary ~ approach to
research and learning.
Different research units at the
University contribute actively
to this stage. Students
admitted to the second stage
of the doctoral program
follow to N&N activities
leading to the elaboration of a
doctorate thesis. The courses
are taught in English.
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Portugal University of Porto IFIMUP carries out research
—  Institute of over a wide range of topics
Physics for focused on the innovative
Advanced physical properties of
Materials, materials at different scales,
Nanotechnology boosting the development of
and Photonics new technologies in order to
(IFIMUP) contribute to solve today’s
Grand Challenges.
Romania IMT Bucharest Nanomaterials and
Center of nanostructures, with main
Nanotechnology areas of expertise: silicon
nanoelectrode arrays, low—
frequency noise in
nanostructured materials;
porous silicon layers; field
emission nanostructures;
biofunctional nanostructures
and interfaces.
Romania Romanian The RO-NANOMED project
Nanomedicine is devoted to the creation and
Network (Ro— development of an integrated
Nanomed) research network in the field
of nanobiotechnology for
health. This network is
targeting integration into the
European Technology
Platform (ETP)
“Nanomedicine” \f “a”.
Spain Miguel Hernandez The joint Master’s in
University - Molecular Nanoscience and
Masters in Nanotechnology responds to
Molecular academic  and  research
Nanoscience  and profiles through the range of
Nanotechnology courses it offers in scientific
and technological areas of
interest today such as
molecular electronics,
molecular  nanomagnetism
and spintronics,
supramolecular  chemistry,
surface physics, and
molecular materials science.
Spain Rovira 1 Virgili The activity of the group

University -
Chemometrics,
Qualimetrics  and
Nanosensors Group

focuses on two main areas.
On the one hand, the Group
develops and applies new
chemometric techniques
related to the validation of
analytical methodologies. On
the other hand, the second
main activity of the Group is
the transfer of knowledge and
technology.
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Spain

Rovira 1 Virgili
University -
Master’s Degree in
Nanoscience  and
Nanotechnology

The main aim of the Master’s
Degree is to provide students
with solid, interdisciplinary
training that will make it
possible to respond to the
challenges of scientific and
technological development.
Students will learn about new

tools for fabricating,
nanohandling and
characterizing materials,

devices and systems of
nanometric size that are
necessary for undertaking
experimental work.

Spain

Rovira 1 Virgili
University -
Nanoelectronic and
Photonic ~ Systems
(NePhoS)

The group works on
modelling and design of
linear and nonlinear photonic
crystals; the development of
technologies based on the
macroporous ordered silicon
and on the nanoporous silicon
for the production of 1D and
2D photonic crystals; and the
development of physical
models for advanced
electronic devices: Thin—film
transistors, nanometric—sized
MOSFETs, silicon—based
heterojunction devices.

Spain

Universidad
Auténoma de
Madrid — Centro de
Microanalisis de
Materiales
(CMAM)

The main purpose of our
research centre is to enhance
the Ion Beam Analysis (IBA)
and Ion Beam Modification
of Materials (IBMM)
techniques for their use in a
broad range of fields, from
Materials Science to
Archaeometry or
Environmental Science, areas
of scientific research on
which IBA techniques have
already proven their power.

Spain

Universidad
Complutense de
Madrid — Nazario
Martin Group

The research developed in
Martin’s group is mainly
focused to Carbon
Nanostructures  (Fullerenes
and Carbon Nanotubes) as
materials for the preparation
of Photo— and Electroactive
Organic Molecular Systems.
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Spain

Universidad

Complutense de
Madrid — Quantum
Nanosystems Group

The group’s research focuses
on quantum properties of
ultra—small ~ semiconductor
and organic structures with
the aim to investigate
theoretically new, unusual
and unexpected phenomena.
In particular they are
interested in structures that
operate in the quantum
regime where several exciting
and still unresolved puzzles
await their discovery.

Spain

Universidad
Complutense de
Madrid — Surface
Engineering and
Nanostructured
Materials

Research activities in the
field of Surface engineering
for high temperature: Study
of corrosion behaviour of
protective coatings at high
temperature. Within this field
the national and international
projects  that focus in
developing new protective
coating for the power
generation and aerospace
industry as well as the study
of corrosion behaviour in
very aggressive
environments.

Spain

Universidad de
Alicante — Master en
Nanociencia y
Nanotecnologia
Molecular

The Interuniversitary Master
in Nanosciences and
Molecular Nanotechnology
does not have precedents
nationally since it discusses
the aspects placed in the
intersection of one science at
its peak as it is Nanoscience
with the more traditional
molecular systems . It
influences, therefore,
scientific areas of present—
day interest like Molecular
Electronics, Molecular
Magnetism, the
Supramolecular Chemistry,
Physics at Superficies, or the
Molecular Materials Science.

Spain

Universidad de
Malaga -
Nanotechnology
and Organic
Synthesis

A research group in
nanochemistry and organic
synthesis in the Department
of Organic Chemistry.

Spain

Universidad
Politecnica de
Catalunya — Centre
for Research in
NanoEngineering

Research, development and
innovation in the fields of
nanoengineering,
Nanotechnology and
Nanoscience.
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Spain

Universidad
Politecnica de
Madrid ISOM

The  Microsystems  and
Nanotechnology group deals
with Opto— and Electro—
mechanical systems, MEMS
and MOEMS. Optical
detection modulation with
piezoelectric devices;
Physical, chemical and
biological sensors (optical,
piezoelectric,
electrochemical).  Polymer
deposition;  Nanoparticles,
nanostructures and
nanodevices; Atomic Force
Microscope and Electron
Beam Lithography.

Spain

Universitat
Autonoma de
Barcelona —
Master’s Degree in
Nanotechnology
and Materials
Science

The master’s degree in
Nanotechnology and
Materials Science at UAB
enables its students to apply
their knowledge in the fields
of  Nanotechnology and
materials science to the
analysis, reformulation and
generation of new
applications and products.
Students will also become
familiar with the principal
methods of  preparation,
synthesis and analysis of
materials and nanomaterials.

Spain

University of
Alicante — Master in
Nanoscience and
Molecular
Nanotechnology

By its nature,
Nanotechnology is a
multidisciplinary and
multisectoral area. It is for
this reason that collaboration
between various centres, with
experience in the different
aspects of this discipline —
physical / chemical,
theoretical / experimental,
basic / applied—, and with the
common denominator of
studying molecular systems,
is essential to implement a
training program like the one
proposed. The Master of
NNM is unprecedented at the
national level as it aims to
address the aspects that are at
the intersection of
Nanoscience with molecular
systems'.
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16 Por su naturaleza la nanotecnologia es un area multidisciplinar y multisectorial. Es por esta razon que la
colaboracion entre diversos centros, con experiencia en los diferentes aspectos de esta disciplina —
fisicos/quimicos, tedricos/experimentales, basicos/aplicados—, y con el denominador comun de estudiar los
sistemas moleculares, es imprescindible para implantar un programa de formacion como el que se propone.
El Master de NNM no tiene precedentes a nivel nacional ya que pretende abordar los aspectos que se
encuentran en la interseccion de la Nanociencia con los sistemas moleculares.
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Spain University of Research on energy,
Alicante - nanomaterials, biomimetics
Molecular and medicine.
Nanotechnology
Lab
Spain University of Research in the group
Barcelona - includes biomembranes,
Bioelectrochemistry optical switches,
and nanoelectrochemistry and
Nanotechnology molecular self-assembly.
Spain University of Research includes
Barcelona - development of
Bioelectronics and nanostructures of
Nanobioengineering biocompatible polymers;
study of polymer surfaces in
2D and 3D; Development of
biosensors based on
membrane receptors with
electrochemical and optical
detection principles.
Development of biosensors
based on DNA structures.
Application to the
development of microfluidic
systems for lab—on—chip.
Modelling of microfluidic
systems.
Spain University of The EUROPHOTONICS—

Barcelona — Official
Master Degree in
EUROPHOTONIC
S -  European
Master in Photonics
Engineering,
Nanophotonics and
Biophotonics

POESII Erasmus Mundus
Joint Master Degree
(EMIMD) started in 2010 is a
two years Master program
focusing on advanced
research and applied topics
that will constitute the near
and extended future scientific
goals in the field of Photonics
Engineering, Nanophotonics,
Biophotonics, with
interdisciplinary applications.
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Spain

This Master constitutes an
ambitious inter universitary
action that involves
Lecturers, Professors and
Researchers from groups with
a significant activity in the
fields of Nanoscience and
Nanotechnology. This
involves four of the main
Universities in Catalonia
(including two of the main
Research and Technological
Universities in Spain, located
in Barcelona) and research
institutes in the areas of
Barcelona and Tarragona
(including Institutes
integrated in the Spanish
Superior Research Council
(CSIO)), under the
coordination of the
University of Barcelona.

Spain

The group investigates soft
matter and  biophysical
systems from a
physicochemical point of
view.

Spain

University of
Barcelona — Official
Master in
Nanoscience  and
Nanotechnology
University of
Barcelona — Self—
Organized
Complexity & Self—
Assembled
Materials

University of Vigo -

Colloid Chemistry
Group

The research activity of the
Colloid Chemistry Group is
focused on the synthesis and
formation mechanisms of
metal, semiconductor,
magnetic and hybrid
nanoparticles with controlled

composition, size and
morphology; the creation of
colloidal composites;

nanostructured thin films and
nanoparticle ordered arrays in
two and three dimensions; the
optical characterization of
nanoparticles and  their
assemblies; and the use of
metal nanoparticles as
biosensors. The group is
closely linked to the
BioNanoPlasmonics Lab at
CIC biomaGUNE.

Spain

University of Vigo —
Nanoparticles and
Nanostructures
Group

The group’s research is
focused on the synthesis,
characterization and
applications of nanoparticles
and assemblies thereof.

101



102

Andrea Durlo — Ph.D. Thesis, 2023, University of Lille, France

Spain

This official Master from
Zaragoza University (Spain)
has a duration of 18 months
and comprises 75 ECTS
credits. The course is suitable
for graduates with science,
engineering, medicine or
related degrees keen to
develop careers at the
forefront of Nanoscience and
Nanotechnology. The course
is multidisciplinary and aims
to provide students with
fundamental knowledge,
practical experience, and
skills in the fabrication and
characterization of
nanostructured materials and
devices with applications in
key areas of nanochemistry,
nanophysics, and
nanobiomedicine.

Spain

University of
Zaragoza — Masters
Degree in
Nanostructured
Materials for
Nanotechnology
Applications
University of
Zaragoza —
Nanoporous Films
and Particles

Research Group

The common thread linking
the group’s research areas is
the wuse of nanoporous
interfaces, in a multiplicity of
shapes and textures. The
group is interested in methods
that allow them to develop
and control porous structures,
and to deploy these structures
on a variety of surfaces and
environments; they also try to
find applications in which
nanoporous structures can be
employed to modify the
performance of different
types of devices.

Spain

Valencia
Nanophotonics
Technology Center
(NTC)

The Valencia Nanophotonics
Technology Center (NTC) is
a research centre whose
mission is to exert the
leadership in Europe in the
micro/nanofabrication of
structures on silicon, as a key
support for the development
of  Nanotechnology and
Nanoscience, specially
towards their applications in
photonics: in the areas of
optical fibre networks and
systems, biophotonics,
defence, security, photonic
computation, etc.
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Sweden Chalmers The Graphene Centre at
University of Chalmers gathers all of our
Technology - research, education and
Graphene Centre innovation related to

graphene under one common
umbrella. Synergies between
our multiple graphene
projects can be identified,
utilised and developed, at
same time we create an
environment that attracts
researchers, students and
cooperation partners. The
centre is the obvious entry
point to the Swedish network
of graphene research and
development, as well as to the
EU’s research initiative on
graphene — the Graphene
Flagship.

Sweden Chalmers The Linneqs environment is
University of coordinated by a supervisor,
Technology - co—working with four project
Linnaeus Centre on coordinators for the four
Engineered different research areas,
Quantum  Systems Qubits, Quantum Transport,
(Linneqs) Graphene and  Enabling

Technologies.

Sweden Chalmers The Master’s Programme in
University of Nanotechnology is tailored to
Technology - students aiming at
Master’s international careers in the
Programme in field of Nanoscience and
Nanotechnology Nanotechnology, both

regarding the fundamentals of
Nanoscience and how to
design and build components
on the nanoscale.

Sweden Chalmers The programme is intended
University of for students aiming at a career
Technology - in the area of materials
Master’s science, which is a very broad
Programme field both scientifically and
Materials Chemistry technologically.  Scientists
and who work in industry or at
Nanotechnology universities and engineers

who work in materials
science are active in fields
ranging from fundamental
materials development to
application  of  materials
technology to products and
processes.

Sweden Chalmers The research focuses on
University of carbon based device
Technology - fabrication, characterization,
Micro— and interconnect and packaging
Nanosystem for electronics, microsystem
Fabrication and and biomedicine.

Integration

103



104

Andrea Durlo — Ph.D. Thesis, 2023, University of Lille, France

Sweden

Chalmers

University of
Technology -
Microtechnology
and Nanoscience

Large efforts, experimental as
well as theoretical, are
directed at materials, devices
and subsystems for future
micro/nanoelectronics in the
fields of microwave
electronics, quantum devices,
photonics, micro—  and
nanosystems,
superconducting devices and
circuits and molecular
electronics just to mention a
few.

