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On the nanometer
scale

Over the past few decades, research has been
moving towards the infinitely small: 

the nanoworld. One nanometer is one billionth
of a meter, a distance which is 50,000 times
smaller than the thickness of a hair! This research
is bringing us closer to the dimensions of an 
atom, 0.1 nm. A lot of things occur on this scale
in nature: it is the scale where groups of atoms
come together to form molecules and proteins
and it is the scale of their interactions. On this
scale we know that matter can be manipulated,
atom by atom, to construct it and to improve its
chemical, physical or electronic properties.
By bringing together the skills of researchers in
chemistry, physics and biology, several promising
new channels have opened up to science in the
world of materials for electronics and medicine.

“By combining the skills of researchers in
chemistry, physics and biology, several promising
new channels are opening up in science.”

The results can already be seen in three examples:
communication devices, (everyday devices
equipped with a communication interface and
embedded software), biochips and miniature
mechanical systems.
This new research field is the first to consider
technological developments simultaneously with
their repercussions on health, the environment
and society. This approach makes it possible for
potential risks to be anticipated and to develop
any special regulations that are required as a
function of progress in our understanding and
the on-going research.
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Membranes for
fuel cells,
nanocomponents for
electronics and
molecular screening
are just three
examples of
applications linked to
everyday life.
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Chemical mapping of magnetic nanoparticles. 
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CONSTANT PROGRESS IN THE FIELD OF MINIATURIZATION
RUNS HAND-IN-HAND WITH THE DEVELOPMENT OF NEW
MICROSCOPES, OPENING THE WAY TO THE NANOSCIENCES
AND NANOTECHNOLOGIES.

The possibilities offered by miniaturization
were perceived a long time ago. In 1959, the
physicist Richard Phillips Feynman put for-
ward the hypothesis that man could manipu-
late individual atoms and use them either to
store information or to create functional 
systems. The idea was there; but not the 
instruments capable of verifying this hypo-
thesis.
In 1965, Gordon Moore, co-founder of Intel,
applied an economic law which dated from 
the end of the 19th century to electronics and
estimated that the rate of miniaturization of
transistors integrated onto a single chip would
follow a regular curve. In 1974, one chip could
carry four integrated transistors. Today, this
same chip carries billions, each around 45 nm
in size. By 2020, according to the curve of
"Moore’s Law", transistors will have reached
the 10 nm scale! 
Thanks to this miniaturization, industrialists
can split the working core of processors into
several parallel subunits, thus increasing the
functionality of processors.

TOP-DOWN AND BOTTOM-UP
This aspect of miniaturization is being driven
from the top-down. The material is cut, sculpted
and engraved using  instrumentation designed
and developed by man, with the aim of rea-
ching the micrometer, and then the nano-
meter, scale.
In contrast, in the opposite direction, the
bottom-up approach is making it possible to
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Dive into the
nanoworld

A world first: In 1999, an experimental MOS transistor was
produced with a size of 20 nm.
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"According to Moore's Law, between
now and the year 2020, the size 

of transistors should have dropped to
10 nm, as opposed to 45 nm today.”

build matter by assembling aggregates, atom
by atom, and then assembling molecules. This
is similar to the approach taken by nature which,
starting from simple molecules, shaped the
living world over the course of 4 billion years
of evolution.
Study of the nanoworld includes: 
• the nanosciences, which investigate the 
composition of matter, its assembly and its
intimate properties on the nanometer scale;
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It can only be used to observe the surface of
conducting materials. An electric potential, crea-
ting a current of electrons, is exerted  between
the point and the surface. The surface is then
scanned from a height of a few nanometers. The
tip captures any electrons which are able to cross
to it thanks to the tunnel effect that strongly varies
with the tip-surface distance. The variations in
this "tunneling current" are recorded and processed
by a computer, delivering an image of the topo-
graphy of the material, atom by atom (see box ).
Its inventors, the scientists Gerd Binnig and Hein-
rich Rohrer, from the IBM research laboratory in
Zürich, were awarded the Nobel Prize for phy-
sics in 1986.

Each "bump" on the surface
corresponds to a molecule.
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QUANTUM PHYSICS

The nanoworld is at the
interface between the
quantum world and the
macroscopic world – 
this region is referred to
as the mesoscopic
dimension. 
Its laws are sometimes
those of classical physics
(based on the theories of
Newton from the
beginning of the 18th
century) and sometimes
those of quantum physics.
Quantum physics
appeared in the 20th
century. It was named
after Planck's principle of
quanta. Planck was able
to express any existing
quantity of energy as a
multiple of a "discreet"
value called a "quantum"
(an indivisible unit).

Quantum physics
describes the world "on a
scale" where everything
can be quantized. Atoms
can have several states,
each associated with a
different energy level. 
Passage from one state to
another can only be
achieved if the atom
receives a precise and
sufficient quantity of
energy. This energy can
come from light, in the
form of "packets" of
photons of various
wavelengths.
In classical physics
particles and waves are
two distinct phenomena. 
In quantum physics, these
two phenomena coexist:
an electron is not only an
electrically charged

particle but also a wave;
just like a photon which
is a particle of light.
Depending on the context,

an electron can display
characteristics of a
particle or of a wave.

Quantronium: the first realization of a quantum bit on an
electronic chip.
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THE TUNNELING EFFECT

Quantum mechanics predicts unusual
behaviors, of which the tunnel effect
is a good example. 
According to the laws of classical
mechanics, a ball cannot pass over 
a peak unless it is given sufficient
initial energy. 
Quantum mechanics has shown that
an electron can cross the peak
without possessing that much energy:
it can pass to the other side as if it
had found a tunnel.

