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Il “hanomondo”: dimensioni tipiche submicrometriche

Dimensioni sub-nanometriche in natura (“limite inf.”):
*passo reticolare cristalli ~ alcuni A (Si: 5.431 A)
“diametro” molecola fullerene ~ 7 A

«“dimensioni lineari” di un monomero (polimero)
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tetrafluoroethylene PTFE (Teflon)
(TFE)

Obiettivi “tecnologici”: realizzare, studiare e sfruttare nanostrutture:
- crescita (asse z);
- definizione laterale (asse x e/o y)

1L

NANOTECNOLOGIA

See the Feynman'’s speech (29/12/1959!!) at
http://www.zyvex.com/nanotech/feynman.html
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Da C.P.Poole and F.J.Owens,
Introd. to nanotechnology
(Wiley, 2003)

Motivazionl ed ambito

The current widespread interest in nanotechnology dates back to the years 1996
to 1998 when a panel under the auspices of the World Technology Evaluation Center
(WTEC), funded by the National Science Foundation and other federal agencies,
undertook a world-wide study of research and development in the area of nano-
technology, with the purpose of assessing its potential for technological innovation.
Nanotechnology is based on the recognition that particles less than the size of 100
nanometers (a nanometer is a billionth of a meter) impart to nanostructures built
from them new properties and behavior. This happens because particles which are
smaller than the characteristic lengths associated with particular phenomena often
display new chemistry and physics, leading to new behavior which depends on the
size. So, for example, the electronic structure, conductivity, reactivity, melting
temperature, and mechanical properties have all been observed to change when
_particles become smaller than a critical size. The dependence of the behavior on the
particle sizes can allow one to engineer their properties. The WTEC study concluded
that this technology has enormous potential to contribute to significant advances
over a wide and diverse range of technological areas ranging from producing NUOVE
stronger and lighter materials, to shortening the delivery time of nano structured ,
pharmaceuticals to the body's circulatory system, increasing the storage capacity of FUNZIONALITA
magnetic tapes, and providing faster switches for computers. Recommendations (di SpOSitiVi)
made by this and subsequent panels have led to the appropriation of very high levels
of funding in recent years. The research area of nanotechnology is interdisciplinary,

tecnologie

Settore tradizionalmente trainante: (micro)elettronica
Miniaturizzazione P dimensioni compatte, aumento potenza (capacita trattamento
ed immagazzinamento dati), diminuzione consumi, ...
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Limiti delle tecnologie attuali?
Dispositivi con nuove funzionalita?
Nuovi materiali?
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See http://public.itrs.net

Previsioni per il futuro...

ITRS Roadma
(Including MPU/A

Acceleration Continues...
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*ASIC: application-specific integrated circuit
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Miniaturizzazione vs prestazioni Realizzazione pratica di device a piu livelli

Esempio: velocita (basso RC): (con interconnessioni)
P capacita (C ~ S/h)
P resistenza (R ~ I/S)

Vale anche per
interconnessioni
(esempio):

- polysilicon stripes
- W-plugs

- Al lines

Miniaturizzazione
dispositivo

!

miniaturizzazione
interconnessioni
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Elemento di base dei dispositivi
microelettronici: FET (MOS-FET)

(elemento attivo: la tensione
al gate controlla la corrente
drain-source)

Da F.Bassani, U.M. Grassano,
Fisica dello Stato Solido
(Bollati Boringhieri, 2000)

Principio di funzionamento
di una giunzione tra 5
semiconduttori a diverso drogaggio
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MEMORY | LOGIC |
High volume Highvolume:
DRAM/Flash Micraprocessor Aegioni di svuotamento
transistors/em? 64 M aM o Matariale p*
egnale Fori ifortementa drogato)
Cn-Chip Frequency (MHz) 150 150-300 q; | U.'d g
Chip size fmm?) 190 250 entrata
P Flugso di uscita
Number of Defects 580 425 Sorgante Semiconduttord di tipohn 1'os
. Number of Package Pins/Balls 30-80 512 - :
Interconnect Density (Metal 1) (m/om?Aevel) 60 35 !
i Fora .
Number of Metal Interconnect Levels 2 4-5 = ??-I'H“m‘
© Interconnect Length {m) |- 380 " | uscita
Maximum power dissipation (W/dis) ‘ 3-5 5-80 i -
_

