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Scuoia di Dottorato in ingegneria Leonardo da Vinci — a.a. 2009/10
PROPRIETA MECCANICHE, OTTICHE, ELETTRONICHE DEI MATERIALI
ALLE PICCOLE E PICCOLISSIME SCALE

Versione 1 — Settembre 2010 — http://www.df.unipi.it/~fuso/dida

Parte 1
Introduzione:
alcuni esempi, definizioni e casi di interesse

Lu 06.09.10 9.30-11.30 aula DIC
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Outlook

e Small and ultra-small: range of physical size of our interest
o A few examples of physical properties depending on size (and shape)

e Natural and historical examples of small and ultra-small objects used to attain
specific functions

e Technological aspects and nanotechnology

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

e (Almost) comprehensive perspectives of the forthcoming seminars
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Natural and artificial
phenomena of interest in
science (namely, in physics)
involve objects with a physical
size spanning over many
decades
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Our point of view:
Small/ultra-small means
something placed at the

T bottom of the physical scale
Figure 1.2 relevant for matter and devices

This image shows the size of the nanoscale relative to things we are familiar
with. Each image is magnified 10 times from the image before it. As you can
see, the size difference between a nanometer and a person is roughly the
same as the size difference between a person and the orbit of the moon.
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The world of small and ultra-small
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Typical range of our interest:
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 matter

Scuola Dottorato da Vinci — 2009/10 Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 1 —pag. 4



From atoms to clusters

Few atoms: > — —
“everything” can be [Aggregates of atoms ‘
predicted by

extending the rules

of quantum 8 & ‘ ’ . ' “ s
physics/chemistry

used for small .
molecules Cluster size

At some point, very
complex structures
can appear:
predictions get
much more difficult
to achieve
(calculation
problems, behavior
no more governed
by simple atomisitic
laws)
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The example of fullerenes and carbon nanotubes

Carbon atoms can form molecules
and nanostructures with a large
variety of bond lengths and angles

~1nm

Fullerene (C,)

(Nobel Prize, mid 90’s)
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~1 100 nm

c—¢ c—Cc—¢C 1425 c—C—C—C—C
1.245 1.278 61.5 1271 1.275
D Dt Don Dat
1.318 P
T#C“‘"f ] ,f 9{1.24
. C—C—C—C—C—C=—C © C
C\iff/c 1270 1264  1.280 JORT | pan
Cc C-—-..C..--C
Dy, Do Can
1.280
c—C—c¢
/
c—C—C—¢—C—C—C--(C—C !C C\
1.269 1.261 1.269 1.283 6. s °
& L6
N

Figure 5.4. Some examples of the structures of small carbon clusters. [With parmission frc
Raghavacari st al., J. Chem. Phys. 87, 2191 (1987}]

Carbon NanoTubes (CNT-smgIe wall)

Up to hundreds of micrometers

Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 1 —pag. 6



A more “controversial” example: polymers/macromolecules

Ty

A polymer is a large molecule (macromolecule) composed of
repeating structural units typically connected by covalent chemical
bonds. While pofymer in popular usage suggests plastic, the term

actually refers to a large class of natural and synthetic materials
with & wide variety of properties.

Because of the exraordinary range of properties of polymeric

materiala,[z] they play an essential and ubiquitous role in everyday

lifel!

, ranging from familiar synthetic plastics and elastomers to
natural biopolymers such as DA and proteins that are essential
for life. A simple example is polyethylens, whose repeating unit is
based on ethylens (ILUFAC name effsns) monomer. Most

$

Appearance of real linear o

polymer chains as recorded using

an atomic force microscope on
surface under liguid mediurm.
Chain contour length for this
pakymer is ~204 nm; thickness is
~0.4 nm [1]

