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Introduzione

Sistemi mesoscopici: sistemi isolati (o ancorati) con dimensioni sub-microscopiche (ma
“super-molecolari”) in due o tre dimensioni:

-Nanoclusters (nanoaggregati con numero di unita elementari ~ 100-10000, typ.)
-Nanofili e nanotubi (strutture 1D “piene” o “vuote”)

Generalmente: proprieta fisiche “intermedie” tra bulk e sistemi con confinamento quantico,
dipendenti da dimensioni e geometria

Comportamento elettronico, strutturale, funzionale (es., trasporto, meccanica, etc.): spesso
particolare, anche se non totalmente quantistico.

Metodi di preparazione: estremamente vari (soprattutto fisici e fisico-chimici, cioe non in
soluzione)

Applicazioni: molto varie, spesso richiedono ancoraggio o presenza di matrici
(nanocompositi)
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Alcuni metodi di preparazione di nanoclusters

‘Teble 3.2. Mothuds for eluster genoration

a) Cau#mxtiun of atoms (supersaturation in vapor, liquids, solids)
Atoms produced by  heating:  resistive, Inser or electron boam
sputtering: by photon, atom, molecule, or fon impact,
electric pulses, electric discharges

In bearns On swfacps In matrices

Clontinuous: '

# gas aggregation #atom deposition e co-evaperation of atoms
ke with subsequent with matrix material

= acliabutic expansiong strface ditfuston {matrix isolation)

{with fwithout carrier gag)

= field emiszion o a0t landing
{liquick-mstal sources)

& spraying techniques

Fulsed,
» Jaser vaporication

& pulsed nozsles
for carrier gas

= diffusion m/finte metrix

= photoreduction
[ photographic material)

* spraying techniques into
liquid matrix
{sobvent extraction)

s chemicul reduction in liguids
{with or without nuclei}:
colloid generation
metallorganic compounds:
ligand shwils

b} Dispersion of bulk material or deposition

s sputiering » cluster depositian
. from cluster beam
L Elﬂ'.‘tm WIEES1
exploding wire » nanocrystalline
meterial by
» are disclurges densification
{Svedbarg)

» lasor vnporization,
ablating

. co-evaporation of clusters
with matrix material

» are discharges in liquids
* pressing into porous matrix
» chemieal tediiction in seolifes

s dispersion by yltrasoumd

o

Clusters: sistemi (mesoscopici)
composti da un numero relativamente
basso di componenti elementari (es.,
atomi o molecole)

Possono avere comportamento
“nanocristallino” o no (es.: carattere
metallico? Proprieta ottiche?)

Studi di carattere fondamentale

o applicazioni (catalizzatori, sensori,
lubrificanti, sistemi meccanici, appl.
biomediche, etc.)

Molteplici metodi di preparazione

(typ. metodi fisici), es.:

- condensazione di componenti
elementari

- frammentazione di bulk

Materiale tratto dal seminario di
Giovanni Barcaro, luglio 2003
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Stabilizzazione dei nanoclusters

Dal punto di vista termodinamico la crescita di nanoclusters per condensazione
e generalmente esotermica ® necessita sottrarre calore

Alcune reazioni (in fase gassosa) _ An > Apm+ An

che possono sottrarre calore (da T

stati eccitati, *): > g - ArtA =2 AL+ 2A
. A S A+

Oppure buffer-gas che raffredda S An Aa

(espansione supersonica) At D A+ hy

= WuHamaT

Oppure metodi in soluzione (es. precursori metallici idrosolubili per sol. colloidali)

Inoltre c’é possibilita di autoaggregazione (coalescenza) di pit nanoclusters

(in fase liquida o depositati su substrato)

® necessita separare clusters (es.: con SAM, o con matrici amorfe) o di sfruttare
difetti superficiali del substrato (generalmente associati a cicli termici) per indurre la

crescita di islands Tecniche di

deposizione di film
POSSONO0 essere
“perturbate” per
creare clusters

Inoltre clusters possono essere instabili (metastabili)
® produzione clusters in matrici oppure clusters
con numeri magici
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Nanoclusters filamentari (nanofili)

Interesse per nanoclusters in forma filamentare (nanofili):
- proprieta di trasporto (sistemi 1DEG, electron waveguides,...)