MOS-FET: costruzione planare (film sottili)
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Richiami sul funzionamento di un transistor bipolare
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Trumsistor - p—n, cion | reingyl simbobi per indicare 1a comene di emettifore ), di collet-
fore (400, ¢ e comente di huse (f g0 (@) Indicazione degli stabr o polurnzzonoae e der Hussi di
cotente (buche ed clettronil, (b Posizonamente delle Banile in presenzn dioan . cemipo (elireizo
e b punziae oo—p),

In en tramsistor s —p — e Soha ad un ecremo emetritore di eletdrom, 1
gueli eotrang dul contato nel senpeondultore w e all’altro esremo del secondo
sepmigonduliore e vi @ il colletore, mentre il semicondutiore p imermedio, molio
piit sottile degli altri. & chismato base. All'eguilibrio senza polarizeaziong non
s ba passaggio di comente perché £ = I a entrambe Je giunzioni. Basta perd
applicare una differenza di potensiale tm il colletiore ¢ amsttitore ¢ contrallare
il potenziale delle base per ottenere un’amplibcazione i wosione, Tlustriamo il
funzienamento di tale mensisor riferendoct alla g, L1116 In queste schema s
panmo die circnit, Ut @ il circuite ¢ —b {emettilore-base)d che & rettificante per le
HEiani esposte precedentemente & proposio del diodo. Laltro € un cineutte b — ¢
hase-collettore) che da solo fascerchbe pagsare pocil corrente perche il potenziale &
tale da aumentare |& barriera do potenziale. In presenza del cirooio precedenic perd
molll pik eletironn amivano al semiconduttore 3 per 'effetto dell abbassamento

Da F.Bassani, U.M. Grassano,
Fisica dello Stato Solido
(Bollati Boringhieri, 2000)

delfa barriera al confing n—p e lali clettroni non lovano ostacali a prosegure
attraverse la soma n»oed drmivare al colledore. Queste produce percid amplificizions
th polenza nel circmto & — ¢ mspetio ol circuite « - i
La corrente che passa porn—p & 1
a2
In=Tde vl — 1), (1 h6d)

dive we & il potenziale dell'emertitors, La commente che passa al colleliore [ sard

L=t -1, (11.65)
dove [, corrente di base, @ piecola i opm caso. Se la base & a lerma s pub
ritenere T 0 e la corrente raccolls al evllettore sard data dalla (11.64), Noo ot
in quests case amphificazions di corente tra emettitore ¢ colleffore, ma ¢'2 prands
umplificazione di tensione (o di potenzal, perché Ju stessa corrente passa da un
circuto d'ingresso s bassa impedenza (giunzione con polanzzazione dirctta) ad un
circurto d'uscity o grande impedenza (giundone con polanzzazione inversa) e qui
soorme allversy uis grande resistenza [, Duongoe un transistor o base comune
a1 comporta comie o ampliticatore di tensione (o di potenea)

Se il transistor € collegato con emettilore comune (3 terra), sI comporta come
un amplificalore di corrente (vedi fig, 1117y Come si & visto prima; quasi tutta
la corrente T dells gionrione emetitore-hase (polarizzata direttamente) ragpungs
il collettore, ougt si pud serivere

(I 1.66a)

doe = ndp
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Tecnologie/materiali/dispositivi

Figure 1 — The first transistors: (a) the point contact transistor of Brattain and Bardeen,
1947 (left); (b) the junction transistor of Shockley, Morgan, Sparks, and Teal, 1950 (right).