This effect is manifest naturally in
the phenomena of radioactivity, such
as when radium-226 transforms into
radon-222 by emitting an alpha
particle…

• nanotechnologies, which involves the tech-
niques and tools used to study these new pro-
perties of matter and production of new
devices, objects and systems to exploit them.

SOME VERY DELICATE AND 
PRECISE TOOLS
The tools used to manipulate such small objects
need to be very delicate and precise. The scan-
ning tunneling microscope was one of the first
instruments created in order to be able to "see"
atoms on the surface of a material. This instru-
ment has an extremely fine metallic tip  which
enables atom-by-atom mapping of the surface
of a material. 

A scanning tunneling microscope 

In classical physics, a ball released at point A cannot rise higher 
than point B (laws of dynamics).

In quantum physics, an electron arriving at point B can, 
by the tunnel effect, reach point C situated on the other side of the peak.

Electron
current

Electron 
current

Movements

Sample

Point



SPINTRONICS, PHOTONICS, MOLECULAR ELECTRONICS...
SOME OF THE MANY TECHNOLOGIES BEING INVESTIGATED
TO FURTHER MINIATURIZE TRANSISTORS.

New information
and 
communication
technologies
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This microscope today makes it possible to move
each individual atom, acting like an "atomic
pick", by increasing the electrical potential.
An atomic force microscope makes it possible
to observe non-conducting materials, such as
ceramic, polymer or biological materials.
It is based on similar principles to those
which applied to the head of a record player;
its operation is 100% mechanical. The tip of
this microscope is fixed on a flexible lever
arm, which interacts with the surface of the
material. It scans the surface by following 

the topography at a very small distance. The
deformation of the lever, illuminated by a laser,
is measured by a photodetector and recorded
on a computer.
In a large number of experiments, researchers
have used the power of supercomputers to
model atomic structure and recreate its pro-
perties. The objective is to increase under
standing in physical and biological sciences
as well as building new structures or control-
ling certain properties.
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View through the porthole of an atomic force
microscope (AFM) operating under ultra-high
vacuum.
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Superposition of images: a surface
observed by a scanning tunneling
microscope agrees with the model of the
single atoms of aluminum composing it. 

Computer

Laser

Sonde

Photodetector

Lever arm

Displacement
Sample

An atomic force microscope



the phenomena of diffraction and the wavelength
of the illuminating beam used. Improvements
are currently being tested to increase its preci-
sion. For example, the wavelength of light pas-
sing through the pattern in the masks is being
decreased, taking it from the blue region to the
deep blue and then to ultrviolet. However, new
lenses need to be developed to focus this higher
energy illumination. Spatial resolution has been
doubled by utilising the wave like character of
light and the principle of interference. 
Constructive interfe-
rence of some light
waves leads to an
increased exposure of the photosensitive resin,
while their destructive interference leaves other
structures in darkness.
Patterns can also be engraved on chips using
an electron beam, however the designs must 
be patterned one after the other. E-beam litho-
graphy enables nanometric resolution to be
attained, because the wavelength of electrons
is on the order of several nanometers. This is
ideal for producing the initial masks which can
be reused thousands of times in optical litho-
graphy, or for fabrication of experimental cir-
cuits in the laboratory, but not for mass production
of chips.
Photolithography will reach these fundamental
technical limits when the finest details are on
the order of 10 to 20 nm, which is expected to
happen by 2015. 
On this scale, effects due to quantum physics
will appear and disturb the operation of the cir-

w NEW INFORMATION AND COMMUNICATION TECHNOLOGIES
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cuits; for example, the electrons will be able to
jump from one "wire" to another by the tunnel
effect (see box on page 7).
Apart from the physical limits, the investment
required to construct factories capable of engra-
ving such fine circuits will become prohibitive
(estimated today at more than five billion Euros).
The top-down approach, which will have pushed
the miniaturization of MOS (metal oxide semi-
conductor) transistors to the extreme, should
reach its limits in around 2020.
A change of technology will then be essential.
This will be the beginning of genuine nanoelec-
tronics, utilising the properties of matter on this
scale. The basic components will not be the same.

Information and communication technologies
rely on nanocomponents as basic materials.
These are fabricated in two ways (see page 5).
The top-down approach enables the greatest pos-
sible reduction in the dimensions of components
that it is desired to fabricate. This is the route
that has been followed in electronics over the last
40 years. The most remarkable example is the
integrated circuit on a chip.
The bottom-up approach enables construction of
molecules or complex groups of atoms, which
are then integrated into larger systems. The goal
is to fabricate smaller, less expensive and higher
quality components. It is one of the approaches
which might, in the medium or longer term, allow
the limitations of Moore's Law to be exceeded.

THE EVOLUTION OF 
MICROELECTRONICS
Silicon, the raw material of the entire electronics
industry, is an abundant element, since it is extra-
cted from sand by purification (94% of the Ear-
th's crust is composed of silica!). It is crystallized
in the shape of bars, 20 to 50 cm in diameter,
which are cut into slices less than 1 mm thick.
Hundreds of chips are simultaneously fabricated
on these slices by photolithography. This is a tech-
nique which reproduces, in a photo-sensitive
resin, the design of the circuits to be created,
using images from an optical mask, which can
be superimposed to obtain increasingly complex
circuits. These complicated patterns are gene-
rated in a single exposure. The details are imprinted
on the substrate when light passes across the

openings of the mask, defining millions of tran-
sistors in a precise and reproducible manner. The
most precise, industrially-obtained characteris-
tics to date, have a thickness of 45 nm, which
allows millions of basic components - transistors
- to be deposited and connected to a circuit and
hence to multiply the possible functionality.
The photolithography technique is limited by

w NEW INFORMATION AND COMMUNICATION TECHNOLOGIES

A silicon wafer 200 mm wide containing electrical circuits.
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Observation of patterns engraved using an optical
microscope.
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is said to occur when two waves
superimpose and give more than
just the simple addition of them.