Sweden

Chalmers

University of
Technology -
Nanofabrication
Laboratory

The Nanofabrication
Laboratory is a world—class
university cleanroom for
research into and fabrication
of micro and nano
technology. The laboratory is
run by the department of
Microtechnology and
Nanoscience at Chalmers, but
is an open user facility for
external as well as internal
academic and industrial
interests.

Sweden

KTH - Royal
Institute of
Technology -
Master
Nanotechnology

The Master’s Programme in
Nanotechnology provides a
solid background in solid
state physics, semiconductor
devices, materials science
and design, microelectronics,
materials chemistry and an
introduction to
biotechnology. It offers a
broad range of fundamental
courses, e.g., quantum
mechanics and solid state
physics, but the programme is
also experimentally oriented
and provides several
laboratory exercises as well
as practical experience from
advanced research tools for
materials and device
characterization.

Sweden

KTH - Royal
Institute of
Technology
Stockholm —
Materials Platform

Materials science has
traditionally been an
important research area at
KTH with strong ties to the
Swedish industry. In addition
to the internationally highly
competitive  research  in
traditional materials, KTH
has strong research in
Nanoscience and
Nanotechnology, which is
used to study and tailor
material structures.
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Sweden

KTH - Royal
Institute of
Technology
Stockholm —
Nanostructure
Physics

Research on quantum
Josephson circuits,
nanostructured proteins and
spintronics.

Sweden

Linkdping
University -
Materials  Science
and
Nanotechnology
Master

The Material Physics and
Nanotechnology master’s
programme focuses on the
physics of new materials and
covers a wide range of
materials used in for example
semiconductor  technology,
optoelectronics and
biotechnical applications.

Sweden

Lund University —
Master Program
Nanoscience

Are you interested in diving
into a different world where
classical laws do not hold
anymore  and  quantum
mechanics governs? Would
you like to take an atomistic
view in order to understand
how things work? Do you like
working in a truly
interdisciplinary
environment? What about
developing new biomedical
sensors by applying
Nanotechnology or
connecting  electronics  to
living cells? In that case:
study Engineering
Nanoscience at Lund
University. This is a 5—year
program culminating in a
Master of Science degree.
Note: The first three years of
the program are conducted in
Swedish. The final 2 years
will be conducted similarly to
the Master’s program and
given mainly in English.

Sweden

Lund University —
NanoLund Center
for Nanoscience

The Nanometer Structure
Consortium is the host to
several national and
international research
programs in the area of
Nanoscience.
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Switzerland EMPA — Laboratory The lab investigates
for Mechanics of mechanical materials
Materials and properties from the nano to
Nanostructures macro—scale using
experimental, analytical, and
computational  techniques.
Current cutting edge research
within European projects and
the ETH competence centre
on high temperature materials
focuses on micro— and nano—
mechanical properties of
materials  (instrumentation,
scale effects related to
microstructure and physical
dimension.
Switzerland EPFL Lausanne — One of the areas of research
Laboratoire de deals with nanometric
Systemes positioning.
Robotiques (LSRO)
Switzerland EPFL Lausanne — Group at the Institute of
Laboratory of Physics of Complex Matter.
Physics of Complex
Matter
Switzerland EPFL Lausanne — The  activities of the
Laboratory of laboratory aim at a detailed
Ultrafast description of photo—induced
Spectroscopy processes in the molecular
condensed phase (liquid,
solid and proteins) and in
metallic and semiconductor
nanostructured materials. A
central approach of the group
is the visualization in “real
time” of the processes by
means of ultrafast laser
spectroscopy.
Switzerland EPFL Lausanne — NANOLAB is working on

Nanoelectronic
Devices Group
(NANOLAB)

various subjects in the field of
silicon micro/nano—
electronics  with  special
emphasis on the technology,
design and modelling of
nanoscale solid—state devices

(including Silicon—On—
Insulator  devices, few—
electron devices, hybrid

SET/CMOS, single electron
memory, nanowires and
nanotubes), Radio Frequency
MEMS devices for in— and
above—IC and integrated
optoelectronic devices. The
group is interested in
exploring new materials,
novel fabrication techniques,
and novel device concepts for
future nanoelectronic
systems.
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Switzerland

EPFL Lausanne —
Nanophotonics and
Metrology
Laboratory

The Nanophotonics &
Metrology Laboratory
(NAM) at the Swiss Federal
Institute  of  Technology
Lausanne (EPFL) covers a
broad spectrum, from
nanophotonics to plasmonics,
near—field optical microscopy
to spectroscopy, from optical
signal processing for sensing
and telecommunications to
speckle and  holographic
interferometry.

Switzerland

EPFL Lausanne —
Nanoscale
Electronics and
Structures

The group is working on
nanoelectronics based on
new, two—dimensional
materials such as graphene
and MoS2. These materials
represent the ultimate limit of
miniaturization in the vertical
dimension and offer
substantial advantages over
nanotubes or nanowires.

Switzerland

EPFL Lausanne —
Nanotechnology for
Solar Energy
Conversion Group

The group develops and
characterizes novel
nanostructured materials for
solar energy applications.
The nanocomposite coatings
consist typically of dielectric,
semiconductor or  metal
nanocrystals embedded in a
dielectric matrix.
Applications include
antireflection  coatings on
solar  collector  glazing,
coloured coatings with high
solar transmittance for novel
glazing of solar thermal
facades, photoluminescent
quantum dot solar
concentrators for
photovoltaic energy
conversion, and  optical
selective absorber coatings
for thermal solar collectors
and thermoelectric power
generation.

Switzerland

EPFL Neuchatel —
Samlab

The Sensors, Actuators and
Microsystems Laboratory
was created in 1982 by
professor Nico F. de Rooij.
Since then, SAMLAB has
increased in size and has
reached a staff of about 50
persons, including 15 Ph.D.
students.
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Switzerland

Fribourg Center for

FriMat combines a leading
fundamental research
program on soft condensed
matter and solid state physics
with an innovative approach
to synthesize novel
compounds in order to create
and study advanced
materials. FriMat is
determined to not only focus
on the creation of novel
materials and  promote

Nanotechnology, but
investigates into potential
risks associated with

nanoparticles, and develops
new tools essential in any
attempt to sample and
characterize nanoparticles in
the environment.

Switzerland

Nanomaterials
(FriMat)

Swiss Federal
Institute of

Technology (ETH
Zurich) — EMPA

As the materials research
institute in the ETH—domain,
Empa is most certainly active
in Nanotechnology and is
generating new knowledge,
new materials and new
applications and is
transferring this knowhow to
potential users.

Switzerland

Nanostructures
Materials

Swiss Federal
Institute of

Technology (ETH
Zurich) — FIRST
Center for Micro—
and Nanoscience

FIRST is a technology and
cleanroom facility for
advanced Micro— and
Nanotechnology.

Switzerland

Swiss Federal
Institute of
Technology (ETH
Zurich) — Functional
Materials
Laboratory

The Functional Materials
Laboratory (FML) is
exploring  the interface
between  materials  and
chemistry (catalysis) and
biology (cell culture).
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Switzerland Swiss Federal The Laboratory for
Institute of Nanoelectronics investigates
Technology (ETH the potential of nanoscale
Zurich) - materials in electronic
Laboratory for devices at each point in the
Nanoelectronics energy life—cycle collection,

storage, and usage. Using a
combination of experiment
and theory, they study the
fundamental electronic
properties of materials and
apply their findings to the
rational design of devices that
harness the novel form
factors and properties
provided by nano-sized
materials. They focus on the
design and fabrication of
solid state and
electrochemical devices
including solar cells,
batteries, and efficient LEDs.

Switzerland Swiss Federal The group finds the optimal
Institute of length scale for diverse
Technology (ETH materials  properties and
Zurich) - design materials accordingly.
Laboratory for
Nanometallurgy

Switzerland Swiss Federal The LSST is involved in
Institute of research and teaching in
Technology (ETH numerous areas of surface
Zurich) - science and technology, with
Laboratory for a special focus on the areas of
Surface Science and tribology, functional
Technology biointerfaces, biomedical

interfaces, dynamic
biointerfaces, surface
functionalization, surface
forces, and advanced surface
analytical techniques.

Switzerland Swiss Federal The Applied
Institute of Mechanobiology Laboratory

exploits Nanotechnology

Technology (ETH
Zurich) -
Laboratory of
Applied
Mechanobiology

tools to decipher how
bacteria, mammalian cells,
and  micro-tissues  take
advantage of mechanical
forces to recognize and
respond to material properties
in their native environments.
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Switzerland Swiss Federal Research in Materials
Institute of Science and Engineering
Technology (ETH (MSE) at ETH Zurich is a
Zurich) — Materials massive undertaking,
Research Center involving nearly 300 graduate
students, more than 50
professors and eight
departments. This
involvement in materials goes
back  to the ETH’s
beginnings, and has resulted
in many outstanding
contributions, both in science
and in applications.
Switzerland Swiss Federal Research in the group
Institute of encompasses all that has to do
Technology (ETH with the study of the
Zurich) — Nano- interaction of light and matter
Optics Group at the nanometer scale.
Switzerland Swiss Federal The group’s research focuses
Institute of on the preparation of ultra—
Technology (ETH small semiconductor
Zurich) - structures with the aim to
Nanophysics investigate  experimentally
new, unusual and unexpected
physical systems. In
particular they are interested
in structures that operate at
the crossover  between
classical physics and
quantum physics.
Switzerland Swiss Federal The group’s interest is in
Institute of development of
Technology (ETH nanomanufacturing
Zurich) - techniques  for  bridging
Nanoscience for Nanoscience and real world
Energy Technology applications.
and Sustainability
Switzerland Swiss Federal The group targets
Institute of manufacturing techniques for
Technology (ETH the micro and nano—scale that
Zurich) - rely on assembly principles
Nanotechnology observed in living cells. They
Group particularly focus on
maskless techniques outside
of cleanrooms, at the solid—
liquid interface, and suitable
for a wide range of materials.
Switzerland Swiss Federal Researching the synthesis and
Institute of processing of nanoparticles.

Technology (ETH
Zurich) — Particle
Technology
Laboratory
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Switzerland

Swiss Federal
Institute of
Technology -
Master of Science in
Micro and
Nanosystems

The interdisciplinary
curriculum is centred on
mechanical and electrical
engineering  courses  of
importance for micro and
nanosystems engineers,
complemented by courses in
physics, chemistry, biology,
material science,
computational science,
business administration and
management.

Switzerland

Swiss  Universities
of Applied Science
— Swiss Master of
Advanced Studies in
Nano and Micro
Technology

The Master of Advanced
Studies (MAS) is the only
title recognized by the
confederation for
postgraduate studies at the
master level in the natural and
engineering sciences. The
Master of Advanced Studies
is euro compatible.

Switzerland

University of Basel
—  Bachelor of
Science (BSc) in
Nanosciences

The University of Basel is the
first Swiss university to
provide a programme in
Nanosciences. From the very
beginning of studies, the
interdisciplinary curriculum
in Nanosciences combines
the three disciplines of
biology, chemistry and
physics into the word of nano
systems. After three years a
BSc with a Major in
Nanosciences can be
awarded. Three semesters
later the degree of an MSc in
Nanosciences becomes
possible.

Switzerland

University of Basel
— Master of Science
(MSc) in
Nanosciences

The University of Basel is the
first Swiss university to
provide a programme in
Nanosciences. From the very
beginning of studies, the
interdisciplinary curriculum
in Nanosciences combines
the three disciplines of
biology, chemistry and
physics into the word of nano
systems. After three years a
BSc with a Major in
Nanosciences can be
awarded. Three semesters
later the degree of an MSc in
Nanosciences becomes
possible.
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Switzerland

University of Basel
— Nanoelectronics
Group

The Experimental
Mesoscopic Physics Group
explores quantum effects in
model structures ranging
from lithographically defined
devices down to single
molecules.

Switzerland

University of Basel
— The Swiss
National Centre for
Nano Scale Science

“Nanoscale Science” as a
National Center of
Competence in Research
(NCCR) is a long—term
interdisciplinary research
effort focusing on nanoscale
structures and aiming to
provide new impact and ideas
for the life sciences, for the
sustainable use of resources,
and for information and
communications
technologies

Switzerland

University of Berne
- Calzaferri
Research Group

Calzaferri’s research in the
Department of Chemistry and
Biochemistry deals with
Luminescent molecules and
quantum-sized particles in
the cavities and channels of
zeolites. The group develops
develop highly organized
dye—zeolite materials for
nanosensors and
photoelectronic devices.

Switzerland

University of
Fribourg — Adolphe
Merkle Institute

The Adolphe Merkle Institute
(AMI) is an independent
competence centre at the
University of Fribourg that
focuses on research and
education in the domain of
soft nanomaterials.