La tecnologia degli anni ‘50 si basava su elementi macroscopici
(barrette di materiale semiconduttore drogato) e non si prestava

a miniaturizzazione.

Negli anni ‘70, grazie a innovazioni tecniche, si diffonde la tecnologia
planare, fondata sulla crescita (epitassiale) di film sottili

1l

MOS-FET
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Cenni sul funzionamento di un MOSFET

The n-type Metal-Cxde-Semiconductor Field-Effect-Transistor (WMOSFET) consists of a source and a drain, two highly
conducting n-type semiconductor régions which are 1zolated from the p-type substrate by reversed-biased p-n diodes. A metal
{or poly-crystalline) gate covers the region between source and drain, but 15 separated from the semiconductor by the gate
oxide. The basic structure of an n-type MOSFET and the corresponding circutt symbel are shown m figure 7.1.1.

DRAIY
L]
. GATE m SUBSTRATE
GATE OXIDE
INVERSION LAYER.
BACK CONTACT QO
‘SOURCE

masfet? mf

Fig.7.1.1 Crosssection and circuit symbeol of an n-type Metal-Oxide-Semiconductor-Field-Bffect- Transistar
(MOSFET)

As can be seen on the figure the source and drain regions are 1dentical L Ttis the applied voltages which determme which n-type
region prowides the electrons and becomes the source, while the other n-type region collects the electrons and becomes the
drain. The voltages applied to the dram and gate electrode as well as to the substrate by means of aback contact are refered to
the source potential, as also mdicated on the figure.

A top mew of the same MOSEET 12 shown m Fig. 7.1.2, whete the gate length, 7, and gate width, /¥, are identified. Mote that
the gate length does not equal the physical dirnension of the gate, but rather the distance between the source and dran regions
underneath the gate. The overlap between the gate and the source and dram region 15 required to ensure that the inversion layer

forms a continuous conducting path between the source and dramn region. Typically this overlap 15 made as small as possible n
otder to minitnize itz parasitic capacitance.

G

Bo%mi.mum

Fig.7.1.2 Tap view af an a-type Maial-Cxide-Semicanducior- Fiald-Effect-Transisiar (MOSFET)

The flow of electrons from the source to the drain 13 controlled by the voltage applied to the gate, 4 posthve woltage applied to
the pate, attracts electrons to the intetface between the gate dielectric and the semiconductor. These electrons form a conducting
channel between the source and the dram, called the inversion layer. Mo gate current 18 required to maintan the inversion layer
at the interface since the gate oxide blocks any carrier fow, The net result i that the current between drain and source is
controlled by the woltage which is applied to the gate.
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-

Da G. Timp, Nanotechnology

(Springer-Verlag, 1999)

Esempio di HRTEM
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Realizzazione pratica di un MOSFET

(b) ()

FIGURE 6. (a) A high-resolution transmission electran micrograph of a cross-saction of
an N-MOSFET with a gate length of 0.13 um adapted from{27] and through the courtesy
of ¥. Kim. The channel is less than 400 atoms long. The inset shows a lattice image of
the channel region of this device. (b) and (c) represent the measured subthreshold and
drain characteristics found at room temperature for an N-MOS transistor like that shown
in {a). From these measurement it can be inferred that the transconductance is approxi-
mately 570 uSium, and the subthreshold slope, § = 36 mV per ¢-fold change in [, or
84mVidecade, and the threshold voltage is V, =0.45 V,
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Difficolta con tecnologie e materiali tradizionali

¢ In order to maintain the progress of Moore’s Law, the 2001 ITRS envisions more

aggressive scaling than projected in prior roadmaps. For example, dynamic ol i i .

random access memory chips will feature critical dimensions of 90 nanometers in PreV|S|0n| per II 2005

2004, which is both smaller and sooner than the 100 nanometers projected for - DimenSioni de”e Ce”e d| memoria

