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Outlook

• Small and ultra‐small: range of physical size of our interest

• A few examples of physical properties depending on size (and shape)

• Natural and historical examples of small and ultra small objects used to attain• Natural and historical examples of small and ultra‐small objects used to attain
specific functions

• Technological aspects and nanotechnology• Technological aspects and nanotechnology

• Popular driving forces for the progress of miniaturization and related scientific and 
technical problemstechnical problems

• (Almost) comprehensive perspectives of the forthcoming seminars
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Small and ultra-small scale…
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The world of small and ultra-small

TypicalTypical rangerange ofof ourour interestinterest: 
not too large to be “visible at the naked eye” (or with a magnifing lens) 
not too small to directly entail the strcuture of the matternot too small to directly entail the strcuture of the matter
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From atoms to clusters

Few atoms:
“everything” can be
predicted by
extending the rulesextending the rules
of quantum 
physics/chemistry
used for small

l lmolecules

At i tAt some point, very
complex structures
can appear: 
predictions getp g
much more difficult
to achieve
(calculation

bl b h iproblems, behavior
no more governed
by simple atomisitic
laws))
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The example of fullerenes and carbon nanotubes

CarbonCarbon atomsatoms can form molecules
and nanostructures with a large
variety of bond lengths and angles

~ 1 nm

Fullerene (CFullerene (C6060))
(Nobel Prize mid 90’s)

CarbonCarbon NanoTubesNanoTubes ((CNTCNT‐‐singlesingle wallwall))
(Nobel Prize, mid 90’s)

~ 1_100 nm

Up to hundreds of micrometers
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A more “controversial” example: polymers/macromolecules

Polymer properties are:
typically understood within the frame of macromolecule chemistry
typically exploited in materials (very many polymers “packed” together)

l l b fa little bit out of our interest range
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A less “obvious” example: nanostructured surfaces

Often practical applicationsOften, practical applications
require nanosized objects to be
singularly addressable and 
anchored to a (rigid) substrateanchored to a (rigid) substrate
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Nontrivial properties of nano-objects I

Melting point of Au nanoparticles

MeltingMelting//evaporationevaporation dependdepend onon sizesize::MeltingMelting//evaporationevaporation dependdepend on on sizesize: : 
In the phase trasnformation material at the surface or bulk 
contributes differently to the process

Melting point (e.g., in the case of metals) depends on the 
surface/volume ratio, hence on size and geometry
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Nontrivial properties of nano-objects II

MechanicalMechanical propertiesproperties dependdepend
onon sizesize (and(and shapeshape):):on on sizesize (and (and shapeshape): ): 

Mechanical response (in 
particular, elasticity) is mostly
ruled by bond strength and byy g y
the “distribution” of stress/strain 
in the structure

Strongly anisotropic and well
bond nanostructures can exhibit
excellent properties
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Nontrivial properties of nano-objects III

Color Color dependsdepends on on sizesize: : 
the color of an object results from the 
i i b ( hi ) li h d h i linteraction between (white) light and the optical
properties of the material

O ti l ti ( i th f t l

A ti l

Optical properties (e.g., in the case of metal 
nanostructures) can strongly depend on size

Au nanoparticles
in solution
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Nontrivial properties of nano-objects IV

Also in semiconductors, optical
properties (luminescence) canproperties (luminescence) can 
dramatically depend on size

(but this is now due to purely
quantum physics effects!)q p y ff )

Extremely popular devices such as, 
LEDs and diode lasers, produce 
electroluminescence thanks to nano‐
sized objects (layers)sized objects (layers)
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Nontrivial properties of nano-objects V

ElectricalElectrical propertiesproperties (e.g., (e.g., conductanceconductance) ) dependdepend
onon sizesize::on on sizesize: : 

The electrical trasnport mechanisms are ruled by
the material properties, but also by its shape and 
sizesize

Electrical conductivity can be dramatically
affected by size when specific geometries are y p g
concerned (e.g., nanowires, nanodots)

Clearly non‐ohmic behavior!
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Small and ultra-small in the nature I

A functional property (hydrofobicity) depends on the 
structural surface arrangement at the nanoscale
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Small and ultra-small in the nature II

A functional/structural property (adhesion) depends on surface 
nanostructures (their artificial fabrication is under way)
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Small and ultra-small in the nature III

Termo‐mechanical properties are enhanced when specific 
geometries are attained (at the nanoscale)
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Small and ultra-small in the nature IV

Observations made possible thanks to the 
availability of new techniques

Very diverse features can be explained when considering the y p g
structure/morphology at the nanoscale
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An historical example of small ultra-small objects

Interpretation:
“Nanostructured” glass

(i.e., containing gold and silver 
nanoparticles)
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Technological aspects

• We have (more or less) defined the range of interest, i.e., what is small or ultra‐small

• We have seen that:• We have seen that:
Nanosized objects can possess unique properties (we will explain some of
them in the future!)
Nature knows how to exploit such properties to achieve specific functionsNature knows how to exploit such properties to achieve specific functions

Since from many decades technology has been interested in producing usingSince from many decades, technology has been interested in producing, using, 
analyzing nano‐objects to.