Switzerland

University of
Fribourg -
Advanced Particles
(Fink Group)

The Fink Group focuses on
the synthesis and
characterization of novel
multifunctional and/or hybrid
particles and materials for a
variety of  applications,
predominately in biology and
medicine. The group works
on a variety of
interdisciplinary research
projects ranging from reactor
development and
nanoengineering to
biotechnology and surface
chemistry. While addressing
fundamental problems, our
research efforts are also
highly relevant to important
societal issues such as
environment and
sustainability, human health
and nanobiotechnology.
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Switzerland

Zurich University of
Applied Sciences —
Center for
Functional

Materials and
Nanotechnology

The focus of the Center of
Functional ~Materials and
Nanotechnology are the
modification and analysis of
surfaces and the development
of applications in the
following areas of chemistry
and biology: Functional- and
biomaterials;
Nanotechnology; Surface
analysis; Filtration
technology in  industrial
chemistry.

Turkey

Bilkent University —
Master of Science in
Materials  Science
and
Nanotechnology

The Materials Science and
Nanotechnology graduate
program has started accepting
applications. Students from
departments of materials
science, physics, electronics,
chemistry, mechanical
engineering, biotechnology,
genetics, pharmacy,
mechatronics, agriculture and
textile can apply.

Turkey

Bilkent University —
Nanotechnology
Research Center
(NANOTAM)

Nanotechnology ~ Research
Center at Bilkent University
is dedicated to research on
theoretical and experimental
Nanoscience and
Nanotechnology with strong
emphasis on education and
training.

Turkey

Middle East
Technical
University — MSc
Micro and
Nanotechnology

The graduate program in
Micro and Nanotechnology is
a joint interdisciplinary
program of the following
Departments: Biological
Sciences, Chemistry, Physics,
Chemical Engineering,
Electrical and Electronics
Engineering, Engineering
Sciences, Metallurgical and
Materials Engineering,
Mining Engineering and
Mechanical Engineering.

Turkey

Middle East
Technical
University — Ph.D.
Micro and
Nanotechnology

The Ph.D. program in Micro
and Nanotechnology is a joint
interdisciplinary program of
the following Departments:
Biological Sciences,
Chemistry, Physics,
Chemical Engineering,
Electrical and Electronics
Engineering, Engineering
Sciences, Metallurgical and
Materials Engineering,
Mining Engineering and
Mechanical Engineering.
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Turkey

National
Nanotechnology
Research Center at
Bilkent University

A centre of excellence in
Nanoscience and
Nanotechnology in Turkey.

Turkey

Sabanci University
— Nanotechnology
Research and
Application Center
(SUNUM)

The Center is engaged in
highly effective
multidisciplinary ~ research
programs, bringing together
researchers with expertise
spanning advanced materials,
nano—bio technology, nano—
electronics, micro—nano
fluidics, micro—nano—
electromechanical  systems
and nano—engineering.

Turkey

Toros University —
Nanomaterial
Production
Laboratory

In the lab of Cagdas
Allahverdi, the group is
producing II-VI and V-VI
group semiconductors whose
average sizes are below 100
nm. Their aim is to create
applications  using these
nanomaterials in the future.

Turkey

Yeditepe University

Nanobiotechnology
Research Group

Research in the group aims at
the development of nature—
inspired bio— and
nanosensors for the solution
of  several challenging
problems of today’s world.

United
Kingdom

Bangor University —
MSc
Nanotechnology
and
Microfabrication

This course teaches numerate
graduates knowledge and
skills in the field of
Nanotechnology and
microfabrication. The course
takes an immersive approach
to learning both the principles
and practices of
Nanotechnology and
microfabrication with much
of the material based around
examples and  practical
exercises. Students
completing this course will
have a firm grasp of the
current practices and
directions in this exciting area
and will have the knowledge
and skills to enable them to
design and build microscale
devices.

United
Kingdom

Glyndwr University
— Chemistry with
Green
Nanotechnology

This degree is for those who
have an interest in chemistry
and a desire to explore the
frontline of science. This
programme combines
chemistry with green
Nanotechnology in order to
solve a wide range of issues.
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United
Kingdom

Heriot-Watt
University -
Chemistry with
Nanotechnology
MChem

This programme is attractive
to students  with  an
interdisciplinary interest in
chemistry,  physics and
mathematics, and their
engineering applications.
Chemists have always been
nanotechnologists  because
molecules are about one
thousandth-millionth of a
metre in size. The programme
combines core Chemistry
with Nanochemistry,
Nanophysics and
Microengineering.
Nanotechnology finds
application (and will expand
into new applications) in
areas as diverse as Chemical
Engineering, Chemistry,
Biochemistry, Medicine,
Microelectronics,
Communications and
Aerospace.

United
Kingdom

Heriot-Watt
University -
Nanoscience BSc

This 4—year course is based
on physics but includes
content from chemistry and
biology to give an important
appreciation of how all the
sciences have new effects to
be observed and new
applications to be discovered.

United
Kingdom

Heriot-Watt

University -
Nanoscience Master
of Physics (MPhys)

This 4/5—year course is based
on physics but includes
content from chemistry and
biology to give an important
appreciation of how all the
sciences have new effects to
be observed and new
applications to be discovered.

United
Kingdom

Imperial ~ College
London — MRes in
Nanomaterials

Combining interdisciplinary
teaching with cutting edge
research, this flagship course
will train the next generation
of nanotechnologists. The
course is associated with the
London Centre for
Nanotechnology, a joint
venture between Imperial
College London and UCL,
allowing a wider choice of
collaborative opportunities.

United
Kingdom

Imperial ~ College
London - MSc
Physics with
Nanophotonics

Nanophotonics is a stream
within the university’s MSc
in Physics which is where the
science and technology of
Nanotechnology and
photonics meet, delivering
the manipulation and control
of light on the nanoscale.
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United
Kingdom

King’s College
London — Physics at
the Nanoscale MRes

Gain experience of research
in the rapidly developing
interdisciplinary — areas of
biophotonics, nanomaterials
and nanophotonics, X-ray
physics and computational
modelling. Consists of taught
components plus a research
project. Ideal preparation for
a higher physics degree or
careers in scientific research
or the financial sector.

United
Kingdom

Lancaster
University -
Nanoscience Ph.D.

This Ph.D. offers research in
Nanoscience and
Nanotechnologies which is
excelled by the
experimentalists in  the
Quantum Technology Centre
and theorists in the Centre for
Nanoscale  Dynamics  at
Lancaster.

United
Kingdom

Swansea University
— BSc Physics with
Nanotechnology

B.Sc. Physics with
Nanotechnology Degree
Scheme.

United
Kingdom

Swansea University
- MPhil in

Nanotechnology

This is a one—year course,
normally a first— or second—
class honours degree,
dependent on the area of
research, offered at the
university’s The
Multidisciplinary
Nanotechnology Centre.

United
Kingdom

Swansea University
— MRes
Nanoscience to
Nanotechnology

The MRes course consists of
a 4-month period of
intensively taught modules
from October to the end of
January, followed by an 8—
month period of individual
research. There are two
streams to the MRes course
and students may choose to
specialise in either structures
or fluids. The MSc course
consists of an initial 6— month
period of taught modules.
This provides a good
grounding in  computer
modelling and in the finite
element method, in particular.
Following the taught
component, students
undertake a 6-month period
of project work.
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United
Kingdom

Swansea University
— MSc by Research
in Nanotechnology

The university’s Systems and
Process Engineering Centre
brings together academic
expertise from across the
University, incorporating
state—of—the—art  facilities.
With their reputation for
research in Nanotechnology,
Swansea University provides
an excellent base for your
research as a MSc by
Research student in
Nanotechnology.

United
Kingdom

Swansea University
- MSc
Nanomedicine

The 1-year, full-time MSc in
Nanomedicine involves
studying for 120 credits of
taught modules.

United
Kingdom

Swansea University
— MSc Nanoscience
to Nanotechnology

This course provides students
with the knowledge,
motivation, and self-learning
skills required for continuous
professional development
during their future careers
and provides valuable
experience of working on
complex projects both as
individuals and as team
members. The full-time
scheme lasts for 12 months
and consists of two taught
semesters (Part I), followed
by a three-month period of
individual research (Part II)
during the summer.

United
Kingdom

Universities of
Leeds and Sheffield
— Masters (MSc)
Course in
BioNanotechnology

Full-time MSc study entails a
12-month programme, split
between Leeds and Sheffield
campuses. In order to
complete the full MSc
programme,  you  must
complete the eight lecture
modules and a major project.

United
Kingdom

Universities of
Leeds and Sheffield
- Masters (MSc)
Course in Nanoscale
Science and
Technology

Full-time MSc study entails a
12-month programme, split
between Leeds and Sheftield
campuses. In order to
complete the full MSc
programme,  you  must
complete the eight lecture
modules and a major project.

United
Kingdom

University College
London — Centre for
Doctoral Training in
Delivering Quantum
Technologies

The CDT provides a 4—year
programme. The students will
take a broadly based training
year before undertaking a
Ph.D. research project in one
of the centre’s research
groups.
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United
Kingdom

University College
London - MEng
Electronic
Engineering  with
Nanotechnology

The programme provides a
solid grounding in Electronic
Engineering  along  with
specialisation in
Nanotechnology. It makes
use of UCL’s pivotal position
as hosts of the London Centre
for  Nanotechnology, to
provide access to state—of—the
art laboratory facilities and
teaching from experts in the
field.

United
Kingdom

University College
London — MSc in
Nanotechnology

The programme introduces
students to and provides
training in the skills essential
for almost all fields of
Nanotechnology  research,
including key laboratory
skills and techniques in
planning, building devices,
analysis, and results
comparison. The core lecture
programme covers essential
topics in physics, electrical
and electronic engineering,
and biology.

United
Kingdom

University College
London — MSc in
Nanotechnology &
Regenerative
Medicine

Delivered by a group of
world-leading research
scientists, lecturers  and
experts in technology
transfer, the MSc in
Nanotechnology &
Regenerative Medicine has a
clinical focus, ensuring it
addresses real medical needs.
Students have the opportunity
to learn  about  new

technologies that are
transforming modern
medicine: nanomedicine;

tissue engineering; stem cell
technologies. They will also
develop research skills by

joining interdisciplinary
world leading teams. An in—
depth laboratory—based

research project is an integral
component of the programme
(50%). Project topics include:
nanoparticle targeted drug
delivery, imaging and
therapy; trachea, nose, ear,
cardiovascular, skin and bone

tissue engineering;
functionalised scaffolds for
directing stem cell

differentiation.
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United
Kingdom

University of
Birmingham
MRes
Environmental and
Biological
Nanoscience

This postgraduate
programme is designed to
provide students with a
comprehensive

understanding of all aspects
of Nanoscience and its
potential environmental and
human health related risk.
The MRes focuses on the

fundamental and
underpinning science but also
discusses applications,

synthesis and policy and
regulatory responses.

United
Kingdom

University of Bristol
MSc in Nanoscience

The interdisciplinary 1-year
MSc programme will equip
students with the skills,
knowledge and expertise to
become  practitioners  in
Nanoscience, whether in
industry or academia.

United
Kingdom

The Master’s Programme in
Micro— and Nanotechnology
Enterprise is an opportunity
in which  world-leading
scientists and  successful
entrepreneurs are brought
together to deliver a one-year
Master’s  degree,  which
combines an in—depth
multidisciplinary  scientific
programme with a global
perspective on the
commercial opportunities and
business practice necessary
for the successful exploitation
in the rapidly developing
fields of Nanotechnology and
microelectromechanical
systems (MEMS).

United
Kingdom

& Functional
Nanomaterials
University of
Cambridge — Master
in  Micro- and
Nanotechnology
Enterprise
University of

Cambridge — Ph.D.
in Nanoscience and
Nanotechnology

The Ph.D. programme is
based on courses, practical
activity and projects in Year 1
before selection of an
interdisciplinary Ph.D. topic
for research in Years 2—4 in a
Nano group within Physics,

Chemistry, Engineering,
Materials or another
department. A significant
element will be a
Management of Technology
Innovation (MoTI)

component provided through
the Judge Business School.
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United
Kingdom

University of
Glasgow — MSc
Nanoscience  and
Nanotechnology

The Masters in Nanoscience
and Nanotechnology teaches
you the skills desired by
modern industry for scientists
and engineers doing research,
development and production
in Nanoscience and
nanofabrication. This
multidisciplinary programme
will complement your
background in electronics,
materials science, or physics.
Prestigious Scottish Funding
Council Awards are available
to high calibre applicants for
this programme.

United
Kingdom

University of Hull —
BSc Chemistry with
Nanotechnology

The programme provides
opportunities for students to
develop and demonstrate
knowledge, understanding,
skills, qualities and other
attributes in chemistry with a
Nanotechnology focus.

United
Kingdom

University of Leeds
— BEng Electronics
and
Nanotechnology

This unique course is focused
directly on this interface
between the fields of
electronics and
Nanotechnology. It covers
the foundations of electronic

engineering, from
communications systems
through to computer
engineering, integrated

circuit design and micro/nano
fabrication. It enables you to
understand the principles of
electronics and
Nanotechnology, in particular
the principles of the
fabrication and design of
modern microelectronic
products.
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United
Kingdom

University of Leeds
— MEng Electronics
and
Nanotechnology

This unique course is focused
directly on this interface
between the fields of
electronics and
Nanotechnology. It covers
the foundations of electronic
engineering, from
communications systems
through to computer
engineering, integrated
circuit design and micro/nano
fabrication. It enables also to
understand the principles of
electronics and
Nanotechnology, in particular
the principles of the
fabrication and design of
modern microelectronic
products.