The solution comes from nanostructures: sub-
jected to the strange laws of the quantum world,
a silicon crystal, reduced to 10 nm, sees its
emission performance strongly modified! To
guide these photons over small dimension, there
can be no question of using fiber-optics or mil-
limeter scale mirrors, rather a far more effi-
cient device is required: the photonic crystal.
Constructed by boring tiny holes in a semi-
conductor, in a periodic manner, these crys-
tals reflect and direct the modified light. They
can also filter it, through acting on specific
wavelengths, and make it possible to confine
light in an extremely small volume (a few hun-
dred nm).
Modulation, multiplexing and decoding signals,

are three areas
where many deve-
lopments are in
progress working
towards the
photon computer.
It is the possibility

for multiplexing which, by enabling parallel
processing, represents the "advantage" of the
photonic computer.

THE BOTTOM-UP APPROACH
USING NANOCOMPONENTS
This new approach may be able to surmount
the obstacles of miniaturization. It makes use
of fundamental knowledge from physics and
chemistry to enable design of entirely new com-
ponents for molecular electronics.

HOW TO PUSH BACK THE
LIMITS OF MOORE'S LAW?
Several options are possible to extend the minia-
turization route, two examples of which are the
following.
Spintronics is bringing about the marriage of elec-
tronics and magnetism. Whereas present-day
electronics is entirely based on manipulating
the electric charge carried by the electrons, spin-
tronics utilizes their spin. Electrons have three
specific physical characteristics: their mass
their charge and their spin. 
This last intrinsic cha-
racteristic, behaves as if the magnetic moment
of electron appeared in the direction of internal
rotation around an imaginary fixed axis. For elec-
trons, spin can only take two values: +1/2
termed spin "up" or -1/2 termed spin "down",
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corresponding to the fact that it must turn in
one direction or the other. This property can be
used to obtain new functionality, for example
to code, process or transmit information.
A large variety of innovative devices, using elec-
tron spin, could be produced. These devices 
combine magnetic materials, which act as pola-
rizers or analyzers of spin, and conducting, insu-
lating or semiconducting materials.
Spintronic devices are already used in computer
hard disks. They are sensors with electrical resis-
tance that varies as a function of the magnetic
field applied. This allows information, stored
magnetically on the disc, to be read. Spintro-
nics makes it possible to envisage extending
storage capacity on hard drives beyond one
terabit (1015 bits) per square inch, i.e. 155 bil-
lion bits/cm2.
Other industrial applications are currently being
developed. Hence, magnetic memories can be
made without any moving parts (unlike hard
discs). These memories are formed from a net-
work of magnetic pillars of nanometric dimen-
sions which themselves are made up of magnetic
layers in which the direction of magnetization
(+1/2 or -1/2) determines the state of the bit
(0 or 1 respectively). Not only is it the case that
these random access memories do not disap-
pear in the event of a break in power supply
(non-volatility), but they are also very fast (wri-
ting and reading takes only a few nanoseconds)
and they are insensitive to ionizing radiation.
They make it possible to design computers
which can be switched on and off instanta-

w NEW INFORMATION AND COMMUNICATION TECHNOLOGIES
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neously by retaining all the information on the
screen. Other applications are being deve-
loped to construct radio-frequency compo-
nents for telecommunications and wireless
networks.
Photonics uses light to encode information. All
current systems (computer microchips, inte-
grated circuits, transistors) are based on the
transport, confinement and physical proper-
ties of the electron. But what will happen if,
in order to achieve greater speed, the electron
is replaced by the photon? These not only move
at the speed of light (300,000 km/s), but also
cause very little dissipation of heat by their
movement.
However, before photons can be used as a
means of encoding information on a chip, all
of the other components for the system need
to be developed, from the emitter to the
receiver, including guides and modulators.
Silicon, the flagship of microelectronics, is a
poor source of light... in the macroscopic state.

Measurement bench for spintronic components

©
 A
rt
ec
hn
iq
ue
/C
E
A

“Persistent and fast
random access memory
using spintronics.”

•Modulation: coding of the optical
signals with the information to be
transmitted.
•Multiplexing: division of a common
transmission channel into several
distinct channels enabling
simultaneous transmission of
independent signals in the same
direction.

MINATEC
European centre of excellence in micro- and
nanotechnology.
A campus has been organized around the CEA LETI*
Institute, bringing together university institutions
and private enterprise. Officially inaugurated in
June 2006 and situated at Grenoble, Minatec, with
an investment of a billion Euros over ten years, has
clean rooms and a nano-characterization platform
which is unique in Europe.
*Laboratory of Electronics and Information Technology
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The electron's magnetic moment.