2005 in the roadmap published just two years ago. Similarly, microprocessor

transistor gate lengths — a critical dimension that affeets the proeessor’s speed -- (DR AM) sotto | 100 nm

will be just 25 nanometers in 2007, six years sooner than expected in the 1999

version of the roadmap. (Note: a nanometer is one-billionth of a meter, A human - Lunghezza del gate in MOSFET sotto
hair 1s 100,000 nanometers in width, and a red blood cell is 5,000 nanometers in

width.) 25 nm

»  We are beginning to reach the fundamental limits of the materials used in the
planar CMOS process, the process that has been the basis for the semiconductor

industry for the past 30 years. Further improvements in the planar CMOS process Limitazioni con materiali “tradizionali”

can continue for the next five to ten years by introducing new materials into the .

basic CMOS structure. However as the ITRS looks forward 10-15 years, it (eS_, SIIICIO)

becomes evident that even with the introduction of new materials, most of the

known technological capabilities of the CMOS device structure will approach or

have reached their limits. In order to continue to drive information technology

advances, it becomes necessary to investigate new devices that may provide ; What are examples of the difficult challenges that mav impede progress in the near
more cost-effective alternative to planar CMOS in this timeframe. term (through 0017

Ihere are dovens of challenges outhned o the [TRS, One example (s the difficulty of
mizking the mask wed w mnsfis the mitegraed cireoat EByout destuns onle future chips

BB 2 3 c 1] AF L As the layout designs requne manfbcunng - mnsstors owith fner ling-widths it becomes
LImItaZIOnI con tecnIChe trad|2|0na|| propressively more difficull o accuriely contal e fno-widrhs (ep o differonee of @
. . few nmanemetors  separates success  from folure)  Another  difficull challenge &5 the

(eS, Optlcal |Ith0grap hy, maSChere, . ) prompt development of new metrology tools o accumtely perfiem entical mersumaments

s new materials, peocesses, and device stroetares are inroduced. A thad example 15 the
difficultics ossociated with depositing mwefal oo deep and namow holes cliched (mto the
chip,  Hillions of these holes most be tunle on cach chap o intereonneet the Inllions of
mdividiill ravsisions o the chrp.

Da www.sia-online.org What are examples of the long range (2008-2016) challenges?

Agam, the TRS histd docens of tochmicil Bamers tha mist be overcome,  For example,
aptical lithography fills shon of mectiog the toogh reouiremens. cxpected after 20100,
meuinng the mimducton of net genenition. hogmiphy tools such as extreme ulimviole
lthogrphy  wml electon projecton lithography. These  mew ok will  reguee
development of o tomlly new  infrastucture; Breakthmoughs g also needed o
imtercommect all of the punsistors reguired oo oo smgle cigpe These breokiboougehs migh
melode optical or wintledss comnechons within a dip ether than wadey's electivmiometil
imereonneet.
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Proprieta di trasporto elettronico in sistemi 2D (film sottili):
effetti classici in film conduttori, semiconduttori ed isolanti
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Proprieta di trasporto (elettronico)

Modello elementare (Drude)
“Legge di Ohm”: J=S E
S =ne?t/m*

t : tempo fra collisioni
m* : massa efficace

Classicamente:

urti con ioni (o tra elettroni) e velocita termica
Quantisticamente:

perdita simmetria traslazionale f.ne d’onda

(es. per interazione con fononi) e velocita di Fermi

Effetto Hall classico per misura di segno e
valore della conducibilita

Metodo a quattro punte

per misura della resistivita
(elimina effetto resistenza dei
contatti)

Tra un “urto” e I'altro la velocita di drift e:

v, =1 eE/m*
maJd=n eV,
dacui: S =ne?t/m*

1 m—— G UARENT
| O

. ' L ‘. _'

{} @-’—GUH HENT
- VOLTAGE

r=—d POINT PROBES

Figure 10-1. Techniques: for measuring thin-film electrical resistance, {3} Four
termnul mothad tor comducting stopes. Corrent s possed through outer terminals, and
volinge 5 measured pormss inner terminaly, (1) Four-point probe method for measuring
sheel resistance. (o) Wan der Faww method for measuring ressstivily of arhitrariy
shaped film.