United
Kingdom

University of
Liverpool — MSc
(Eng) Micro and
Nano Technology

The programme starts in late
September each year and is
divided into three
approximately equal periods.
The first and second periods
consist of lectures, laboratory
classes, seminars and similar
material. In the third period,
students undertake an
individually supervised
project on a topic relevant to
their special interests.

United
Kingdom

University of
Manchester —
Nanostructured
Materials MPhil

The Nanostructured
Materials research degrees
are part of a large and
multidisciplinary activity
within  the  School of
Materials. There are strong
links with industry and
leading research councils.

United
Kingdom

University of
Manchester —
Nanostructured
Materials MSc by
Research

The Nanostructured
Materials research degrees
are part of a large and
multidisciplinary activity
within  the  School of
Materials. We have strong
links with industry and
leading research councils.

United
Kingdom

University of
Nottingham -
Physics with
Nanoscience MSc

This innovative taught, 1—
year fulltime higher degree
course aims to train a new
generation of scientists and
engineers in the emerging
field of Nanoscience.
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United
Kingdom

University of
Oxford — MSc in
Nanotechnology for

This advanced modular
course is delivered by leading
scientists and experts in this
rapidly developing field and
has been specifically
designed for those who would
value a part-time modular
learning structure, for
example those in full-time
employment, both in the UK
and overseas. The MSc is
designed to be completed
part-time, normally over a
two— to three—year period,
and so provides a path to
career development that is
flexible and  recognised
within academia and
industry. The programme
comprises  three  online
modules  exploring  the
fundamentals of science and
materials characterisation at
the nanoscale, three intensive
five—day face—to—face
modules  describing  the
clinical and commercial
application of such science,
and a piece of original lab—
based research leading to the
submission of a dissertation.

United
Kingdom

Medicine and
Health Care
University of

Sheffield — Masters
(MRes) Course in
Quantum Photonics
and Nanomaterials

Full-time MSc study entails a
12-month programme, split
between Leeds and Sheffield
campuses. In order to
complete the full MSc
programme,  you  must
complete the eight lecture
modules and a major project.

United
Kingdom

University of
Sheffield — MSc
Nanomaterials and
Material Science

The course content reflects
the highly interdisciplinary
nature of this subject and
allows students to specialise
via choice of the Major
Research Project.

United
Kingdom

University of
Sheffield — MSc
Nanoscale Science
and Technology

Full-time MSc study entails a
12-month programme, split
between Leeds and Sheffield
campuses. In order to
complete the full MSc
programme,  you  must
complete eight lecture
modules and a major project.
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United
Kingdom

University of
Southampton -
M.Sc.
Nanoelectronics and
Nanotechnology

Areas of research include:
Nanotechnology and
Nanoelectronics,
Nanophotonics (photonic
crystals and  integrated
photonics), Quantum
Technology and electronic
devices, Micro and
Nanoelectromechanical
Systems (MEMS,
microsensors and actuators),
Bioelectronics and Lab on a
Chip  (Microfluidics  and
Nanofluidics), RF system
design (ARTIC).

United
Kingdom

University of
Southampton -
MEng  Electronic
Engineering  with
Nanotechnology

This four—year MEng degree
course in Electronic
Engineering with
Nanotechnology focuses on
the design and
implementation of secure
electronic systems. Advanced
topics include cyber security,
safety—critical systems,
automated software
verification and

cryptography.

United
Kingdom

University of
Strathclyde — MSc
Physics with
Nanoscience

Nanoscience is the most
diverse division in Physics at
Strathclyde. It reflects the
broad range of scientific areas
in which Nanotechnology
(the use of very small objects)
will impact upon our future
lives.

United
Kingdom

University of Surrey
- MSc in
Nanotechnology
and Renewable
Energy

The programme’s broad
theme is the practical
implementation of
Nanoscience and quantum
engineering, nanomaterials
and Nanotechnology. The
programme  covers  the
fundamentals behind
Nanotechnology and moves
on to discuss its
implementation using
nanomaterials — such as
graphene — and the use of
advanced tools of
Nanotechnology which allow
us to see at the nanoscale,
before  discussing future
trends and applications for
energy  generation  and
storage.

United
Kingdom

University of York —
BEng Electronic
Engineering  with
Nanotechnology

An undergraduate
BEng/MEng course.
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United
Kingdom

University of York —
MSci Natural
Sciences
specialising in
Nanoscience

You will learn how using
quantum and  statistical
mechanics and
thermodynamics of the very
small, and arranging atoms
and molecules in specific
ways, leads to new materials
or systems with remarkable
functions. You will develop
laboratory  skills in the
university’s clean room and
your final year project could
be conducted in, and
supervised by, the York—
JEOL Nanocentre.

United States
of America

City University of
New York — M.S.
Program in
Nanoscience

The M.S. Program in
Nanoscience is ideal for
students who want to enter
the workforce in Nanoscience
and its related energy,
biomedical, electronics,
telecommunications, and
materials science fields, as
well as for students who wish
to expand their knowledge
and skills in preparation for
doctoral programs in
chemistry, physics or
materials science.

United States
of America

City University of
New York — Ph.D.
in Nanotechnology
& Materials
Chemistry

The Graduate School offers a
program of study leading to
the Ph.D. degree in
Chemistry. As one of seven
sub—disciplines, students may
specialize in Nanotechnology
and materials.

United States
of America

Joint  School of
Nanoscience  and
Nanoengineering —
Ph.D. in
Nanoengineering

The Joint  School of
Nanoscience and
Nanoengineering has been
approved its Ph.D. in
Nanoengineering by the
UNC-GA. Program details to
come.
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United States
of America

Joint  School of
Nanoscience and
Nanoengineering —
Ph.D. in
Nanoscience

The Ph.D. in Nanoscience
requires a minimum of 60
hours and is designed to
prepare students to take
positions in industrial,
governmental, or academic
research settings by providing
a solid background in
Nanoscience theory and
experimental techniques
through course work and
dissertation research.
Advanced elective courses in
Nanoscience areas ensure
students will have substantial
depth of understanding in
their area of interest and
enable them to effectively
carry out advanced
Nanoscience research.

United States
of America

Louisiana Tech
University -
Engineering Ph.D.
Micro/Nanotechnol
ogy Emphasis

The Ph.D. in Engineering is
an interdisciplinary degree
with a strong research
emphasis. The  program
prepares candidates for both
academic  and  industry
careers. The Ph.D.
Engineering program offers a
Micro/Nanotechnology
curriculum.

United States
of America

Rice University —
Ph. D. in Science
and Engineering
with Concentration
in Nanophotonics

Rice University has
established a unique
interdisciplinary program in
Nanophotonics aimed at
providing science and
engineering students with the
educational and research
training to develop new tools
for generating, controlling
and manipulating light at
nanoscale dimensions.
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United States
of America

Rochester Institute
of Technology -
Ph.D. Program in

The multidisciplinary
program builds on the
fundamentals of traditional
engineering and  science,
combined with curriculum
and  research  activities
addressing the numerous
technical  challenges  of
micro— and nano-systems.
These include the
manipulation of electrical,
photonic, optical,
mechanical, chemical, and
biological functionality to
process, sense, and interface
with the world at a nanometer
scale. The goal is to provide
the foundation to explore
future technology through
research in nano—
engineering, design methods,
and technologies for micro—
and nano—scaled systems.

United States
of America

Microsystems
Engineering

South Dakota
School of Mines and
Technology -
Nanoscience  and
Nanoengineering
Ph.D.

The Nano Ph.D. program
offers a research-intensive
degree focused on
Nanoscience and
Nanotechnology, with an
emphasis on nano-scale
materials. A multi—
disciplinary core curriculum
is taken by students from
diverse science and
engineering  backgrounds.
These “core” courses are
intended to introduce students
to contemporary topics in
Nanoscience and
Nanotechnology, and to
initiate a cross—disciplinary
approach to research and
learning.
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United States
of America

Stevens Institute of
Technology -
Doctor of
Philosophy with
Nanotechnology
Concentration

Participation in the
Nanotechnology  Graduate
Program leads to Masters of
Science, Masters of
Engineering, and Doctor of
Philosophy in the respective
disciplines with a designated
Nanotechnology
concentration. To qualify for
the Nanotechnology
concentration, in addition to
satisfying disciplinary core
requirements, candidates for
Masters’  degrees  must
complete the common core
and a minimum of three
elective courses and should
attend regularly the seminar
series in the Nanotechnology
Curriculum.

United States
of America

SUNY Polytechnic
Institute — Ph.D. in
Medicine and
Nanoscale Science
or Engineering

The Nanoscale Engineering
program offers an
academically rigorous
preparation  for  students
intending to pursue scientific,
technical, or professional
careers in Nanotechnology—
enabled fields or graduate
studies in nanoscale
engineering or nanoscale
science, as well as other
physical sciences or
interdisciplinary sciences
such as materials science,
physics, biophysics,
chemistry or biochemistry.

United States
of America

SUNY Polytechnic
Institute — Ph.D. in
Nanobioscience

The Ph.D. in Nanobioscience
program trains students in the
principles, practices, and
research  paradigms of
Nanobioscience to prepare
them for interdisciplinary
careers in research,
development, deployment
and education at the
convergence of medicine and
life science with nanoscale
science and engineering.

United States
of America

University of
Albany — MD/Ph.D.
in Medicine and
Nanoscale Science
or Engineering

This first-of—its—kind dual
degree program provides
pioneering education and
training in both medicine and
nanoscale science research,
preparing a new generation of
professionals for exciting 21
century careers as world—
class research physicians in
the emerging science and
practice of nanomedicine.
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United States
of America

University of
Albany — Nanoscale
Engineering tracks
for Ph.D. degree

CNSE’s Nanoscale
Engineering program
provides corresponding skill
and expertise in the design,
fabrication, and integration of
nanoscale devices, structures,
and systems for the
development and deployment
of emerging
Nanotechnologies.

United States
of America

University of
Albany — Nanoscale
Science tracks for
Ph.D. degree

CNSE’s Nanoscale Science
program provides the critical
theoretical and experimental
skill base and know—how for
knowledge creation in the
areas of nanoscale materials,
structures, and architectures.

United States
of America

University of
California, San
Diego - Ph.D.
Nanoengineering

Plans are currently underway
to develop graduate curricula
leading to the M.S. and Ph.D.
degrees in Nanoengineering
by 2011. Until
Nanoengineering  graduate
programs are in place,
students wishing to pursue
nanoengineering as a
graduate focus are
encouraged to apply to
related graduate programs in
bioengineering, chemical
engineering, and mechanical
and aerospace engineering.
Transfer to Nanoengineering
will be considered upon

approval of its degree
programs.
United States University of New This  exciting  program

of America

Mexico — Doctor of
Philosophy
Nanoscience and
Microsystems

bridges the distinct properties
of the nanoscale to
microsystem  functionality.
The integrated academic and
research activities highlight
our capabilities and unique
breadth in materials synthesis
and self-assembly,
nanolithography,
interrogative platforms, and
functional
micro/macrosystems.
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United States
of America

University of North
Carolina Charlotte —
Nanoscale Science
Ph.D. Program

The Ph.D. in Nanoscale
Science at UNC Charlotte is
an interdisciplinary program
that addresses the
development, manipulation,
and use of materials and
devices on the scale of
roughly 1-100 nanometers in
length, and the study of
phenomena that occur on this
size scale. The program
prepares students to become

scholarly, practicing
scientists who possess the
critical thinking,
methodological, and
communication skills

required to advance and
disseminate knowledge of
fundamental and applied
nanoscale science.

United States
of America

University of Texas
at Austin — Ph.D.
Engineering
Nanomaterials
Thrust

Students who have a strong
background in any of the
physical sciences or
engineering disciplines are
encouraged to apply to the
Graduate Program in
Materials Science and
Engineering. MS&E students
that select the Nanomaterials
Thrust will take a sequence of
courses from basic to
advanced designed to train
them in the fundamentals of
materials science as well as
critical skills in processing,
characterization and
applications of
nanomaterials.

United States
of America

University of
Washington — Dual
Degree Program in
Nanotechnology

After admission to a
participating department,
graduate students can apply
for our “Option Ph.D. in
Nanotechnology” program.
Fulfilment of both
departmental and
Nanotechnology Program
requirements will lead to a
Ph. D. in Nanotechnology
and the chosen discipline.
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United States Virginia The new program, which was
of America Commonwealth developed by faculty in the
University — Ph.D. VCU Departments of
Nanoscience  and Chemistry and Physics, is
Nanotechnology designed to  cross—train

students in the physical
sciences of chemistry and
physics with particular focus
on how the science changes at
reduced dimensions. There is
a  potential for  other
departments to become more
involved as the program
develops.

The long table above gathers many institutions that concentrate their research efforts on the
nanoworld, with a very brief but accurate description of their main field of research and the
opportunities of each. This list is naturally open to be updated as new institutions become
important in Nanoscience.