the positioning of the bricks must be suc-
cessfully controlled.
Positive and negative charges attract each
other: if negatively charged particles are added
to the surface of a wafer, they will attract the
positively charged
molecules grafted
onto the surface
of nanotubes, so creating nanocomponents.
The problem of making the connections bet-
ween these components and the remainder of
the circuit remains to be resolved; without a
solution, molecular electronics can go no fur-
ther, in spite of its very attractive prospects.
In 1974, the first molecular diode was pro-
posed, based on a single layer of molecules.
Diodes are obtained by placing two pieces of
semiconductor in contact: one of the mate-
rials contains many electrons, while the second
is extremely poor in electrons. Molecules which
have the same asymmetry were then designed;
later a transistor was designed in which the
channel was in the form of one of these mole-
cules.
A transistor could also be designed with a single
electron. The principle involves creating a gap
in the semiconductor material separated by
two barriers that can only be crossed by tunnel
efect, between the source and drain of the tran-
sistor, were only a given number of electrons
can accumulate. 
When an electrical potential is applied bet-
ween the source and drain, the space fills and
the current can no longer pass (this is the Cou-

wNEW INFORMATION AND COMMUNICATION TECHNOLOGIES
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If atom-by-atom fabrication of nanocomponents
is to be possible, then it will need to be 
performed on an industrial scale, without
control of the self-assembling processes of the
material, because that would require an infi-
nite amount of time. Instead of constructing
a circuit and its memory components, which
would take too long and be too expensive,
researchers plan to design molecular entities,
equipped with electronic functions and able
to organize themselves. Four building blocks
are available for constructing such entities:
the easily obtained molecules for synthesis,
biomolecules such as DNA, metallic or semi-
conducting nanoparticles and carbon nano-
tubes. But the self assembly route is difficult:

15

lomb blockade phenomenon). When a poten-
tial is applied to the transistor gate, a new elec-
tron can enter, while another exits this space.
Hence, by modifying the gate potential, single-
electron electronics is achieved.

w NEW INFORMATION AND COMMUNICATION TECHNOLOGIES

In chemistry and materials science, allotropy is a
property of certain simple elements which exist in
several different crystalline or molecular forms. For
example, carbon can appear in the non-differently
form of graphite, the lead of a pencil, or in a
structured form, as diamond. The lead in a pencil is
composed of a stack of monatomic layers of
hexagonally arranged carbon atoms. If a single
layer of this structure is isolated, graphene is
obtained. If this layer is rolled up on itself, it can
take the form of a nanotube. A nanotube has
surprising electrical and mechanical properties
which may offer many applications and
industrialization in the near future:
• nanotubes are 100 times stronger and six times
lighter than steel. They can, therefore, be used to
manufacture high performance composite materials
and to replace traditional carbon fibers: tennis
rackets and golf clubs are examples of applications
familiar to the general public.
• depending on the angle of wrapping of the
graphite layer, the nanotube is either an excellent
conductor of electricity, or a semiconductor.
Conductors could be used to manufacture electrical
nanowires, or as nano-electrodes in flat-screens for
televisions and computers. Assemblies of nanotube
semiconductors and conductors could be used as
basic elements to construct nanometric electronic
components.

GRAPHENE AND CARBON NANOTUBES

When a given potential is applied to the gate, one electron can
enter the "Coulomb island" while another leaves it. A current
is established in the transistor, the intensity of which depends
on the number of electrons present on the island.

A circuit for experimentation in quantum electronics.
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“The spin, a quantum property of the electron,
could replace its charge for coding information
in a microchip, and help save energy.”

An ultra-fine slice, usually
of silicon, where
components are engraved.
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Multilayer carbon nanotube

Coulomb Island

Source

Drain
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ficance of its surface area compared to its
volume. A characteristic of nanometric objects
is that they have a comparable or greater
number of surface atoms to the number of
atoms in the volume. Surface phenomena
thus play a predominant role. This is well illus-
trated in the natural world (see box on the fol-
lowing page): Hence, an insect can walk on
water but, if it was enlarged 500 times to the
size of an elephant, this would no longer be
possible... of course.
Moreover, effects occurring at the interface
between each component are also very impor-
tant. The more elements there are, the greater
the combined surface area of all the inter-
faces. As a consequence this surface is

w NANOMATERIALS 

Observation of materials under a microscope
reveals their composition, their granular or
fiber structure and their defects. It reveals, for
example, that metal alloys are made up of
clusters of micrometer size grains. 

INFLUENCE OF STRUCTURE
Structure determines the optical, mechanical,
electrical, magnetic, thermal and other pro-
perties of materials. By altering the scale of
homogeneity of a material, to coincide with
the scale of action of physical phenomena,
some of its characteristics can be modified.
Hence, a millistructured glass is transparent
but not superhydrophobic, whereas a micro-
structured glass is opaque but still not super-
hydrophobic. Only a nanostructured glass is
both transparent and superhydrophobic.
Hence, nanomaterials are deliberately

constructed on this
scale: they are made
up of nanometric

elements which confer them the required pro-
perties. They may be in the form of nano-
powders or may consist of nanoparticles
integrated into an ordinary matrix (so-called
composite materials). 
If the size of the grains is reduced, lighter
materials are obtained having better mecha-
nical properties including, for example, greater
strength. The materials obtained are more mal-
leable because the grains slide more easily
with respect to each other. 
The smaller and object is, the greater the signi-

Reactor under construction at the pilot facility for synthesis of
nanopowders by laser pyrolysis in a flow reactor.
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CONSTRUCTING NANOMATERIALS WITH NEW PROPERTIES
FOR ENERGY, TRANSPORT AND OTHER EVERYDAY LIFE
APPLICATIONS.

Nanomaterials
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Materials composed of parts
with at least one dimension on
the 1-100 nm range.
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faces: self-cleaning windows, demisting mir-
rors, antibacterial and/or fungicidal coatings,
etc. 
For this, a layer of these nanoparticles needs
to be deposited on the surface of an object,
made from ordinary material, using processes
such as sol-gel or vapor phase deposition. 
"Natural" nanometric objects have always been
present in our environment. Grains of silver
used in photographic emulsions, powders
containing Indian ink and the stains in glasses
(of certain cathedrals, for example) contain
nanoparticles. However, objects derived from
nanotechnology have only been manufactured
for the past few years. Today, more than 1,000
products, available to the general public, are
marketed by manufacturers claiming that at
least one element is derived from nanotech-
nology. Among these are found cosmetics,
electronic systems and domestic and sports
products.