- proprieta meccaniche (flessibilita della struttura, effetti dovuti alle dimensioni
nanometriche - proprieta meccaniche “quantizzate”)

2 i ! i T 7
/
’
’/
-~ W | Effetti di confinamento come in fili quantici
E % (per nanofili di diametro nanometrico)
4
7 7
h‘E-’ 1 et
=
: \
o
O
0 . . . o :
0 50 — = m s Proprieta elettroniche
ENERGY (meV) dettate da
Fie. 15. Calculated effective densities of states for 40-nm bismuth nanowires (solid curve) I
and bulk bismuth (dashed curve). The zero energy refers to the band edge of bulk bismuth, confinamento (DOS
The nenparabolic effects of the electron carriers are considered in these calculations. 1D EG)

Ying, Nanostructured
Materials (Academic, 2001)
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Proprieta di trasporto e meccaniche di nanofili

Transizione semimetallo->semiconduttore Forza di coesione “guantizzata”

{H} SEMIMETAL {b} TRANSITION {l'-} SEMICONDUCT TR

“Semicond. a

\ ﬁlpyo U
I % ™

CECREASING WIRE DIAMETER
Fi. 16, Schematic lustrating the semimetal-semicondutor frantition in nnesvires made
of zemimetals: {a) bulk semimetals with 2 band overlap between the olectrons and the holes,
(1) nanowires with the critival wire diametsr d. where the band overlap vanishes, and {c)

nanowires with diameters smaller than d,., exhibiting & bandgap between he conduction and
valence bands,

tores (b

Dipendenza conducibilita/temperatura

(3 PR T N S RS S I S

g i 1.0 1.5
tip v s (i)

E]

=3

Sistemi con elevata sensibilita
a T, ad adsorbati, a
perturbazioni meccaniche

CARRIER DENSITY (1/am™
2 a

100 200 300
TEMPERATLIRE (K}
Fio. 17, Calenlated mielsarresdensisielectrons and holes) az a funcion of weaiperates
Eﬂﬁg:n hisrmath atd-hisom ROART dfferent digmetsm orented atonp the [0172] nanosen@ristica
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Fabbricazione di nanofili da templates

“Nano-pressofusione” (o estrusione)
THERMOOULUPLE PRESSURE GALIGE
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Fig, 6, (u) SEM image of the hotlom sigfioe of an cnedic aluming lemptare llled with

bismisth ‘The pore digmeter is 47 nm b
i i F D) TEM mictograph of the oo i 1A
gl b nooowire arvay (Zhang el 19099, : TR

Metodi termomeccanici conducono a
nanofili cristallini omogenei con metalli
(specialmente basso-fondenti)
Dimensioni mesoscopiche
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Fiv, 2 SEM amages o e top s fices of porsas snndis sumimaiempdaies siodked in (4]
4wt HColhy and (0 20wt HS00 Thee overnge pore dingweters 080 and () are 44 fm
iml 1 onmn respreciively

(a)
fu) & HETEM image of & 40-mm freestanding bsmmuoth nmosire, showant lonne
Irimpes, Thie '|r||~lr1|||-u|.u- CIRTg FTHE !lnm 1] |l.a|1l||.l|t m-:u.L fomrned W) SE LEAPHRLITE el biammtl:
namew e, (FSA D panern of & single By ninowie (Shong of of , 1992

(b)

Fio, T
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Altri metodi di fabbricazione per nanofili |

Mdvwinl  dipowle Teylisague Helomin
Ay DA emplsin, roido [4.23]
e 4241
Au tempiinte, ECTH E4.25.24]
B e Enduced a1t
ternprlite, vapod-phies [428]
Iempiate, ECTF {8,290, (2,00, [2.34]
Ieiplate, preswure- injectioa 4321 304,33
RigTey  lecplate, & ECLP 4,34]
Cds liqued-phasc (sorincfant], recrysulliatlon {4, 35)
lemnplate, s BCTF [%.36], [4,57]
Tt Gipud-phase (uerfacint), redon [4.3%]
- teamplue, ac ELTF [3], (440
(O, v dhigsinalion [4.5]]
a rempiwe, ECLF [4.42]
e empleie, ECDF [.15], fhad]
shadow depatitlon 1he4]
G wmpinte, CYTF [4.45]
I VLSt [£.46,47]
ke iemgilis, Baudvagar DMCVDY (48]
e libgh-T2 hlgh-P ligwid-phase, mdia a9
R vLsh 2.0
5 oide-grislsind {451}
A tesplate, Hiubifvepor CAECYTH [4.43)
thap vish [4.423
adn st decnimtion, BODS 4 pedo |#.55)
i templus, BCDH [4.224, 19,31, 54)
h L phase J4.55)
¢ wef decomtion, ECIH [4:38]

licmid-plase, Tecrystaliztion (457
templae, peeicure infaction [4.58]
g [+59]
Inser-ablasion YLS" 1440
oxide-asiand fdil]

|oreeT VLE® 4623

torsgiats, vapor-phise [#.63]

teraplube, BOTH [£52)
[4:65]
[4.64,E6]

Da B. Bhushan Ed., Springer Handbook
of Nanotechnology (Springer, 2004)