1.3.4. On the History of Nanoscience & Nanotechnology

In the following subsections I describe the most important events in the History of
Nanoscience, to give the reader a brief but accurate summary of the subject I am going to
describe later in detail. The reader will find information on researchers and the most
important discoveries in the history of the nanoworld.

Also, to help the reader to find the information he/she needs out of this thesis, I group
the subjects in the following table for quick reference.

Tab. 1.7 A brief summary of the thesis and the chapters.

Chapter Contents
Chapter This chapter groups the definitions of Nanoscience and
1 Nanotechnology and a brief History of Nanotechnology from the

ancient times to 1950. The reader will find the difference between
natural and artificial nanomaterials and the description of the
pioneers in Nanotechnology (Feynman, Drexler, Taniguchi).
Also, an interesting historiographic debate is discussed and the
articulation of Nanoscience into nanotechnologies is briefly

described.
Chapter This chapter is dedicated to the physical devices applied to
2 Nanotechnology and their principles of working. Here, the reader

can find information about the mathematical models applied when
theoretical solid state nanophysics is the subject of study.
Chapter This chapter describes 20 years, from 1950 to 1970, of the History
3 of Nanotechnology. Here it is possible to find information about
researchers such as Radushkevic and Lukyanovic, Moore, Atalla
and Kahng, concepts like the Field ion Microscope or the
Quantum Size Effect. There is also the necessary quotation of
“There’s Plenty of Room at the Bottom” in 1959.




Introduction 131

Chapter In this chapter I introduce the figure of Taniguchi and the first
4 definition of the word Nanotechnology, the history of the
fullerene, researchers like Rohrer and Binnig and Eigler, together
with the description of the Nobel Prizes attained by the researchers
in the nanoworld. The chapter will span a timeline from 1971 to

1990.
Chapter From 1991 to 2022, I describe the most recent discoveries and
5 advancements on nanotube technology, colloids, nanolithography,
nanomachines, DNA, nanodots and nanorobots, graphene and
nanocomputers.
Chapter This chapter is dedicated to IEMN celebrating its 30—years—old
6 history, since its official foundation in 1992. Thanks to the help of

prof. C. Delerue and prof. R. Pisano, I received the most important
publications of the lab in this time span. Here I present the results,
some of them are world premieres, compared to other
achievements in HNN.

Chapter This chapter is dedicated to the implications that go together with
7 the applications of the results and the research itself. I am going to
discuss here the possible effects of nanoparticles inside the human
body and their effects on the environment as it regards toxicity

factors.
Chapter In this chapter I gather the concluding remarks and leave many
8 directions open for further research or developments towards new

documents, books, articles or researchers willing to deepen the
topics I treated here in this Ph.D. thesis.

1.3.4.1. Preliminary Consideration

Two definitions must be set: we will talk about conscious research (the researcher knows
he is at work with Nanotechnology) once a definition of Nanoscience/Nanotechnology has
been established in time and then research has been directed towards nanoscale materials,
their properties and applications on the basis of precise guidelines. We will call unaware
research (the researcher works in any case at really small dimensions but outside the
definition) that which, although going on to investigate matter and its properties in the order
of atomic size, does not refer to the “nanoworld container” as it would be later defined but
which nevertheless laid the foundations of today’s research.

As a matter of fact, unaware research temporally preceded conscious research according
to the definition given above, while, currently, there is reason to believe that researchers
“make Nanotechnology” well aware of the scientific container they are moving within.

A second distinction is to be made with regard to natural and artificial nanomaterials.
Natural nanomaterials are formed during erosive processes, volcanic eruptions and forest
fires. Ultrafine particles are released into the environment through combustion processes.
Amorphous silica, soot and ash are among the main natural nanomaterials.

Synthetic nanomaterials are manufactured specifically or are a by—product of production
processes. Major synthetic nanomaterials in quantitative terms include carbon black
(industrially manufactured soot), silicon dioxide, calcium carbonate and titanium dioxide.
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1.3.4.2. An Early History

Is it possible to establish a date from which to trace the birth of the Nanoworld? According
to the evidence from the studies that have been made so far, nanoparticles are commonly
found in natural compounds. Virtually every chemical compound in Nature possesses some
structure features at the nanometric scale, and several nanogeoscience studies confirm this.

The formation of natural nanoparticles is possible thanks to the work done by
atmospheric agents. Such processes are mechanical at first sight, but are in their turn
connected to precipitation and dissolution phenomena, the realization of colloidal structures
in the water streams, activities related to volcanism such as the rapid cooling of fumes or
explosions that throw out amounts of tephra, the set of pyroclastic materials produced
during a volcanic eruption (regardless of their composition or size), outside the volcanic
building.

We can therefore deduce that nanoparticles are formed in a solid/aeriform phase
transition condition due to atmospheric agents, liquid/aeriform erosion in evaporation, for
example, of seawater, solid/liquid by atmospheric action on minerals and rocks. From a
chemical point of view, these nanoparticles consist of metal oxides and hydroxides or alloys,
non—metals and allotropic forms of these such as carbon, copper sulphates and zinc
containing pyrite. In addition, natural gold particles have been detected during mining
activities both in low temperature conditions and in high temperature conditions.

Geographically speaking, deserts are known to be the largest source of nanoparticles that
winds can disperse into the atmosphere.

In the 17" Century, Galileo Galilei (1564—1642) proposed the name of Aurora borealis
joining the name of the Roman goddess of dawn, Aurora, to the Greek one for the north
wind, Borea, for those atmospheric optical phenomena that we now know to be due to the
interaction of the solar wind with the nanoparticles of the ionosphere, under the influence
of the Earth’s magnetic field.

The origin of life on Earth led to the development of nanoparticle structures synthesized
by nanometric-sized biosystems and biological organisms, which in turn metabolized them
for their life cycle into cellular nano organelles. With a diameter between 20nm and 1mm,
nanobi, filamentous structures discovered by Uwins in 1996 in sediments and rocks dating
back to the Triassic (between 251 and 199 million years ago) and the Jurassic (between 199
and 145 million years ago) are the traces of the smallest life forms that have appeared on
our planet. They can be counted in the category of aerobic procellular organisms; lacking
DNA or RNA, they are filamentous and non-crystalline structures in which a cell wall
encloses a high density phase of electrons (interpretable as the cytoplasm) and a low density
electron phase (which could perform the core function, having demonstrated selective
reactivity to three organic reagents).

Although there is no fossil evidence of their existence in past geological eras, viruses
may be included in nanosized structures — not considered as living organisms as they are
incapable of autonomous life —. They may have evolved from complex protein molecules
and nucleic acids, according to some hypotheses, even before the appearance of the first
cell on Earth. Again, it can be assumed that they formed from important fragments of
genetic DNA and became independent. According to a third hypothesis, they have appeared
very recently, in the arc of the evolutionary panorama since both the viruses attacking
bacteria and viruses attacking man can have a common origin dated several millions of
years ago. In any case, they are nanosized entities; parvoviruses, whose size ranges between
18nm and 28nm are the smallest ever isolated viruses and among the most aggressive known
examples.
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If we look back to the definition the biologists give to viruses, according to which they are
on the margins of life because they lack a real cellular structure and a metabolism, we could
think of them as a nanoparticle that exists on the border between living and non-living
entities.

It is not only viruses that occupy a relevant place in the panorama of biology; those that
are known by the name of nanobacteria are the smallest cells in which a cell membrane is
recognizable and can be described as ultramicrobacteria, hypothetical dormant forms of
larger cells (200nm), and mycoplasmas (300nm), the smallest bacteria known to date.

This brief summary leads us to affirm that, just during the process of cooling of the Earth
and the consequent establishment of the conditions that allowed the development of life,
natural nanoparticles of extremely different compositions appeared. Nanoparticles have
become part of both the world of the living and that of the not-living, thanks to their
properties related to the nanometric dimension.

As it was plausible to suppose, it was Nature that created the first nanostructures. We
will now see how the progress of the human being has benefited from the more or less
aware use of nanostructures and what steps have, more than others, characterized the
technological development of human activity within this context.

If we go through the history of humanity from the point of view of the scientific and
technological development of civilizations, we can discover some fundamental points.

Regarding what we can indicate as an unaware application, there are many examples of
artifacts from the Pharaonic Egyptian era to the Central American Empires, from Ancient
Rome to the realms of India that reached our days and raised our attention.

The use of nanoparticles from copper, gold and silver has a long lived history; without
knowing how to produce nanoparticles in full effect, potters and master glassmakers used
nanoparticles dissolved in the melt material for over 3000 years. They developed techniques
to reduce, in the presence of appropriate agents, metallic compounds into fine particles, the
same ones we now call nanoparticles. By adding copper nanoparticles to glass siliceous
pastes, the first stained glass was realized in Egypt and Mesopotamia.

The Egyptian blue (Fig. 1.17), a bright blue dye used for the decoration of tomb walls
and artifacts, is believed to be the first artificial pigment ever developed by humanity, being
datable around 4500 years ago. It can be obtained from a naturally occurring mineral,
cuprorivaite, which is — indeed — extremely rare. Therefore, given the poor availability of
the natural precursor, it must be admitted that the ancient Egyptians were able to artificially
produce this pigment. Not only that, but the extreme complexity and the precision the with
which whole operation must be conducted gives us good reason to believe that the chemical
knowledge in their possession was extremely advanced, at an even extraordinary level.

Fig. 1.17 Ibis—head statue of Thot, god of the Moon, of wisdom, of mathematics and geometry. Notice
the use of Egyptian blue in the details of the figure. Source: Erika Wittlieb, from pixabay.com. Free—to—
use image
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The amount of material needed to make the pigment, compared to its natural availability,
allows us to say that the realization of such a dye had to be part of a job of great prestige.

Similar considerations are also due to the so—called Maya Blue pigment, a colour that
has survived over time thanks to its almost unique chemical characteristics. It was in use
until the sixteenth century, then the technique was lost. Despite the passage of time and
exposure to weather and atmospheric agents, the Maya Blue has not faded, indeed it has
proved to be strongly resistant to chemical solvents and acids, the latter used not in
excessive concentration. According to studies by Doménech, Maya Blue consists of an
organic/inorganic hybrid nanostructure prepared by connecting a natural indigo dye to a
clayey phyllosilicate.

A lot has been written about the Lycurgus Cup, whose glass appears red if observed in
transmitted light but green if observed in reflected light (Fig. I.18). Its dichroic glass gives
rise to unusual but extremely interesting optical effects; it possesses different properties due
to gold and silver in solid solution with the siliceous paste, the gold being responsible for
the reddish light observed in transmission, silver for the greenish light in reflection.

Fig. 1.18 The Lycurgus Cup in transmitted light (left) and reflected light (right), The Trustees of the
British Museum. https://www.thevintagenews.com/2020/02/15/lycurgus-cup/ CC BY-NC-SA 4.0
license

Finally, mention should be made of swords and blades made of special steel from India.
Today we know that wootz steel is a Nanotechnology—based alloy made by ancient Indian
craftsmen. This steel was made of an extremely advanced material and possesses properties
like high hardness to impact and super plasticity. Such features are due to the presence of
iron carbide (Fe;C) also known as cementite; the carbon nanostructures in wootz steel show
cylindrical arrangements.

These few examples document how nanomaterials have been practically part of the
history of man ever since, yet their appearance is not attributable to a precise date.

Many other successful results were recorded by medieval scientists although between
the 4™ century and the 17" century — a considerable span of time — glass staining practices
did not develop. In the 1650s Andreas Cassius (1605-1673) discovered the first synthetic
purple coloured pigment called Purple of Cassius, after him. This colour is due to fine gold
particles in the solution. Curiously, bringing that colour to light was credited to his son
Andreas Cassius (1645-17007?). Cassius (father) was able to discover the process of purple
pigment formation from gold and its use in the staining process of glasses without
knowledge of nanoparticles. Later on, at the end of the 19" century the Viennese chemist
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Richard Zsigmondy (1865—1929) — inventor of the ultramicroscope for colloid analysis —
gave the description of its exact synthesis process (Fig. 1.19).

PREPARATION OF THE PURPLE POWDER OF CABSIUS.
M FIGUIER gives the following as a certain process for pre-

® paring the above.named compound :—dissolve 300 grains
of gold in five times their weight of aqua regia, prepared from four
parts of hydrochleric acid and one part of nitric acid ; evaporate the
solution almost to dryness; this evaporation is requisite to get rid of
the acid. The chloride of gold being redissolved in water and fil-
tered, the solution is to be diluted till it measurcs 26 ounces; frag-
ments of granulated tin are then to be put into it, which becomes
torbid and brown in a few minutes; its tint gradually becomes
deeper, and at the end of a quarter of an hour it assumes a fine purple
colour, the precipitate is deposited, and it remnins only to collect it
on a filter.

It sometimes happens, and especially when large quantities are
operated on, that the precipitate does not separate, but remains in
the Jiquid, to which it gives a deep purple colour ; in this case it is
merely requisite to heat the liquid slightly and to add a little common
salt; the product then immediately separates.