For many applications, the nanoparticles which
determine the properties are included in a
matrix, hence creating a functional composite
material. A lot of applications will benefit from
this: ultra-light, strong and self-healing
concrete, polyethylene film which is made
antibacterial (by including silver nanoparticles)
and which is impermeable to UV radiation (due
to titanium dioxide nanoparticles), sun-creams
which also include nanograins of titanium
dioxide for absorbing UV radiation which is
dangerous to the skin, nano-strengthened cera-

Some materials, when they are illuminated, re-
emit light in the visible region: this phenomenon
is known as photoluminescence. Under ultra-
violet irradiation, the color of light emitted by
nano-crystals of cadmium selenide changes as
a function of the crystal dimensions, passing
from blue for 2 nm grains, to green at 3 nm,
and then red at 5 nm. Taking advantage of this
property, nanocrystals of semiconductors, often
referred to as quantum dots, can be used as
molecular markers, or as tags for precious
objects and commercial products.
The reactivity and the properties of some nano-
particles can be used to obtain functional sur-

mics rendered biocompatible, plastics contai-
ning polymers and rendered conducting, non-
flammable and stronger, etc. 

NANOTECHNOLOGIES IN 
ENERGY APPLICATIONS
Nanomaterials and nanostructured materials
are making a strategic contribution in the field
of future nuclear energy, in particular to pro-
jects linked to "Generation IV" reactors. 
Indeed, new metal alloys, reinforced by very
fine oxide dispersions (ODS steels) or compo-
sites with ceramic matrices (CMC), have per-

1918
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immense for materials composed of nanome-
tric objects.
So it is possible to modify the properties of a
material by working with it on this scale. For
example, the mechanical strength of copper is
three times as high when formed from nano-
crystals as when formed from microcrystals. A
powder of "bulk" nanotubes has an immense
surface area for interaction with its environment:
several hundreds of square meters per gram.
This characteristic in particular has made it pos-
sible to increase the effectiveness of catalysts
for the chemical industry and of automotive
exhaust pipes, for the same volume of material.

Polymers are transparent: these are the nanocrystals
dispersed in a polymer which are fluorescent under a UV lamp.
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The gecko, a small animal which resembles a
lizard, has the astonishing ability to run on the
ceiling! Close examination of the surface of its
feet, reveals that they are covered by a carpet of
very tightly spaced fibers which provide this
super-adherence. Researchers are copying this
structure to reproduce the effect as nano-
VelcroTM. 

The lotus leaf also exhibits an astonishing
property: it is a superhydrophobe. Nanometric
inspection of its surface reveals a nanostructure
on which droplets slide and this enables us to
understand how and why, even when submerged
in water, the leaf always appears dry. This
research offers the possibility of producing
hydrophobic glasses which could be fitted to
vehicles and spectacles.

NATURAL INSPIRATION

A video screen containing carbon nanotubes produced in 2005.
The image displayed is taken from the Chaplin film "Gold Rush".
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“Nanomaterials and nanostructured materials
are making a strategic contribution to the field of
future nuclear energy.”



Preparation of flexible photovoltaic solar cells at the National
Solar Energy Institute.
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formances which rely on their nanostructure. 
This structure makes it possible, for example,
to strengthen their resistance for use in severe
environments and to impart a high thermal
conductivity to the material. Development of
these nanostructured materials for the nuclear
industry will be followed by dissemination of
this knowledge, technical know-how and inno-
vation, to other industrial sectors.
Renewable energies technologies are also making
use of this research. 
First example: photovoltaic cells. Present day
crystalline silicon devices convert a maximum
of 16 to 18% of the power received from the
sun into electrical energy. The manufacturing
of these cells is expensive, complex and requires
great care. Nanotechnologists are presently deve-
loping thin films or heterojunctions based on
silicon nanostructures to improve the yield of conversion and lower the cost of manufacturing. 

Membrane polymers for fuel cells have been
made more mechanically, chemically and 
thermally resistant. Platinum particles, which
acted as catalysts, have been replaced by nano-
particles, saving on the use of precious metals.
The range of possibilities is immense. Clearly
sectors such as aeronautics and aerospace,
which are always searching for lighter, ultra-high
performance materials, will be major users.
Vehicles for terrestrial, maritime and air trans-
port will all become lighter and carry more pay-
load, while consuming less energy and hence
polluting less. The textile industry will also
undoubtedly see upheavals: many scientists are
already working on "intelligent" fabrics.

Ceramic tungsten carbide tested as a material for the cladding
of 4th generation reactors.
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NANOTECHNOLOGIES ARE BEING USED IN MEDICINE
FOR PREVENTION, DIAGNOSIS AND TREATMENT.

Medicine on
the nanoscale
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will make it possible to compensate for 
function which has been reduced or lost, while
decreasing the risk of side effects related to
treatment. Acting at the molecular scale,
nanoscience and nanotechnologies are exhi-
biting promising characteristics. 