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

O

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

\\\
active Si layer

300 nm B

SEM picture of seven 5 nanowives and leads, aif

etched into the silicon device layer of & Silicon- AFM image of a carbon nanotube device made using
an-fnswlator wafer. The metallic contacts are not ) .
Wsibde, The inset shows 3 single nanowire sHl Nithography to contact individual nanotubes

capped with s S5i0Z2 fayer acting as an etch-mask,

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

100 Melting point of Au nanoparticles / Prova a fare questo
1000 eSerczio:
900+ .
200 £ # Quanti lati ha un cubo?
Ve ‘x # Se il lato misura 1 cm, qual € la superficie totale del
£ a0 2 cubo?
S 5001 A s ' # Tagliando il cubo tre volte (verticalmente,
2 0] 'Dg Do orizzontalmente e trasversalmente), quanti cubi si
= _ Ing 7 oftengono?
s 0 0640  # Qual & la misura di ogni nuovo cubo? Qual ¢ la
200, superficie totale di fuftii cubi ottenuti?
1007 Vedrai che a parita di peso (o, meglio, di massa), pitl piccolo
N O B L S B S S significa maggior superficie
0 1 2 3 4 5 5 7 8 9 10 1 - : =&

Particle Radiu
Source: K.J. Klabunde, 2001

Melting/evaporation depend on size:
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 Il

Carbon nanotubes are the strongest and stiffest materials yet discovered in terms of tensile strength
and elastic modulus respectively. This strength results from the covalent sp® bonds formed between the
individual carbon atoms. In 2000, a multi-walled carbon nanotube was tested to have a tensile strength

of B2 gigapascals I{GF’E]I“?]. (This, for illustration, translates into the ability to endure tension of a weight

equivalent to 6422 kg on a cable with cross-section of 1 mmz.j =ince carbon nanotubes have a low

density for a solid of 1.3t0 1.4 g-cm_3,[181

known materials, compared to high-carbon steel's 154 kN-m-kg_1.

Comparison of mechanical pmperties[zu][m][22”23]

Material Young's modulus (TPa) | Tensile strength (GPa)  Elongation at break (%)
SVWINT ~1 {from 1 to 5) 13-53F 16
Armmichair SWNT 0.047 126.2" 231
Zigzag SWNT 0.947 9457 156-17 5
Chiral SWNT 0.92
MWNT | 0.27F0 g gBI=A_g g1 4 4BIT7]_gaBI17]_q50B[24
Stainless steel | 0.186E125 0 214E[48] 03851251 55E1 15-50
Kevlar—298149 | 0.0651%7 g 18F%] 3 gEle7]_3 gFl7] .

EExperimentaI observation; TTheoretioaI prediction

Scuola Dottorato da Vinci— 2009/10 Proprieta piccola e piccolissima scala

its specific strength of up to 48,000 kN-m-kg_1 15 the best of

Mechanical properties depend
on size (and shape):
Mechanical response (in
particular, elasticity) is mostly
ruled by bond strength and by
the “distribution” of stress/strain
in the structure
O

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

Gold Building Blocks

Atoms: &
colorless, 1 A

Gold clusters:
orange, nonmetallic,
<1 nm

Gold nanoparticles:
3-30 nm, red, metallic,
“transparent”

Gold particles:
30-500 nm
metallic, turbid,
crimson to blue

Figure 1. Gold building blocks, from the
afomnic to the mesoscopic, and their
changing cofors.
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Color depends on size:
the color of an object results from the
interaction between (white) light and the optical
properties of the mater@
Optical properties (e.g., in the case of metal
nanostructures) can strongly depend on size

Proprieta piccola e piccolissima scala

Au nanoparticles
in solution

1.4 nm B nm

afglomerated
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Nontrivial properties of nano-objects IV

Sl nanocrystals with different alzes

Also in semiconductors, optical
properties (luminescence) can
dramatically depend on size
(but this is now due to purely
quantum physics effects!)