When the liquid holding the purple powder in suspension is de-
canted to separate the excess of metallic tin, care must be taken that
no particles of tin, which reman at the bottom of the vessel in
the state of a black powder, are poured off with it; it is proper to
allow the Jiquor to scttle for ome time and afterwards to decant it ;
this operation should be repeated three or four times.—Ans. de Ch.
et de Phys., Juillet 1844,

ON THE OXIDES AND SOME OTHER COMPOUNDS OF GOLD. BY
M. FIGUIER,

In preceding Numbers we have stated the methods employed by M.
Figuier in preparing the protoxide of gold, and given his account of
its properties, we now proceed to the )

Auric Acid.—This is prepared by two processes :—1st, by treating

Fig. 1.19 How to prepare the Purple of Cassius

After this excursus into the ancient history of Nanosciences, it is now necessary to outline
the most significant points of the research that have been made and developed, from 1950
onwards.

As for the path of History of Nanoscience after the Second World War, probably the first
step in the direction of the nanoworld was achieved through the realization of the Field Ion
Microscope (FIM). The Field Ion Microscope was completed by Erwin Miiller (1911-1977)
in 1951. It is a type of microscope that can be used to visualize, through light spots, the
arrangement of atoms on the surface of a pointed metal tip. It was on October 11, 1955, that
Erwin Miiller and his doctoral student Kanwar Bahadur of Pennsylvania State University
observed single wolfram atoms on the surface of a pointed wolfram tip, after cooling it
down to a temperature of 21K, then using helium as the imaging gas. Miiller and Bahadur
were the first people to observe individual atoms directly.
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This first result in the nanoworld, although this expression was yet to come, made it possible
to visualize matter as never before and can be considered as one of the milestones in
Nanoscience.

It was only a matter of a few years, at the end of the 1950s, that an impulse was given to
research in the direction of miniaturization, thanks to a conference by Richard Phillips
Feynman.

On December 29, 1959, participants of the American Physical Society listened to the
future Nobel Prize winner’s talk that would soon be transcribed with the famous title
There’s Plenty of Room at the Bottom. An Invitation to Enter a New Field of Physics. In this
conference, Feynman considered some possibilities linked to a more general ability to
manipulate matter on an atomic scale. He was particularly interested in the possibilities of
making denser electronic circuitry — it should be remembered that it was the historical
period in which computers literally occupied rooms —, and microscopes able to visualize
objects much smaller than what was possible those days, using the Scanning Electron
Microscope.

These ideas were realized years later, through the use of the Scanning Tunneling
Microscope (STM), the Atomic Force Microscope (AFM) and other scanning probe
microscope models. A storage system such as Millipede, created by IBM researchers,
responded to the problem of data storage. Feynman also suggested that, in principle, it
should be possible to make nanoscale machines that “arrange atoms the way we want” and
make chemical synthesis by mechanical manipulation. In particular, the precise placement
of the atoms in predefined positions by the operator would solve the question with which
the discussion in POR opens, in effect: Why can’t we reproduce all 24 volumes of the
Encyclopaedia Britannica on the head of a pin?

Feynman also presented the possibility of swallowing the doctor, an idea he credited in
the essay to his friend and graduate student Albert Hibbs (1924-2003).

A friend of mine (A.R. Hibbs) suggests a very interesting possibility for relatively small machines.
He says that, although it is a very wild idea, it would be interesting in surgery if you could swallow
the surgeon. You put the mechanical surgeon inside the blood vessel and it goes into the heart and
looks around (of course the information has to be fed out). It finds out which valve is the faulty one
and takes a little knife and slices it out. Other small machines might be permanently incorporated in
the body to assist some inadequately functioning organ (Feynman 1960).

This concept involved the construction of a small swallowable surgical robot able to operate
surgically from within the patient.

It is interesting to observe that — just making a leap forward to our times — that
authoritative researchers such as Durkan have found reasons to say that:

Nanotechnology is NOT about making nanorobots which can autonomously go around our bodies
repairing damaged cells. [...] However [...] while we cannot make robots that repair cells, we can
make nanoparticles that attach to and destroy cancer cells (Durkan 2019).

This slightly dialectically contradicts Hibbs’ vision, but also provides scientific evidence of
the fact, as we shall see later.

With POR it seems that a date, an inspiring pioneer and a founding document are
available to found a new science (Fig. 1.20).
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at the Bottom

An invitation to enter a new field of physics.

by Richard P. Feynman
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I imagine experimental physicists must often look nothing; that's the most primitive, halting step in the
with envy at men like Kamerlingh Onnes, who dis direction 1 intend to discuss. Tt is a staggeringly small
covered a field like low temperature, which seoms to  world that is below. In the year 2000, when they look
be bottomless and in which one can go down and back at this age, they will wonder why it was not
down. Such a man is then u leader and has some  until the year 1960 that anybody began seriously to
temporary monopoly in a scientific adventwe. Peicy move iu this divection.

Bridgman, in designing a way to obtain higher pres- Why cannot we write the entire 24 volumes of the
sures, opened up another new field and was able to Encyclopaedia Brittanica on the head of a pin?
move into it and to lead us all alonz. The develon- Let’s seo what would be involved. The head of a

Fig. 1.20 Was this document responsible for all that happened after? Source: Feynman (1960)

A recent work from Toumey, Reading Feynman Into Nanotechnology: A Text for a New
Science, provides an interesting series of considerations and, even more interesting, parts of
interviews between the author and other nano luminaries, as he calls them.

For example, according to Toumey, Heinrich Rohrer (1933-2013), Nobel Prize in 1986
for the STM discovery with Gerd Binnig, stated that he was influenced “not whatsoever”
by POR. In his words:

Binnig and I neither heard of Feynman’s paper until Scanning Tunneling Microscopy was widely
accepted in the scientific community a couple of years after our first publication, nor did any referee
of our papers ever refer to it... It might have been even after the Nobel [Prize] (Toumey 2008).

In Toumey we can also read this from Gerd Binnig: “I have not read [Plenty of Room] ... I
personally admire Feynman and his work but for other reason than for his work on
Nanotechnology”.

A pure necessity for a more precise laboratory device is quoted by Calvin Quate (1923—
2019), one of the inventors of the Atomic Force Microscope, again in Toumey:

None of this work derived from the publications of Feynman. I had not read the Feynman article and
I don’t think Binnig or Rohrer had read it. All they wanted was a better method for examining
microdefects in oxides (Toumey 2008).

The debate that emerges from this different opinion and what the tradition says about Plenty
of Room is very intriguing and this aspect will deserve a more detailed discussion further
on in this work.

Anyway, since 1959 nano research literally flourished, despite the different
interpretations that can be given to POR.

Between 1959 and 1960 the contribution of many technicians, researchers, engineers,
scientists in time merged into what today is considered the most manufactured electronic
device in history, the MOSFET, or Metal-Oxide—Semiconductor Field—Effect Transistor.
Mohamed Atalla and Dawon Kahng (Fig. I.21) held in their hands the first MOSFET at Bell
Laboratories in 1959 and the device was first presented to the public the next year. The
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MOSFET is considered to be the most prominent semiconductor device in analog and digital
integrated circuits and the most common power device.

Fig. 1.21 Mohamed Atalla (left) and Dawon Kahng (right), the two researchers that invented the
MOSFET in 1959. https://en.wikipedia.org/wiki/Mohamed M._Atalla
https://en.wikipedia.org/wiki/Dawon_Kahng. CC BY-SA 4.0

Basically, it consists of a compact transistor and its progressive miniaturization and mass—
production have made it vital for the digital revolution.

The NASA Research Center first discovered a ferrofluid in 1960s, when the Space Race
competition was reaching its peak. The initial work of Stephen “Steve” Solomon Papell
(1918-2025), working for NASA Lewis Research Center, on dilute magnetic dispersion in
hydrocarbon was published in 1963. Papell was interested in creating a liquid rocket fuel
that could be drawn toward a pump inlet in a weightless environment, by applying a
magnetic field. In brief, ferrofluids are liquid colloids in which ferrimagnetic or
ferromagnetic nanoparticles are carried by a fluid suspension; Papell had his project
patented and publicized in 1965.

The growth of technology needed reductions in the dimensions of devices and active
materials. This became dramatically evident in the case of computer technology: the number
of transistors used in an integrated circuit has increased in an incredible way so far. In 1965,
Gordon Moore, co—founder of Intel observed that the number of transistors per square inch
on integrated circuits doubled every year since the integrated circuit was invented and
predicted that the trend would continue in a foreseeable future. Actually, by the end of the
1970s and the beginning of the 1980s, the law was modified since it appeared that the
number of transistors would double every 24 months. In the following years this pace
slowed down and settled around 18 months for doubling the data density. This was the
current definition of Moore’s Law which has nowadays slowed down below the predicted
pace with a cadence close to two and a half years. The following figure shows the evolution
of Moore’s Law from 1970 to 2018 (Fig. 1.22).
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2018) Our Word
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Fig. 1.22 Moore’s law from 1971 to 2018. Picture by Max Roser —
https://ourworldindata.org/uploads/2019/05/Transistor-Count-over-time-to-2018.png. CC BY-SA 4.0

The laws of Classical Mechanics are good to explain most of the phenomena occurring in
our macroscopic world. But if we look at smaller things, nanoobjects for example, other
effects appear, since those are the dimensions of Quantum Mechanics and confinement of
the movements of the electrons is significant. In 1970, Quantum Size Effect (QSE) was
observed, i.e. the reduction of the dimensions of the sample, namely a semiconductor, below
a certain threshold gives rise to a new electronic structure and new properties are observed.
Structures that we will discuss in detail regarding QSE are quantum wells — two—
dimensional objects —, nanowires — one-dimensional systems — and quantum dots as zero—
dimensional systems.

As we already said before, Norio Taniguchi was, fifteen years after Feynman, the first
scientist to use and define the term Nanotechnology in 1974. According to Taniguchi,
“Nanotechnology mainly consists of the processing of separation, consolidation, and
deformation of materials by one atom or one molecule”.

The following years brought innovation in instrumentation.

Curiosity and observation are the keys to making new discoveries and this is especially
true about Nanotechnology: when we talk about nano objects, it is impossible to proceed
further with the investigation without observing these objects. Observation is made with
probes which may consist of photons, electrons, neutrons, atoms, ions or an atomically sharp
pin. When investigating nanomaterials, the probing light or particle often possesses varying
frequencies ranging from gamma to infrared rays or beyond in the case of photons or hyper
thermal (<100eV) to relativistic energies in the case of particles. The information we get
can be processed to give images or spectra revealing the physical, geometric, topographic,
structural or even chemical details of the material. Several techniques can be applied to
characterize matter and study nanostructures in one way or the other.
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In 1977 Richard Van Duyne (1945-2019) discovered surface-enhanced Raman
spectroscopy, a very promising technique to observe very low concentrations of molecules
on nanoparticles and nanostructured surfaces. That technique was the first of the many
surface—enhanced spectroscopies now commonly used in several fields such as physics,
chemistry or biology. The work of Van Duyne resulted in the transition of new technologies
and methodologies — scanning probe microscopy, ultrafast optical spectroscopy, electronic
structure calculation or chemical functionalization of nanoparticles — into practical
applications.

The year 1981 deserves particular consideration since that year Gerd Binnig and Heinrich
Rohrer invented a new type of microscope at IBM Zurich Research Laboratory, the
Scanning Tunneling Microscope (STM).

The STM uses a sharp tip moving so close to a conductive surface that the electron wave
functions of the atoms of the tip overlap with the wave functions of the atoms of the surface
(Fig. 1.23). When a voltage is applied electrons move from the tip to the surface — or vice
versa — because of quantum tunnel effect. In STM the quantum phenomenon of electron
tunnelling is applied to obtain an image of the topography of the surface through the
principle of vacuum tunnelling. Two surfaces — a tunnelling probe and the surface to be
tested — are brought near contact at a small bias voltage. This is why we said that the two
wavefunctions can overlap. The developed theory tells us that for the electron
wavefunctions at the Fermi level it is possible to calculate a characteristic exponential
inverse decay length:

K=,8me/h (1.6)

where m is the mass of the electron and ¢ the local tunnelling barrier height (or the average
work function) of tip and sample. When a small bias voltage V is applied between the tip
and the sample, the overlapped electron wavefunction allows the quantum tunnelling effect
so that a current / can flow through. It is possible to prove that the tunnelling current decays
exponentially in dependence of the distance of separation d between tip and sample
according to the formula:

[ o Ve 2dv8me/h (L7)

The tunnelling current is a result of the overlap of electronic wavefunctions of the tip and
the sample. STM has revolutionized a great number of areas of fundamental science. Among
the advantages of STM are its capability to analyse samples down to atomic resolution, to
see processes as they are occurring and to perform this when the sample is still in
atmospheric conditions. In Nanoscience and Nanotechnology STM has been used in
different ways to understand the electronic structure and properties of carbon nanotubes.
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Fig. 1.23 The first Scanning Tunneling Microscope, Bonn, Deutsches Museum. Source: J. Brew.
https://www.flickr.com/photos/brewbooks/176058521/in/photostream/ CC BY—SA 2.0

Again in 1981, Alexey Ekimov, a Russian solid—state physicist, discovered semiconductor
nanocrystals — as they constitute a sub—class of a broader family of nanoparticles including
semiconductor, metal, insulator, organic,... particles — now known as quantum dots (QDs),
particles the size of a few nanometers showing peculiar optical and electronic properties
due to quantum effects, different from the same properties of particles of larger size (Fig.
1.24). Semiconductor quantum dots are signifying a class of materials in which quantum
confinement effects are investigated in greater detail.