Miniaturize devices
Improve their performance (power, efficiency, diffusion, reliability, …)Improve their performance (power, efficiency, diffusion, reliability, …)
Find practical applications for novel functions, specifically related to the 
nanosized character

Technology with (or for) small objects is known as nanotechnology
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(Nano)technology

T h l h bili f b i f l f li iTechnology: the ability to fabricate systems useful for some applications
Nano: fabricated systems are “small”‐sized (hard to figure out how small…)

i e the ability to manipulate matter in order to fabricate systems (or structures ori.e., the ability to manipulate matter in order to fabricate systems (or structures, or 
devices) with a size in the sub‐micrometer range

Technology uses techniques but it is not just a technical application: basic scienceTechnology uses techniques, but it is not just a technical application: basic science 
is involved as well in designing new techniques and new structures with improved 
functionalities

(Nano)technology is strictly connected with basic science, but it is not just 
investigation/interpretation of processes in the nano‐world

[concepts from M.Wilson et al., Nanotechnology (Chapman&Hall, 2002)]

Scuola Dottorato da Vinci – 2009/10 http://www.df.unipi.it/~fuso/dida – v. 1 ‐ part 1 –pag. 20Proprietà piccola e piccolissima scala



There is plenty of room at the bottom…I

The era of nanotechnology is often considered to start 
with this seminal speech by Richard Feynman

Miniaturization means increase 
of “power” in

Information Technology
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Increasing the information density: an example
H d di k t h lHard disk technology

In hard disks (magnetic), information is retained in the 
magnetization status of nanosized systems

Reading small magnetic field variations 
requires sensitive systems based on 
nanostructured materials (GMR)

g y

10‐15 nm

Magnetization vs magnetic field for a Co salt 
nanoparticle system
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Towards less conventional implementations
Di lith hDip pen lithography

Single atom manipulation by STMSingle atom manipulation by STM

“Nanosized microfilm” displaying the initial part 
of the Feynman’s speechy p

Strict interplay between basic science (e.g., 
fundamental phenomena occurring at the nanoscale) 

and applicative implementations
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There is plenty of room at the bottom…II

Miniaturization means new (quantized) functionalities 
exploitable in novel applications

Eric Drexler (1990)

Nanomachines for e g computation drug

Manipulation and control of the matter
at the single atom level made possibleNanomachines for, e.g., computation, drug 

dispensing, nanofluidics, …

g p
by new techniques and methods
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Main driving forces for nanotechnology

Electronics devices:
they are typically (and 
traditionally) made of 
“small” structures

h f l1. Thin films are deposited
2. A pattern is tranferred to 
the multilayered structure

Device components 
(resistors, capacitors, 
transistors ) are sotransistors, …) are so 
defined in an integrated
structure

Traditionally, a top‐down
h i d dapproach is adopted
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Driving forces for nanotechnology II

Feature size 
(typ., fwhm of the smaller(typ., fwhm of the smaller 

device features)
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The “Moore’s law”
See http://public.itrs.net

“Mi i t i ti ” i b f t 3 4 i“Miniaturization” increase by a factor 3‐4 in 
a 3‐4 year period (still true?)
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The 2004 status of miniaturization (commercial)

http://www apple com Feature size below 100 nmhttp://www.apple.com Feature size below 100 nm 
(nanoelectronics)
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The 2008/09 status of miniaturization (commercial)
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Skilled and smart fabrication and material processing

Striking results require combinations of 
different fabrication technologiesdifferent fabrication technologies
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Technical and fundamental problems

The rate of increase in miniaturization has 
been growing fast 
in information technology

Main motivations:
‐ Increase of “power” (computing 
efficiency, information storage, time 
response, …)
‐ Decrease of power consumption, usually 

d hassociated with miniaturization
‐ Commercial reasons (a huge market!) 

Da www.sia‐online.org

Technical limitations: lack of control in the manipulation, limitations inherent to the 
materials

Fundamental limitations: in the techniques (e.g., optical diffraction in lithography), in 
the system operation (e.g., quantum behavior)

Need for novel approaches 
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International Semicon Technol Roadmap
Need for new...

Alternative (new) 
technologies required 

l k hsimply to keep the pace 
of miniaturization

http://public.itrs.net
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Need for suitable diagnostics

Part of nanotechnology is the development of tools able to catch the physical properties
with a spatial resolution in the nanometer range

An optical microscope is
fundamentally limited infundamentally limited in 
resolution (down to 200‐
300 nm, typ) due to optical
diffraction

An electon microscope 
can often outreach nm

l i (b i iresolution (but it requires
often cumbersome
specimen preparation)

Staring ftom the eighties (Nobel prize 1985), technology has strongly searched for
alternative methods able tomeasuremeasure physical quantities at the local scale (usually, p y q ( y,
without the need for sample preparation)
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Scanning probe techniques

ConfocalConfocalA ll lt ll b i ConfocalConfocalA small or ultra‐small probe is
used to measure locallocal quantities
Surface scan is adopted to
reconstruct the image

1 1 μμmm

reconstruct the image

NearNear‐‐fieldfield
Alos, improvements of
the spatial resolution

1 1 μμmm

the spatial resolution
in optical imaging can 
be achieved (by using
“near‐fields”))

AFM (Atomic Force) image of Silicon
surface (scan size 3.3nm x 3.3nm)
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Conclusions

The world of small and ultra small is plenty of peculiar effects and opportunities:
‐ new physical effects associated to surface/volume and geometry;
new physical effects associated to quantum phenomena‐ new physical effects associated to quantum phenomena

Nature and history know how to exploit such effects

(Nano)technology has been strongly developed in the last decades to use small
and ultra small in practical devices:

‐ electronics is the main driving force for extreme miniaturization;electronics is the main driving force for extreme miniaturization;
‐ optical and mechanical features can also be specific in the nano‐world

Fabrication, manipulation, design of nanosized systems has brought the need for, p , g y g
novel diagnostics at the nano‐scale, which we will mention

Before looking at them, however, we will spend a few words on the theoretical
tools to describe solid‐state matter and nanosized objects, that is, quantum physics
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