Extremely popular devices such as,
LEDs and diode lasers, produce

Various Muarescence
from Si nanocrystals e =y

Diode Laser Anatomy

Laser Laser Diode

Elliptical Semiconductor ‘ /

{126 m}

Beam

Protective ] 8 \\ . Sub
] N 4
5 ;
I g gladgng Iayar
R X ap layer
- & ?\\’_":,T n-type elecirode

L —

Metallic
Strip

Wires

~ Monitor
Photodiode

Figure 4 .
Ragdiation patiern ieJ.
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Nontrivial properties of nano-objects V

Electrical properties (e.g., conductance) depend
on size:

The electrical trasnport mechanisms are ruled by

the material properties, but also by its shape and

size G
Electrical conductivity can be dramatically

affected by size when specific geometries are
concerned (e.g., nanowires, nanodots)

| | M
2 | (nA) 2
Clearly non-ohmic behavior!
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Small and ultra-small in the nature |

| . m
SNV On a smooth surface
™ -
> the contaminating
particles are only

moved by the water
droplet (left). In
confrast to that, ona
rough surface they
stick to the droplet
rolling off the leaf
thus bemng washed
off (right).

(Source: Metin Sitti, CMU)

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

beetle _ __fly

Figure 1: Tekay gecko foot-hair images: gecko foot hottom
view (left image); zooming into one of the stalks (right upper
image, bar indicates 10 pm), and zooming into spatulae and
spatular stalks at the end of a stalk under SEM (right lower
image, bar indicates 300 nm) (courtesy of Kellar Autumn).

Synthetic Gecko Foot-Hair Micro/Nano-Structures
for Future Wall-Climbing Robots
Metin Sitti' and Ronald 8. Fearing?

! Dept. of Mechanical Engineering and Robotics Institute, Carnegie Mellon University, USA
2 Dept. of EECS, University of California at Berkeley, USA

(b)
Figure 3: 3-D AFM tapping mode image of (a) the AFM
probe based indented flat wax surface, (b) molded and peeled
off silicone rubber nano-hairs.

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 Il
* Heat shock protein (HSP 60) in organisms living at high temperatures
(“extremophiles”) 1s of interest in astrobiology

« HSP 60 can be purified from cells as a double-ring
structure consisting of 16-18 subunits. The
double rings can be induced to self-assemble
into nanotubes.
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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

S5PM allows direct

imaging of biomechanical

It G e = 10 nanometers.
ings are perfectly structured down to the P

L -
i} it

¥
*
Tl it ey l:li"
keffury 8 [Mpam i F
il

Images of Vanossa virginiensis butterfly
acquired at different length scales by conventional
optical mathods (a, b) and SPM methods (c, d, &)

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

Lycurgus Cup in Roman times

Dr. Juen-Kai Wang

The glass appears green
in daylight (reflected
light), but red when the
light is transmitted from
the inside of the vessel.

Interpretation:
“Nanostructured” glass
(i.e., containing gold and silver
nanoparticles)

The Lycurgus Cup, Roman (4th century AD), British Museum (www.thebritishmuseum.ac. uk)
F. E. Wagner et al., Nature 407, 691 (2000).
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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:
v Nanosized objects can possess unique properties (we will explain some of
them in the future!)
v’ Nature knows how to exploit such properties to achieve specific functions

Since from many decades, technology has been interested in producing, using,
analyzing nano-objects to.
» Miniaturize devices
» 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

Web Images Yideo Mews Maps more s

Inanljtec:hngh:. Sl Adwanced Search
9 Preferences

Results 1 - 10 of about 18,800,000 for nanotechnoloqgy

Technology: 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, or
devices) with a size in the sub-micrometer range

Technology 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)]
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There is plenty of room at the bottom...|

There's Plenly of Room al the Bollom

An Invitation to Enter a New Fisld of Physics

‘: Ef
by Richard F. Feyuman

This transcnpt of the classic tall that Richard Feynman gave on December 29th 1959 at the annual meeting of -
the Ametican Physical Society at the California Institute of Technology (Caltech) was first published in the