FASTER DIAGNOSIS
Nanoscience is improving understanding of the
organization and structure of cells, and of DNA. 
DNA is a molecule made
up of two strands one
wrapped around the other. Each strand is a
succession of nucleotides. Each nucleotide is
made up of three elements linked together: a
phosphate linked to a sugar, which can carry
four different nitrogenous bases - adenine (A),
thymine (T), cytosine (see) and guanine (G).
As with a construction kit, one strand can "pair"
with another if there is complementarity: “A”
pairs uniquely with “T”, and “C” with “G”. In
genetics, the study of this "sequence" and iden-
tification of sections which exhibit defects or
mutations, enables understanding of the origin
of genetic diseases and the predisposition of
certain individuals to given disorders. 
DNA, the carrier of the human gene, can
sometimes exhibit defects during its repro-
duction. Mutations or inconsistencies may then
induce the occurrence of cancers. Finding tech-
nologies capable of detecting tumors, at a much
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A large amount of research is currently
underway in the medical field to develop rapid
and suitable tools for prevention diagnosis and
treatment.
This work focuses in particular on achieving
increasingly early and detailed diagnosis, moni-
toring and adapting treatments according to
their effectiveness and targeting drugs at the
organs and tissues which require them; all at
lower cost. This research also aims to optimize
surgical operations. Finally, new techniques

Plate-deposition robot for the production of batches used in
genomics.
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1. Cell
separation

3. Preparation and
marking of the
target DNA

5. Hybridization
probes target DNA
when they are
complimentary

5 a. Laser
illumination reveals
the hybridization
sites by
"illuminating" the
markers

6. A scanner
enables the biochip
to be read

2. DNA
extraction

4. Setting the
marked target
DNA in contact
with the biochip

earlier stage than is possible using current
means of medical imaging, is a major challenge.

Biochips operate on the principle of hybridiza-
tion of DNA, by which the complementary
strands are recognized and paired to form a
double helix.
For example, when seeking to identify a nucleic
acid sequence responsible for a disease: 
• nucleic acid fragments, obtained by chemical
synthesis, reproduce the sequence and are
referred to as "probes". They are grafted in a
precise order onto a solid support made of
glass, plastic or silicon and form a dense and
regular network of micro-surfaces. Each probe
can contain between 40 and 60 bases. One
chip may contain several hundred thousand
probes;
• the sample is chemically treated to extract a
type of nucleic acid known as messenger RNA;
• in a complex biological mixture, this mes-
senger RNA is placed in contact with the frag-
ments from the nucleic acid "probe" and their
connections are analyzed using a 
fluorescence technique.

The concept of DNA chips dates back to 1990
and involves a multi-disciplinary approach:
microelectronics, chemistry of nucleic acids,
microfluidics, biology, bioinformatics, micro-
systems and image analysis, all play a role. The
final goal is to be able to offer preventative 
treatment before the first symptoms appear. DNA
chips now make it possible to test hundreds of

Deoxyribonucleic acid.

thousands of genes. They have the advantage
of automating, miniaturizing and performing in
parallel the various stages used in biology.
Hence, on a surface area of several square cen-
timeters, experiments can take place in a few
hours which previously would have required
several months or, alternatively, the number of
experiments performed in a given time can be
greatly multiplied. In addition to diagnostics

“Biochips, or chips with
DNA, now make it
possible to test
hundreds of thousands
of genes.” THE PRINCIPLE OF BIOCHIP

OPERATION



Moreover, interactions with "healthy" organs
can lead to side effects. The design of nano-
transporters, providing vectorization for these
drugs, offers two advantages: to
cross biological barriers and,
thanks to encapsulation, to allow therapeutic
molecules to reach their target without loss.
Researchers in physics and chemistry are
attempting to invent and test designs for these
nano-transporters so that they protect the active
substance (the drug) and so that it is released
at a predetermined time and location. Other
methods under investigation involve integrating
the drugs into nano-capsules which release
their contents at a calculated time after external
stimulation or stimulation of the organism.
Insulin related disorders, for example, would
be easier to treat in this way.
Using medicinal formulations on the size of
nanoparticles (much smaller than the crystals 
currently used) will allow considerably more
rapid and targeted assimilation of the drug.

event of infection, they can be used to rapidly
identify the responsible agent (virus or bacte-
rium), to characterize it and to quickly provide
an effective cure. 
These microsystems are also used for monito-
ring in the agro-food industry (such as for moni-
toring bacteria producing lactic fermentation)
and for environmental monitoring (bacterial
analysis of drinking water, detection of infec-
tious agents in food, air or water).

Cell-chips are microsystems intended for very
accurate manipulation in all possible 
spatial directions and which individually 
analyze living cells that are less than or equal
to several microns in size. This technique
makes it possible to study the effects of 
a drug on the cellular scale, as well as
transfection of genes or  understanding the

interactions
between
Cells, etc.

MORE EFFECTIVE TREATMENTS
The ability to deliver a drug in a suitable dose,
directly to the infected organ or tissue, is a real
challenge. Thanks to nanotechnologies, this
dream could become reality. 
Currently, drugs taken orally or intravenously
dissolve in the body before reaching their target.
It is, therefore, necessary to administer a large
dose to the patient to be sure that the required
residual dose reaches the infected area.
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Moreover, by using specific markers, it is pos-
sible to track the course of these nanoparticles
within the organism and to check their action
on the infected cells.
In therapeutic research, one of the motivations
for miniaturization of analysis systems is to be
able to quickly test a very large number of mole-
cules using in-vitro systems. This high flow scree-
ning makes it possible to identify good candidate
drugs more quickly. Indeed, currently, for every
100,000 molecules tested in vitro, only a very
few will be tested in vivo. Hence, these micro-
systems make it possible to more rapidly acquire
new effective treatments by evaluating a greater
number of molecules.

Sorting liposomes and collecting colloidal suspensions in
toxicology.
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“It is possible to
carry out analysis in
several hours,
instead of several
months, on a surface
of a few square
centimeters.”