&

Fig. 1.24 Cadmium sulphide quantum dots on cells. Source: Pacific Northwest National Laboratory, US
Department of Energy. Public Domain.
https://commons.wikimedia.org/wiki/File:Cadmium_sulfide quantum_dots_on_cells_high res.jpg

Not least, a scientist of the Space System Laboratory at Massachusetts Institute of
Technology, K. Eric Drexler published his article Molecular engineering: An approach to
the development of general capabilities for molecular manipulation. Its abstract is somehow
prophetic, especially when Drexler states that:

Development of the ability to design protein molecules will open a path to the fabrication of devices
to complex atomic specifications, thus sidestepping obstacles facing conventional microtechnology.
This path will involve construction of molecular machinery able to position reactive groups to atomic
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precision. It could lead to great advances in computational devices and in the ability to manipulate
biological materials. The existence of this path has implications for the present (Drexler 1981).

It had not only implications in his present, but also in our future.

Drexler did not miss the chance to quote himself in 1991 in his Ph.D. thesis Molecular
Machinery and Manufacturing with Applications to Computation, about another meaning
of the word Nanotechnology. In a footnote appearing in the early pages Drexler makes the
following considerations.

The term “Nanotechnology” was first introduced into widespread use to refer to what is here termed
“molecular Nanotechnology”, but has increasingly been used to refer to the incremental extension of
conventional microfabrication techniques into the submicron size range. Accordingly, some recent
discussions of the history, status, and prospects of “Nanotechnology” have confused essentially
dissimilar concepts, as if “ornithology” were used to describe the study of flying things, thereby
stirring birds, balloons and bombers together into a single conceptual muddle (Drexler 1991).

In this quotation it is to be observed that Drexler refers — when mentioning (Drexler 1986)
— to his formerly published book Engines of Creation. The coming Era of Nanotechnology
where he says again:

We can use the terms ‘Nanotechnology’ and ‘molecular technology’ interchangeably to describe the
new style of technology. The engineers of the new technology will build both nanocircuits and
nanomachines (Drexler 1986).

This paragraph is the one where Drexler uses the word Nanotechnology for the first time in
the book.

Robert Curl, Harold Kroto (1939-2016) and Richard Smalley (1943-2005) later
discovered a very stable form of carbon with chemical formula Ceo, that was named
buckminsterfullerene — or buckyball (Fig. 1.25), it being exactly shaped like an old
fashioned white-hexagons and black—pentagons football — after the architect Richard
Buckminster Fuller (1895-1983), the first to widely develop geodetic surfaces for
structures.

Fig. 1.25 Schematic of a C60 buckyball-fullerene. Source: Public Domain

The truncated icosahedron — 12 pentagons, 20 hexagons — is the Archimedean solid where
carbon atoms are placed, at each vertex, connected one to each other through covalent
bonds. The high symmetry of the Archimedean solids is one of the bases of their stability
as structures for complex molecules and buckyballs (in our case) pose no exception, for



Introduction 143

their stability was mathematically proven working on symmetry only before their discovery
and subsequent physical/chemical analysis.

In 1986 Binnig and Rohrer were awarded the Nobel Prize in Physics for their design of
the Scanning Tunneling Microscope. In the same year, again Gerd Binnig together with
Christoph Gerber and Calvin Quate developed the Atomic Force Microscope (AFM). This
new kind of microscopy was a significant improvement, since STM can image conducting
or semiconducting surfaces only and AFM can be used on almost every type of surfaces,
independently from the conductivity features of the materials, i.e. polymers, ceramics, glass,
composites and biological specimens.

In 1990 one of the most famous pictures of the nanoworld was taken, as Donald Eigler
and Erhard Schweizer used a STM to manipulate xenon atoms to write the acronym IBM
(Fig. 1.26). This image of the IBM logo nowadays hangs in a gallery at IBM’s Almaden
Research centre, where it is titled “The Beginning”, quite properly, indeed.

Fig. 1.26 Xenon atoms to form IBM logo. Source: IBM Almaden Research Center — Fair use.
http://www.foresight.org/UTF/Unbound_LBW/chapt_4.html.

Why have scientists decided to explore matter with electron microscopes, so improving
these devices? Was it not possible to do the same with optical instruments? Using electron
microscopes means using electrons rather than photons, but optical systems suffer from the
so—called diffraction limit. If we try to focus the image of a point with an optical microscope
what we get is not the point we are looking for but something that resembles a poorly
defined disk at the edges. There is blur in the image, an unwanted effect when we want to
observe sharp details of our sample. A healthy human naked eye can commonly resolve two
points divided by a distance of one tenth of a millimetre, more or less. Let us suppose that
we are observing two points with an optical microscope and the points are far enough apart:
any blur will not be important and will not affect the final image as we can see both the
points. On the other hand, if both the points are too close and we try to magnify the image
it will no longer be possible to tell one point from the other. In 1879, Lord Rayleigh (1842—
1919) defined his criterion to resolve two points (actually the minimum separation between
two light sources that may be resolved into distinct objects): two point sources are regarded
as just resolved when the principal diffraction maximum of one image coincides with the
first minimum of the other. If the distance is greater, the two points are well resolved and if
it is smaller, they are regarded as not resolved. It is possible to calculate the Airy disk — the
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central region of the profile of each diffraction pattern from the peak to the first minimum
— using the relation:

A
0= 1.225 (dimensionless) (1.8)

where 0 is the angular radius of the disk, A the wavelength of light and D the diameter of
the aperture.

Diffraction becomes important at the edge of the lenses we are using since the smallest
observable distance we can observe on a sample is a distance of the order of a wavelength.

To avoid such optical inconvenience electron microscopy was developed and has been
continuously improved to observe much smaller objects zooming in to the nanoworld.

A major breakthrough occurred in 1991, when the Japanese physicist and inventor Sumio
Ilijima “invented” multi—-wall — nested single-wall — carbon nanotubes.

If we imagine stretching a Ceo buckyball along one axial direction, we can obtain a
structure quasi—cylindrical that is called carbon nanotube. The individual carbon nanotube
is considered as a tubular and elongated nanostructure which has become a one—dimensional
nano object.

Actually, we know that carbon nanotubes had been observed earlier, in 1952, when
Radushkevic and Lukyanovic described hollow graphitic fibres approximately 50nm in
diameter (Radushkevic and Lukyanovic 1952), but lijima’s article caused an unprecedented
interest in the field of nanotubes and fuelled the research in Nanotechnology. From 1991,
almost every year brought an advance in carbon nanotubes research; in 1992 groups of the
Massachusetts Institute of Technology (MIT), the U.S. Naval Research Laboratory
(USNRL) and NEC (Nippon Electric Company, Limited) Corporation theoretically
predicted the properties of these materials. The following year, Donald Bethune and again
Sumio lijima independently discovered how to produce single—wall carbon nanotubes using
transition—metal based catalysts.

Single—walled nanotubes are formed by one or more sheets of graphene and, depending
on how the graphene sheet/sheets is/are rolled up it is possible to manufacture different
structures (see Fig. 1.27). Taking some specific words from organic chemistry, the way
hexagons are oriented along the main axis define what we call chiral or achiral/non—chiral
nanotubes. They will be chiral if they cannot be superposed to their mirror images,
achiral/not—chiral on the contrary.

It being a chemical/physical feature, chirality defines the electronic properties of
nanotubes, for example some nanotubes can behave as semiconductors due to their chirality.
Because of their one—dimensionality, they also exhibit an aspect ratio defined as the ratio
between their length and diameter; as the length is way larger than the diameter, directional
properties can be measured. Metallic nanotubes prove to possess a very good electrical
conductivity.
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Fig. 1.27 Types of Carbon Nanotubes. Source: Michael Stroeck CC BY-SA 3.0

We shall see that carbon nanotubes are nowadays applied to different areas especially in
fields like electronics, energy and health.

In 1995 electron emission properties of carbon nanotubes were proved by Swiss
researchers. In 1997 low temperature carbon nanotube single—electron transistor existence
was proved in Delft University and UC Berkeley; the same year, January, Robert Crowley
patented his idea of realizing optical antennas using carbon nanotubes, the Ultra Black
Absorber. It is a fact to be noted that — again in 1997 — Zyvex, the first molecular
Nanotechnology company — was founded by James Von Ehr II.

The 2000s saw the interest of Politics in Nanoscience as, in the US, president Clinton
announced the U.S. National Nanotechnology Initiative, a federal government program for
science, engineering and technological research and development for projects at nanoscale,
which president Bush signed into law as the 21 Century Nanotechnology Research and
Development Act in 2003. Nanotechnology research became a priority in the USA and the
National Nanotechnology Initiative (NNI) was founded afterwards.

In 2004 Andre Geim and Konstantin Novoselov discovered an allotrope form of carbon,
the next generation material, graphene (Fig. 1.28). For such a discovery both Geim and
Novoselov were awarded the Noble Prize in 2010.
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Fig. 1.28 Scanning probe microscopy image of graphene. Source: U.S. Army Material Command -
https://www flickr.com/photos/armymaterielcommand/6795812766

In 2005 a group headed by Professor James Tour designed a so—called nanocar (Fig. 1.29)
in order to investigate if the wheels, made up with four fullerene balls slide or roll on metal
surfaces (actually they roll).

Fig. 1.29 The “H-—shaped chassis” of a nanocar with four fullerene groups acting as wheels. Source:
https://commons.wikimedia.org/wiki/File:Nanocar2.png#mw-jump-to-license

In 2009 Nadrian Seeman, the nanotechnologist that in 1982 laid out the conceptual
foundations of DNA Nanotechnology achieved the result of making DNA structures fold
into 3D rhombohedral crystals. In the 1980s he predicted that “it is possible to generate
sequences of oligomeric nucleic acids, which preferentially associate to form migrationally
immobile junctions, rather than linear duplexes, as they usually do”.

Design and synthesis of nanomachines granted the Nobel Prize in 2016 to Sauvage, Sir
Stoddard and Feringa (Fig. 1.30).
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Fig. 1.30 Nanocar (left) and Nanoelevator (right). Source: The Royal Swedish Academy of Sciences,

http://www.nobelprize.org/

In 2018, researchers at the California Institute of Technology decided to literally play at
nanoscale; as assistant professor of Bioengineering, Qian, said “We developed a mechanism
to program the dynamic interactions between complex DNA nanostructures. Using this
mechanism, we created the world's smallest game board for playing tic—tac—toe (Fig. 1.31),
where every move involves molecular self-reconfiguration for swapping in and out

hundreds of DNA strands at once”.

Fig. 1.31 The smallest tic—tac—toe ever.

84691

Caltech.
https://www.caltech.edu/about/news/researchers-make-worlds-smallest-tic-tac-toe-game-board-dna-
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In a few decades nanomaterials and the Nanoscience behind them have become absolutely
important and outstanding to industrial applications and medical research. Although the
most relevant efforts in Nanoscience appear to be dedicated to biomedicine, cancer
treatment and medicine, as nanomedicine seems to offer innovative and non—patient—
aggressive alternatives to classic radiotherapy and chemotherapy, recent advances in
chemistry, physics and material science have provided new nanomaterials with unique
properties.

Today nanomedicines are being developed to have accurate, controllable, reliable,
economic and rapid responsive diagnostic and treatment solutions for various kinds of
diseases. With advancements in drug discovery processes, stress is on effective drug
delivery to the affected organ. It is well known that many therapeutic agents have
intracellular compartments as their site of actions. For instance, the nucleus is the centre for
anti—cancer intercalating agents whereas cytoplasm is the site of action for a number of
steroids. Accordingly, the efficacy of a drug depends on its sustained availability at the
targeted point of delivery.

The purpose of biology is to understand how living beings are organized and the way
they are functioning, if this can be said for live entities. So, why are dimensions important
and, in particular, why are tiny dimensions fundamental to understanding a biological
phenomenon? There is no single answer since living phenomena are organized on different
scales. But among the many ones we can decide to study, protein transport in biological
blisters up to 100nm is interesting because it is at the nanoscale and its observation can
clarify the situations about the mechanisms.

Biologists say that a cell membrane is nano—organized as we can observe nanoscale
dimensioned domains — so called lipid rafts — that can concentrate receptors needed to give
the correct biological response to external signals: biology is then to be considered a
Nanoscience. Together with the historical description, since Nanotechnology is an
interdisciplinary subject, it will be necessary to talk about the mathematical instruments we
need to model and study the phenomena at nanometric level. Mathematical and physical
notions are important and necessary for theory and applications, and we will see that many
results have been achieved applying concepts that are already known such as the equations
of Quantum Mechanics or the equations of Continuum Mechanics or particular fields of
Finite Element Analysis.