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

February 1960 1ssue of Caltech's Enginsering and Srience, which owns the copyright. It has been made e s o mmmmmem=e=e=] EhrE, HOTY
available on the web at httpeffwrerw. zyvex comdhanotechfeynman hitmml with their kind permission. E"l'.'ll'-:'\-_n D .01 %6 of al
- 0 written knowlbedge
0 s um
B [ L]
- SO __| Encyclopedia
. 107 T DR
How do we write small? ; roo o O ey )
= 10* # B 250 Sum Phrs. Audio CD)
ﬁ u B350 4pm
T
r 10 e o e B _____| Book
Information on a small scale =VE . F1min Audio €1
6L e !
i.l:l' L - .21 Zum
[ L] [ I | g™ ! &2 dpm
Mintaturiying the compniier 100t ewngd |Page
i
10 E .
1,::,"5 1Kh
Miniaturization means increase o .
“ ) - 10 L Lo dibuodld Lol bl . il
of “power” in 1980 1970 18BD 1990 2000 2ON0 208D
Information Technology Year
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Increasing the information density: an example

Hard disk technology Reading small magnetic field variations

requires sensitive systems based on
In hard disks (magnetic), information is retained in the,5nostructured materials (GMR)

magnetization status of nanosized systems

The Nobel Prize in Physics 2007
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Magnetization vs magnetic field for a Co salt
nanoparticle system
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"for the discovery of Giant Magnetoresistance”

Albert Fert Peter Grunberg
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Towards less conventional implementations

Dip pen lithography

RAs scon as I mentiorn thrs. # . . .
ot ; . Single atom manipulation by STM
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1960 <hot onybedy began seriously to

move in this direction.

: ,
D DOH 6 o

400 nm
Richard P. FeHnrr.cr., 1960

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

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...lI

Miniaturizafion by evaporation

"“"'i Tﬂe stadiim Corral

Better electron microscopes
Afoms in a small world

Rearranging the afoms -

Miniaturization means new (quantized) functionalities
exploitable in novel applications

4 ® NANOTECHNOLOGY

‘nanotechnology is the principle of atom manipulation atom by atom,
through control of the structure of matter at the molecular level. It
entails the ability to build molecular systems with atom-by-atom preci-
sion, yielding a variety of nanomachines.’

Eric Drexler (1990)

A representation of nanogears made from graphitetubes billionths of a meter wide.
{Picture fram the ManoGallery, see references)

. Manipulation and control of the matter
Nanomachines for, e.g., computation, drug at the single ator'n level made possible
dispensing, nanofluidics, ... 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

1. Thin films are deposited
2. A pattern is tranferred to
the multilayered structure

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

Sputter - etal film

Depaositing PR on the glass

PECYD:g&miconductar astion :
finsutating film 5 Coating

Remoing PR wilth shoper

Edzhing deposition film into PR form
WET ETCH : ragtal dilm
DEY ETCH : semiconducioriinguiting film

Removing fereign svbstence &
and paricles from e glass [

Cleaning T Coaling PR L
PR {phota resist) .--‘_‘nl_

Insoaction PROCE3SS
CVCLE Exposure

Developirg Expogion process
{shading the ight

selactvely using he mask}

Formirg o patem by remeving fie
sxposzd PR area using developer
e galulon

Scuola Dottorato da Vinci—2009/10

Traditionally, a top-down
approach is adopted

Proprieta piccola e piccolissima scala
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Driving forces for nanotechnology Il

Feature size
(typ., fwhm of the smaller
device features)
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The “Moore’s law”

ITRS Roadmap Acceleration Continues... See http://public.itrs.net
(Including MPU/ASLC"Physical Gate Lengti Proposal)
95 a7 29 01 04 o7 10 13 16
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“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)

k 'How many transistors can dance on the head of a chip only 66
millimeters square? Over 58 million, thanks to IBM's
sophisticated process technology that builds them just 90
nanometers wide. Such superior technology developments
turbo-charge the G5 processor to speeds of up to 2.5GHz.