Targeted transport.and preventative treatments, other types of bio-
chips are also being used to determine the resis-
tance of certain microbes and bacteria to
antibiotics and to pursue research to improve
them. In pharmaceutical research, biochips are
an invaluable tool for improving understanding
of the action of drugs, their effectiveness and
any undesirable side effects.

In the same category, we have the "lab-on-a-
chip". These are miniaturized laboratories car-
rying out automated analyses, in parallel, on
very small volumes; a drop of blood with a volume
of several nanolitres, for example. This makes
it possible to reduce costs (reagents and sol-
vents), surface areas and the energy consumed.
Moreover since this lab-on-a-chip is mobile, it
can be used outside of specialist laboratories,
by a medical consultant for example. In the

Tests for detecting toxins are very simple to use and will,
therefore, be useful for paramedics and emergency medical
services.
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Introduction of foreign genetic material, 
in particular viral material, into a cell, in
order to integrate it into the genome of 
that cell.



APPLICATION OF NANOTECHNOLOGIES HAS BEEN THE
SUBJECT OF MANY STUDIES REGARDING ANALYSIS AND
CONTROL OF POSSIBLE RISKS.

Developments for
society

26
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OTHER INNOVATIONS 
Transplants are often rejected by a patient’s
immune system. It is therefore hoped to encap-
sulate grafted cells inside a semi-permeable
membrane, made up of material which is ren-
dered biocompatible by the use of selected
nanocomposites. Nanopores would allow
nutrients to enter and secreted substances to
leave the graft. However, antibodies, which are
larger than the nanopores, would not be able
to pass through this barrier. 
In the case of prostheses, the objective is to
manufacture materials which do not degrade
and which can last beyond the current ten-
year lifespan. Research is being carried out on
composite nanomaterials which are more wear
resistant than metals.

Another channel of research is studying the
possibility of assisting a failing organ by means
of a nanometric size implant or through sti-
mulating it using a nanostructured mesh. By
cultivating these cells in vivo, the tissue can
be helped to regenerate itself, by creating
nanometer-scale connections between each cell
in order to obtain an established and viable
assembly, as has been the practice for skin
and cartilage.

A screening robot which can compare a molecule with the
17,000 compounds in its chemical library, to discover
inhibitors for many toxins.
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Nanoemulsions, developed by the CEA and CNRS
for drug transport applications, are made of oil
droplets. The core of these nanoemulsions can
contain an active substance. Being non-toxic, they
are "biocompatible" and will cross biological
barriers to reach the tumor to be treated.
Researchers are also working on the water-oil
interface to increase specific recognition of the
tumor.

NANO-DROPLETS OF OIL FOR
TRANSPORTING DRUGS

“Having effective treatments more rapidly
available, by evaluating a greater number of
molecules.”

©
 C

.
D

up
on

t/
C
E
A



Infinitely small: science changes scale 18w The nanoworld

w DEVELOPMENTS FOR SOCIETY28

POTENTIAL RISKS
The notion of risk linked to nanotechnologies
covers two aspects: dangers resulting from 
toxicity, and exposure. Research in toxicology
is evaluating the real and hypothesized dan-
gers. 
Study of urban pollution looks for impacts on
human health, in particular from the effects
of ultrafine particles emitted by diesel vehicles.
In the same vein, other studies are looking at
the interactions between nanoparticles and
cells, encouraging prudence in the event of
inhalation, penetration through the skin or
ingestion. A forward planning step is there-
fore in place. 

In workshops where they are produced or used,
if nanoparticles contain toxic material (for
example, heavy metals), they can expose 
workers to the risks as in the case of micro-
scopic form. There is, however, an additional
risk linked to the specific properties of nano-
particles: the much larger surface area, che-
mical reactivity, etc. Research is therefore
currently being undertaken to discover what
happens to nanoparticles and nanofibers if they
are inhaled. Good working practice is very
similar to that recommended for other dan-
gerous chemical products, but they have par-
ticular significance here, because of the large
capability of nano-objects to diffuse in the
atmosphere. In the industrial environment, it
is necessary to design processes which mini-
mize the stages which offer potential expo-

sure; for example, by carrying out the collec-
tion of nano-objects under liquid in order to
guarantee that they are not dispersed in the
event of an incident. It should also be ensured
that each stage of the process is automated,
to capture the pollutants at source, to filter
the air from rooms before exhausting to the
atmosphere and to individually equip each
worker with respiratory and skin protection.
For consumers, it is a question of ensuring that
they are not put into contact with potentially
dangerous products. Hence, these technolo-
gies are implemented so that products 
available to the general public do not contain
free nanoparticles and so as to avoid produc-

Small-angle X-ray scattering can be used to characterize the
spatial organization of nanoparticles and their aggregation,
basic components for understanding the toxicology
mechanisms.
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APPLICATIONS IN ALL FIELDS
Nanotechnologies should make it possible to
create objects that provide more services whilst
consuming less materials and less energy. They
could thus reduce the environmental impact of
certain industries (such as those related to
energy production) and of certain activities (such
as transport or information technology). 
In parallel to their contribution in the field of
development of new energy technologies (see
p.20), they will also contribute to decreasing
energy consumption by improving the energy
efficiency of existing objects. In this respect,
we think of lighter and stronger materials used
in vehicles, replacement of incandescent light
bulbs by electro-luminescent diodes (much less
hungry for electricity), replacement of the
cathode-ray screens by liquid crystal systems
(10 times less energy consuming), etc. Last,
but not least, there is the challenge of develo-
ping low consumption nanoelectronic compo-