Come la bassa dimensionalita (in una direzione) modifica classicamente la conduzione??
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Proprieta di trasporto (elettronico) in film sottili conduttori e semicond.

- Proprieta del film (esempio: porosita, reattivita chimica superficiale, etc.)
- Effetti degli elettrodi (vedi MOS, ma anche MIM, SOS, MIS, etc.)

- Effetti di size:

- scattering di elettroni all'interfaccia e in superficie

- grain boundary effects

Da M. Ohring, The materials . .
science of thin films CoSi/Si(IT) UHV
(Academic, 1992)

r vs T in film di CoSi, con diverso spessore:

I'asintoto a T® 0 mostra le caratteristiche
<«—— ditrasporto “intrinseche” del film (si puo
trascurare urti con fononi), che dipendono
z dallo spessore causa scattering alla superficie e
g 'or * d=125R all'interfaccia con il substrato. Inoltre la natura
‘;:ﬂ nggj; policristallina dei film contribuisce attraverso
scattering (e altri effetti) a bordo grano.
5_
it
oL | | I
o} 100 200 300 400

T (K)
Flgure 10-6. Temperature dependence of resistivity of CoSi, films. The 125- A and
197-A films are epitaxial. The 1100- A film is polycrystalline. (From Ref. 10).
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Proprieta di trasporto (elettronico) in film sottili isolanti e semicond.

Tabie 10-2, Conduction Mechanisms in Insulators
Experimentally .. .
peivanle  [Processi di barriera (Schottky em.,
Minterial
Mechanism J-& Churscietistics caswts [ TUNNEI) € processi di bulk (Cond.
LSy e @ [ 1[N o ionica, Poole-Frenkel,...)
Frmission 5" = Thald I~ o Py =
g a? E::l'_lm]m = Da M. Ohring, The materials
nneling = - & 10223 '
iy o Sahby | [ Ihgd Wl £ science of thin films
3 Spuce : (Academic, 1992)
Charge Sy, = %% (16-23) %
Limited
4. lon af & g
Condoatin 1 WEP T RT (1024 E FILM
5, Tntrinsiz T e — B 1025 z
e Jy, = b1 Texp il (1025 '
. [Je!
6. Poole-Frenkel = B | LR —_—
e Joz = 0 oxp — ch:p kT( 7 (1-26) E
e, b, ¢ = cunutant. —
£, = insulaun diglectric conmant. =
ELECTRODE
& T VACLILIK b.
®
S —CB
J & ,7-\
EF = = Er.
INSULATOR . METAﬁ Figure 1D-B.I Eliulk—limitcd conduction mechanisms. (Dotted lines refer to ¢ = 0) (;
space-charge-limited; (b) ionic conduction of cations @ ; (¢) Poole-Frenkel.

Figure 10-7. Barrier limited condnetion mechaniems. (1) Schottky emission; (b)
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Considerazioni generali sulle proprieta di trasporto (classiche) in film sottili
= Processi legati alla natura chimico/strutturale del film (difetti, granularita...)
= Processi legati al rapporto superficie/volume (interfaccia, scattering in superficie...)

In generale: peggioramento delle caratteristiche
(isolanti per dielettrici, conduttrici per conduttori)

Eccezioni: materiali policristallini con struttura complessa
Esempio: superconduttori ceramici ad alta temperatura critica

AFM image of YBCO film
deposited onto metal subs. >
A (scan size approx 2x2 um2,

: /OM]max height approx 180 nm)

3'2:;‘
"37 -ﬁ"‘i‘\Cu(Q) YBCO (YBaZCU307-x)
T, ~ 91 K (per x<0.5)

La conduzione su scala macroscopica implica
tunneling fra diversi grani cristallini; la forma di
film sottile permette crescita semi-epitassiale con
bordi grano vicini e ben allineati
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