To get electronics so small requires miniaturization
breakthroughs, and IBM's dedication to basic scientific research
makes these advances possible, For instance, the company
began researching copper as an interconnect method over 25
years ago, but the technique wasnt practical until just recently,

So Small

Transistors on the PowerPC G5
hiold a charge to let the system
make logic decisions based on
whether the transistor s on or
off, Using a 20nm process for
even greater performance, IBM
builds these devices

just 000000029 meters wide on

One in 58 Million. & transiztar a layer ':'f_ E:i“I:IIIFI amn _ir‘|5ulat|:|r.
just 20nm wide (yellow) an The 58 million transistors
substrate of SOI (blue) with themselves are connected by
copper interconnects (gray). over 400 meters of copper wire
Layers of nitride (brown) and that's less than 1/1000th the
oxide [green] insulate it from its idth of d of hai
brethren., Magnified 146,000 W thof 3 strand o yoUr nalr.,
times, Tiny paths mean less time to

complete a sequence, since the N

http://www.apple.com Feature size below 100 nm
(nanoelectronics)
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The 2008/09 status of miniaturization (commercial)

45 nanometer

From Wikipedia, the free encyclopedia

Perthe International Technology Roadmap for Semiconductors &, the 45 nm technology node should refer to

the average half-pitch of 2 memory cell manufactured at around the 2007-2003 time frame. :Iargﬁ:"dsm;nstrates first
Matsushita and Intel started mass producing 45 nm chips in 2007, and AMD is targeting 45 nim production in

2008, while 1BM, Infineon, Samsung, and Chartered Semiconductor have already completed a cammaon 45 nm FKF_"'I'VE the f'rsfftlfznm
process platform. By the end of 2008, SMIC will be the first China-based semiconductor company to move to 45 et

functional SRA&M packing
rare than 1.9 billian
transistors,

nim, having licensed the bullk 45 nm process from (B,

Many critical feature sizes are smaller than the wavelength of light used for lithography, i.e., 193 nm andfor 248
nim. Avariety oftechnigues, such as larger lenses, are used to make sub-wavelength features. Double ) # Learn more
patterning has also been introduced to assist in shrinking distances betiveen features, especially if dry

lithography is used. It is expected that maore layers will be patterned with 193 nm wawelength at the 45 nm node.

Moving previously loose lavers (such as Metal 4 and Metal 8) from 2438 nmto 193 nmowavelenath is expected to

continue, which will likely further drive costs upward, due to difficulties with 193 nm photoresists.

Standard HK+MG
Transistor Transistor

Low resistance layer Low resistance layer
yer-— o Y

Metal gate
—— Differentfor

NMOS and PMOS

Polysilicon gate

N+ for NMOS

P+ for PMOS

SiO, gate oxide ——=L_ . = L +——High-k gate oxide
Hafnium based

w
o
w
o

Silicon substrate Silicon substrate

High-k + metal gate transistors provide significant performance

Scuola Dottorato da Vinci— 2009/10 Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 1 —pag. 29



Skilled and smart fabrication and material processing

W' lde aldewall

i\\ zate Stack Formation
Wide sidewall Formation
5D Implantation
[ |{_ SD and Gate Activation

Sufficlent Offsat 2D

@ Wide sidewall Removal

Offzet Spacer Formation
Halo / SDE Implantation
SDE Activation

J spE

MNATIOW B10eWwan

Marrow sidewall Formation
| Mi Silicide Formation
J %

Fig.2 Procesa flow of reverse ordered SD/EDE
formation. 50 1= formed by using wide sidewall which 15
disposed afrer 3D formation Narrow sidewsll 15 formed
for Sihmde smacsr afrer SNIFE farmariom

High Performance CMOSFET Technology for 45nm Generation
and Scalability of Stress-Induced Mobility Enhancement Technique

A Qishi, O.Fujii, T Yokovama**, K.Ota™*, T.Sanuki, H Inckuma", K. Eda*, T.Idaka", H Mivajima*, S Iwafa'\

H Yamasalki®, K Oouchi™, K Matsuo®, H Nagano™. T Komoda, YOkayama, T Matsumoto™, K Fukasaku