The nanoworld lies on the thin red line dividing the world of classical physics and the
world of quantum physics, thus the Schrédinger equation and its applications to
Nanotechnology are to be mentioned, especially to quantum dots, as the electron
confinement conditions can be considered variable from a 2D quantum well, to a 1D
quantum wire to a 0D quantum dot.

Transport processes of carriers in nanostructures are also well described by the Drude—
Lorentz model and its variants like the Smith model or the effective medium theories which
include the so—called Drude—like models of Maxwell-Garnett and Bruggeman, as we shall
see later. These analytical results are of great interest and can be implemented through
experimental data retrieved from literature.

Finally, we must consider the interconnections between Nanoscience, Nanotechnology
and society in the context of a very fast changing social environment and we cannot look at
each of these topics separately. Advances achieved in scientific and technological
knowledge lead to changes in social relations and sociological patterns; nowadays the
technological changes occur so fast that society can hardly respond immediately to find a
new equilibrium. Although scientific discoveries do not necessarily eradicate existing social
structures, the applications of Nanoscience and Nanotechnology have been relevant and
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proved to have a strong impact on society. Therefore, it is necessary to consider the societal
implications of Nanoscience if we want to find — and then understand — the direction in
which society is advancing. The potential societal implications of such a scientific and
technological innovation need to be explored; both the uniqueness and distinctiveness of
Nanoscience and Nanotechnology clearly explain the fact that their impact on almost all the
spheres of human life is exceeding those of all other conventional technological innovations.

One of the conceptions that lies at the very heart of modern science concerns science and
it being neutral and objective. Historical epistemology teaches us that the criterion of
objectivity historically appeared in science at the turn of XIX Century and it is not an
intrinsic necessity or a self—evident fact but a real value that was stated and adopted by the
scientific community. If we think about neutrality, the idea of a neutral science that never
encounters internal moral questions must go together with the concept of the impartial
scientist. But is it really so? The basic concept should be Scientia gratia scientiae, science
for itself, for the good of science starting from impartial points of view with respect to the
different interests brought into play in research.

Can objectivity and neutrality be intrinsically logic criteria? Not really. Impartiality and
objectivity are values needed for science to operate within society. Too often, though, it is
not difficult to spy situations where science is subjugated to economic interests, not caring
too much about ethics or the commonwealth.

Is there an ethic of science and is it practiced today? Who makes the most important
decisions that will impact on society and the environment?

The first level is occupied by the scientist as such, but it is easy to understand that this
cannot be the only decisional stage as, so doing, scientists become the only depositories of
knowledge under all the possible points of view.

A further level can be occupied by contractors; as they can fund laboratories and research
centres, they can direct scientists from behind the scenes thanks to the power of money they
make available. Will they follow an ethical path, or will it just be a matter of business?

Public opinion could intervene in the ethical debate. There are many players on the
ground and even more aspects have to be considered because of their impact: effects on
customers’ health, evident or subtle models proposed to people, the chance to modify a
certain vision of the human being.

Today we could state that nobody can think of himself/herself relieved of considering
the consequences for the environment, health, human science, politics and social issues of
Nanotechnology and its widespread use. This is not only about science in laboratories. All
the relevant aspects of anyone’s life are implicated by these subjects, and good judgement
is not easy since no choice is neutral with respect to science and society.

There are nanoproducts in everyday life, but what is their impact? Should we trust
anybody telling us that Nanotechnology is not dangerous, but is it all about advantages, on
the contrary, just because they are saying so?

Are they hazardous? Will we be affected in the short or a long term because of exposure
to nanosized agents? What if, in the name of health, they are introduced to an organism?

Can they attack, modify, alter our ecosystems?

Some considerations must be made regarding the amounts of money behind this new
world. Is Nanotechnology something only for the few that can afford to support research at
the highest levels, like big countries or blocks, or is it a chance also for the third/fourth
world to emerge? What are the policies regulating the development of Nanoscience, if any?

In 2016 an optimistic forecast was made by Prof. Themis Prodromakis from the
University of Southampton. He presented the following assumptions.
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The real challenge is using [...] techniques reliably to manufacture working nanoscale devices. The
physical properties of matter, such as its melting point, electrical conductivity and chemical
reactivity, become very different at the nanoscale, so shrinking a device can affect its performance.
If we can master this technology, however, then we have the opportunity to improve not just
electronics but all sorts of areas of modern life (Prodromakis 2016. Retrieved via:
https://www.southampton.ac.uk).

Then he gets back to the idea, formerly premiered by Richard Feynman, of “swallowing the
doctor”.

Wearable fitness technology means we can monitor our health by strapping gadgets to ourselves.
There are even prototype electronic tattoos that can sense our vital signs. But by scaling down this
technology, we could go further by implanting or injecting tiny sensors inside our bodies. This would
capture much more detailed information with less hassle to the patient, enabling doctors to
personalise their treatment. The possibilities are endless, ranging from monitoring inflammation and
post-surgery recovery to more exotic applications whereby electronic devices actually interfere with
our body’s signals for controlling organ function. Although these technologies might sound like a
thing of the far future, multi-billion healthcare firms [...] are already working on ways to develop
so—called “electroceuticals” (Ibidem).

Another interesting subject of his is the enthusiastic vision to put sensors almost
everywhere.

These sensors rely on newly-invented nanomaterials and manufacturing techniques to make them
smaller, more complex and more energy efficient. For example, sensors with very fine features can
now be printed in large quantities on flexible rolls of plastic at low cost. This opens up the possibility
of placing sensors at lots of points over critical infrastructure to constantly check that everything is
running correctly. Bridges, aircraft and even nuclear power plants could benefit (/bidem).

What about people, we could reply? Are they really willing to be under control every
moment?
Self-repairing structures are one of the most interesting features mentioned.

If cracks do appear then Nanotechnology could play a further role. Changing the structure of
materials at the nanoscale can give them some amazing properties — by giving them a texture that
repels water, for example. In the future, Nanotechnology coatings or additives will even have the
potential to allow materials to “heal” when damaged or worn. For example, dispersing nanoparticles
throughout a material means that they can migrate to fill in any cracks that appear. This could produce
self-healing materials for everything from aircraft cockpits to microelectronics, preventing small
fractures from turning into large, more problematic cracks (/bidem).

Data storage is one of the most important current problems since the exchange of
information is growing up to exabytes. His idea is the following.

All these sensors will produce more information than we’ve ever had to deal with before — so we’ll
need the technology to process it and spot the patterns that will alert us to problems. The same will
be true if we want to use the “big data” from traffic sensors to help manage congestion and prevent
accidents or prevent crime by using statistics to more effectively allocate police resources. Here,
Nanotechnology is helping to create ultra—dense memory that will allow us to store this wealth of
data. But it’s also providing the inspiration for ultra—efficient algorithms for processing, encrypting
and communicating data without compromising its reliability. Nature has several examples of big—
data processes efficiently being performed in real-time by tiny structures, such as the parts of the
eye and ear that turn external signals into information for the brain. Computer architectures inspired
by the brain could also use energy more efficiently and so would struggle less with excess heat — one
of the key problems with shrinking electronic devices further (Ibidem).

His last consideration is made on environment.
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The fight against climate change means we need new ways to generate and use electricity, and
Nanotechnology is already playing a role. It has helped create batteries that can store more energy
for electric cars and has enabled solar panels to convert more sunlight into electricity. The common
trick in both applications is to use nanotexturing or nanomaterials (for example nanowires or carbon
nanotubes) that turn a flat surface into a three-dimensional one with a much greater surface area. This
means that there is more space for the reactions that enable energy storage or generation to take place,
so the devices operate more efficiently in the future, Nanotechnology could also enable objects to
harvest energy from their environment. New nano-materials and concepts are currently being
developed that show potential for producing energy from movement, light, variations in temperature,
glucose and other sources with high conversion efficiency (Ibidem).

Nanoscience and its deriving technologies have the potential to improve the state of our
world if the applications are designed and tailored to fit the needs at their best. But this must
be carefully controlled and always assessed from the perspective of the ethics of research
and its applications and will be the final — but not of lesser significance — chapter of this
work.

As a conclusion, it is curious today to compare old articles, some dated back to the 1990s
with the developments Nanotechnology has achieved today. Once, statements like “only
time will tell us if Nanotechnology is something just fashionable, a funny laboratory
exercise or if it will grow and how much in our world” were not unusual.

In 2006, Prof. Henry 1. Smith shared his idea about the novelties Nanotechnology seems
to promise.

Nanotechnology is a field of science and engineering that deals with structures having at least one of
their three dimensions less than 100 nanometers (nm). (A nanometer is one billionth of a meter.) We
have “living proof” of the importance of nanostructures in that living systems are complex assemblies
of nanoscale components: macromolecules, protein complexes, organelles, quasi-inorganic systems
(e.g., shells, bones), etc. The marvellous functions performed by living systems (logic, memory,
motion, chemical synthesis, energy conversion, even our self—consciousness) are the direct result of
nanoscale structural complexity.

The transistors, numbering in the millions, that constitute the chips that drive our computers and cell
phones, are clearly nanostructures. Thus, the field of Nanotechnology is extremely broad ranging
from molecular biology to electronics and beyond. Although research and development in
nanostructures has been going on for decades, and commercial products based on nanostructures
have been available for decades, interest in the field has accelerated recently in scientific circles as
well as at government agencies and in the investment community.

The growth of interest in nanoscale science and engineering is due to the conjunction of several
factors: improved nanofabrication and microscopy techniques; recognition that novel properties
become available in synthetic nanostructures; the anticipation that a commercial and societal
revolution, similar to that produced by the semiconductor industry, will result from research in
Nanotechnology and, finally, increased government funding of nanoscale science and engineering.

History tells us that the fruits of research are impossible to predict. However, history also tells us that
certain areas of research can be recognized as highly promising, even at an early stage. This was the
case for molecular biology, 30 years ago, and we see that the research efforts begun then are bearing
fruit today in improved health care and greater understanding of genetic diseases, to name only 2
impacts.

Similarly, in the early days of computer technology it was clear that investment in computer science
research would bear valuable fruit. Yet, none of the early pioneers in computer science anticipated
the World—Wide Web. In the early days of research in optical fibres no one anticipated the enormous
optical communication network we have today. With the invention of the transistor in 1947 the
importance of semiconductor research was widely recognized but no one in their wildest dreams
would have envisaged billions of transistors in low-cost personal computers operated by
schoolchildren.
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So, taking this history of research into account, there is every reason to anticipate that research on
Nanotechnology, if intelligently funded and pursued, will bear fruit that fully justifies today’s
enthusiasm (Smith 2006).

To better understand the number of these problems, and how many discoveries have
involved many research fields, I report in the following table 1.8 some of the most recent
events in the history of Nanotechnology to make the reader understand the scale of the
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umbrella under which this multidisciplinary branch of science sits.

Table. 1.8 Some interesting results year—by—year

1991 New discoveries on Nanotubes

1992 Mesoporous silica

1993 Single—wall Nanotubes and a Nobel Prize
1995 Electron emission from Nanotubes

1996 Gold colloids

1997 The first Nanotech factory and Nanorobots
1998 Carbon Nanotubes transistor

1999 Dip—pen Nanolithography

2000 Quantum mirages

2001 Molecular Nanomachines

2002 Carbon Nanotubes and DNA

2003 Gold Nanoshells

2004 Fluorescent Nanodots

2005 Nanotransistors and Nanocars

2006 DNA origami and medicine

2007 Artificial molecular machines

2008 Memristors and proteins

2009 New Nanorobots

2010 Silicon tips and ultra—fast lithography
2011 New discoveries on polymers

2012 Nanotechnology Signature Initiatives
2013 A Nanotube computer

2016 Molecular machines and another Noble Prize
2018 A DNA tic—tac—toe, shrinking objects to a Nanoscale
2019 The graphene era

2020 Very high concern for carbon nanotubes?
2022 New atom manipulation
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II. Expected Impact

As for the impact that I expect from this thesis, I believe several aspects will have to be
considered.

From the point of view of physics itself, the reader will find the fundamental concepts of
Nanotechnology, together with the basic notions of instrumentation applied in solid state
physics. Consequently, I can think that the part most closely related to science may represent
a brief summary of the already known concepts on instrumentation and the most used
mathematical techniques. The reader will be able to find this information summarized,
together with a specific bibliography of the reference texts consulted and others that can be
used for further study.

As for the history of physics, I expect this work to be significant for the number of
historical events taken into consideration as, at the moment, such a publication does not
seem to be available, relative to its size and complexity. Since the history of
Nanotechnologies appears very briefly even in the articles dedicated to it, also due to the
amount of information that has accumulated in over seventy years, I think that a work that
illustrates not only the main events, but also the steps that have connected them over time,
can be appreciated. One of the strengths of this thesis lies in the fact that it traces the
discoveries and improvements that have characterized this science from its birth to its most
recent developments almost year by year. Given information of this magnitude every single
discovery cannot be covered, this thesis will certainly be a point of arrival, and at the same
time a departure point for further developments in this field. Some topics may be taken up
and developed according to the interest of the researcher in the history of Nanotechnology.

When writing a text on the history of science, it is necessary to think that it will not only
be addressed to professional scientists or historians, exclusively. There will be several
readers in different fields who can be reached in their area of interest. I therefore expect that
there will be several areas in w