nents to build energetically efficient computer
systems; today, 13% of the world’s electricity
is devoted to this sector!
Nanotechnologies can contribute to the detec-
tion of pollution. Reliable, fast and relatively
inexpensive nano-sensors will make it possible
to track all kinds of undesirable, organic and
inorganic, molecules in the water, atmosphere
and soil. Once detected this pollution needs to
be dealt with. This involves new water treatments
or the design of new catalysts to trap nano-
particles from the exhausts of automobile
engines, airplane engines, chemical factories,
etc. 
An international panel of experts has drawn up
a list of the 10 nanotechnology applications which
they judge to be of greatest benefit to develo-
ping countries: these are energy (new solar cells
and fuel cells), agriculture (nano-fertilizers),
water treatment (filtration, decontamination,
desalination), medical diagnosis, drug delivery,
packaging and storage of food, reduction and
control of atmospheric pollution, construction
materials, monitoring biological parameters (gly-
cemia, cholesterol) detection of harmful insects
and of disease vectors. Some of these are not
too complicated, expensive or demanding of infra-
structure, and could be developed on location. 
India, Brazil and China are devoting signifi-
cant investment to nanotechnologies and many
other countries, which already possess a uni-
versity and industrial infrastructure, such as
South Africa, Thailand and Argentina, are also
undertaking research in nanotechnology. 

Prototype of a toxic gas detector for the environment.
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“Toxicology researchers are evaluating
the real and hypothesized dangers 
of nanotechnologies.”
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to society and the reactions which lead to tech-
nical innovations. Scientific excellence and
innovation must be accompanied by precau-
tionary measures corresponding to the uncer-
tainties in new products coming from
nanotechnologies. If researchers wish to ensure
that the fruits of their research are acceptable,
then they need to take account of the interests
of all the various stakeholders. There have, the-
refore, been many reports produced which
attempt to evaluate the potential impact of nano-
technology on society. 
For example, the British report "Nanoscience
and nanotechnologies: opportunities and uncer-
tainties", produced in 2004, recommends
applying the precautionary principle, as did the
report by the French Committee for Prevention
and Precaution in 2006, followed by that from
the French Agency for Health, Safety, Envi-

ronment and Work. The Parliamentary office
for the evaluation of scientific and technolo-
gical choices organized several meetings on
nanotechnologies and produced a report "Nanos-
ciences et progrès médical (Nanoscience and
Medical Progress)” encouraging performance
of research in nanosciences and nanotechno-
logy in parallel with research on possible risks
and impacts. In 2005, the European com-
mission launched a strategic European plan in
order to give careful thought to the risks, uses
and impacts of nanotechnologies. In mid-2007,
it proposed adoption of a code of conduct on
this subject which was published in February
2008. In March 2008, the Commission also
set up the new European Observatory on Nano-
technologies. For France, this observatory will
be the responsibility of the OMNT and the
LARSIM (see box below).

w DEVELOPMENTS FOR SOCIETY
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STRUCTURES FOR NANO STUDIES AT THE CEA
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tion of such particles during use, for example
during ageing or degradation.
Questions arise with regards to the potential
effects of manufactured nanoparticles on the
environment (behavior, degradation mecha-
nisms) and the impact of their dispersal on
ecosystems (possible dangers to certain 
species). Research aimed at studying their
eco-toxicity is in progress.
Many countries, such as the United States and
France, are taking action to evaluate and control
the risks linked to nanoparticles and their 
possible side-effects; taking account of their
characteristics, their possible contamination
routes, means of protection, means of pro-
duction, the behavior of nanoparticles in the
environment, etc. 
In Europe, in 2005, the CEA got together with
other R&D partners from the chemical and 
technological industries to form an "integrated
project" called Nanosafe2. This project can be
divided into four areas of development:
• technologies for detection and characteriza-
tion of nanoparticles starting at the production
stage;

• an international network to put together a
database on the effects of nanoparticles on 
organisms and the environment;
• fully integrated manufacturing lines, to pro-
duce the final components without human
contact with the precursor nanoparticles
(aerosol, gas or liquid).
• Life Cycle Analysis and studies of recycling
processes, in order to control the effects on
health and the environment, in association
with the European Committee for Standardi-
zation.
For the first time, medical environmental and
social repercussions are being considered and
studied in parallel with development of new
technologies and safe methods for production
of nanoparticles are being put in place. This
simultaneous approach should allow anticipa-
tion and control of any possible, associated
hazards and allow specific regulations to evolve
in line with progress in understanding and with
the research in progress. 

ETHICAL QUESTIONS RAISED 
BY NANOSCIENCE AND 
NANOTECHNOLOGY
When considering the problems of nano-
technology, ethical reflection goes beyond the
limits of pure deontology (which is defined as
a collection of professional behavior and rules).
Ethics there analyses the changes that scien-
tific research introduces into the world, the 
responsibilities of the researchers with regard

OMNT: Observatory for Micro and Nanotechnologies.
The mission of this observatory, set up in 2005 on the
initiative of the CEA and CNRS, involves keeping a
constant scientific and technological watch on the field
of micro- and nanotechnologies. To do this, it relies on
a network of more than 230 French and European
scientists. Hence it can inform relevant organizations
and ministries and provide industrialists with relevant
up-to-date information.

LARSIM: The Physical Science Research Laboratory
was formed within the CEA in 2007. It is the first
laboratory of the CEA dedicated to the philosophy of
science. LARSIM has been given the goal of studying,
and making more comprehensible, issues of
contemporary scientific research. In parallel with its
work on the place of science in society, LARSIM is
carrying out a research program on the foundations of
physics.