T.Shimizu®, K. Miyano®, T.Suzuki’, K Yahashi®, A Horiuchi™, Y Takegawa, K Saki”, S Mori®, K Ohno™,
I Mizushima’, M.Saito™, M.Iwai, 5. Yamada, N Nagashima™ and Flatsucka
System LSI Division, Semiconductor Company, Toshiba Corporation
“Process and Manufacturing Engineering Center, Semiconductor Company, Toshiba Corporation
“SoC R&D Center, Semiconductor Company, Toshiba Corporation
**Semiconductor Solutions Network Company, SONY Corporation
E-mail- ooishi@semicon toshiba.co.jp
8 Shinsugita-cho, Isogo-lu, Yokohama 235-8522, Japan.
Phone: +81-45-770-3498 Fax: +81-45-770-3194

X Stress liner Liner Thicknesas

110nm
Fig& Schemaric wiew of a structure for stress
simulation. Minmimum gate pizch which is often used
for stacked zate cirowit 15 sssumed. It 15 assumed thax
stress liner deposition 15 conformal

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

+« [n order to maintain the progress of Moore™s Law, the 2001 [TRES envisicns nsbee

mggressive scaling than projected in prior roadmaps. For example, dynamic
random access memory chips will featore eritical dimensions of 90 nanometers in
204, which is both smaller and sponer than the 100 nanomefers projected for
mﬂjinﬂmmadnnpmﬂjahadjuumn}mmago Similarly, microprocessor
ersion that affects the processor’s speed -
ﬁmmnrmmmﬂaﬂtuﬁwlm

Imrnlﬂﬁ,ﬂ]ﬂmmnmm:hhauiamdﬂmdcd]mﬁ,ﬂﬂmm
wich. )

We are beginning in ronch the fandamentul limitx of the moterials oxed im the
planar CMOS procesa, the process that has been the basis for the semiconductor

sty past 30 years. mprovernents in the planar CMOS process
can comtinue for the nexe five 1 ten years by introducing new materials into the
hagic CMOS strpcture.  However es the [TRS looks foowsrd 10-15 years it
hmmm:wd:mﬂutmwiﬁﬂxﬁtnﬂmﬁmnfmmiﬂgmofﬂm
I::nm'ntnd'l nlopical capabilities of the CMOS device strocture will approach or
have ' In mier fo contme to drive inforrmation echnology
EOECTE, [ DCUDOE NOXSATY [0 UVOEIJAR TEW OSVECE T Ty provios |
o comt-affisctve Gltarmative to plmmer CVOS in this imofme.

Da www.sia-online.org

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
b associated with miniaturization

- Commercial reasons (a huge market!)

materials

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

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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Need for new...
International Semicon Technol Roadmap
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Alternative (new)
technologies required
simply to keep the pace
of miniaturization

a2

.‘

Innervalien EUTY, imprnt, ML2

B Gueich Focured T Daesiozimsl Undaieag Cudhcaonemalucion T Cenisus i=sisemait

This lgard ndzaas 50 h=s danrg whih cesmasch desaosmant, and goafhordanpo-pradueton aheud be lEng pece I e soulon,

http://public.itrs.net

Scuola Dottorato da Vinci — 2009/10 Proprieta piccola e piccolissima scala http://www.df.unipi.it/~fuso/dida — v. 1 - part 1 —pag. 32



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 in
resolution (down to 200-
300 nm, typ) due to optical
diffraction

An electon microscope
can often outreach nm
resolution (but it requires
often cumbersome
specimen preparation)

Staring ftom the eighties (Nobel prize 1985), technology has strongly searched for
alternative methods able to measure physical quantities at the local scale (usually,
without the need for sample preparation)
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Fv Scanning probe techniques
Probe ti

P—— —

A small or ultra-small probe is
used to measure local quantities
Surface scan is adopted to
reconstruct the image

Piezoelectric scanner

Alos, improvements of
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

v 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

v’ Nature and history know how to exploit such effects

v'(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;
- optical and mechanical features can also be specific in the nano-world

v'Fabrication, manipulation, design of nanosized systems has brought the need for
novel diagnostics at the nano-scale, which we will mention

v'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, guantum physics
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