EIEl:trochem:ca! Depasition

Fig. 4.0 (3] TEM anage of v simele Cod 10 nm il | O om

multilayered nonowire. (b} A selected region of the sample

5 . 14 A

The elecrochenmical deposiion iechnique has ativacted
increasing attention as an allernative method for fab=
reating nanowires. Tradidonally, electochemmisicy has
been used to grow thin films on conducting surfaces,
Since electrochamical growth is wsually contrellable
in the direction normal to the substrate surface, this
method eon be readily extended to fabricate 11> or -
D mamosmuctures, if the deposition is confined within
the pores of an appropriaiz template. In the electro-
chemical methods, s thin conducting metsl film (8

first coatad on ore side of the porous membrane o
SETVE A5 iy or € i
i by wvary-

e depreited nEnmowWiTes can oo corttrlled
ing the duration of the elecroplaing process. This

Deposizione elettrochimica
“attraverso” il template

method has been vsed o syplhesize a wide varety of
nanowires &g, metals (Bi [4.21, 29]; Co [4.73, 741
Fe [4,15,75] Cu {4.20,76]; Mi [4.22,73]; Ag [4.24,77]:
An [4.25,26]); conducting polymers 4.7, 29]; supercon-
ductors (Pb [4.78]): semiconductors {CAS [4.371); and
even superlattice panowires with A/B constituents {such
as CwCo [4.20, T6}) have been synihesized electrochem-
ically (sse Table 4.1).

In the electrochemical depogition process, the cho-
sentemplate hasto be chemically stablein the elecirolyte

during the electrolvsis process. Cracks and defects in the
templates are detrimentsl to the nanowire growth, since
the deposition processes primarily occur in the more ao-
cesuible cracks, leaving most of the nanopores unfilled.
Particle rack-etched mica flms or polysmer membranes
are typical templates used in the simple de electrolysis.
To use anodic aluminom oxide films in the de elec-
trochemical deposition, the insulating barrier layer that
separates the pored from the botam Aluminum substrate
has o be removed. and 4 metal fiim is then evapo-
rafed emto the back of the emplate membrana [4,79,
Compound nanowire arrays, such as BizTes, have been
fabricated in alumina templates with a high filling factor
using the de elestrochemical deposition [4.34] Fig-
ures 4,3a and b, respectivelv, show the lop view and
cross-sectional SEM images of a BiaTez nanowire ar-
ray [4.341, The light areas are associuled with BisTes
nanowires, the dark regioms denote empty pores, and the
surrounding gray matrin 18 alunine,

Surfactants are also vsed with clecmochemical de-
position when necessary. For example, when using
ternplates derived from PMMA/PS diblock copolymers
{sec above), methanol is nsed as o surfsctant 15 uied 10
facilitate pore filling [4.71], thereby achieving ~ 100K
filling factor.

- - 0 a Nd e =
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Altri

Sl : the: lseicagupul croks Segiom . nusienirss, For nanovere. grosett, e sapphine substrtes s coated with a [0
Fig-#ﬁsd-n:muuc diﬁg:amlllusu-ahng the growth - 5 L : il ! i i o

nancwires by the VLS mechanism

4.1.2 VIS Method for Nanowilre Synthesis

Some of the recem successful symtheses of semi:
onnducturnanﬂwmbasadmﬂmsp-causd
echanism of anisolropic

cryual growth, This mechanism was first proposed for
the growth of single crystal silicon whiskers 100 mmn Lo
hundreds of microns in diameter [4.87). The proposed
gmwth mechanism (sec Flg. 4.5) involves the absorp-
matenal Trom the gas phase Into 3 liquid
dmpl:t]ml particle of gold on a silicon
substrate {n the onginal work [4,87]). Upon supersati-

ration of the liquid alloy, a nucleation event generres

s solid presipitate of the source muterlal, This seed
serves a3 a pretemed site for further deposition of mater-
ial at the interface of the liquid droplet, protoeting the
elongation of the seed into a panowire or a whisker, and
suppressing further nuclestion evenis on the same cata-
lyst, Since the liquid droplet catalyzes the incorporation
of material from (he gas source Lo fhe prowing crystal,
the deposit grows anisoropically €5 & whisker whose
diameter is dictated by the diameter of the liquid alloy

Ruolo catalizzatori nella
crescita di nanostrutture

esempi di nanofili

8.4 i ik ponerned Lver F A o the catndyes, osing o TEM grid i thie shodow nnsl. Thess iamwires have beed
st for vinmeaine leser sppllcation [4.1 151

B ik,

i‘h;, Chy= Lu]u.m: b.l core appean darkir than fhe \nmrph'lun -“culr surfies layer Illu- sl shows th. -.leg 1 b
electrom i et pitter recopded perpendiculs o He wiie axds, confinming e s e crysiling (4000 (e STEM
iimage of SUSH _ Ga, siperlutios nanowinss i the brijhn fSeli mode. The seule bar s S00nm [4:540]

Flg. =
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Nanostrutture di carbonio (e silicio?)

Natura dei legami tra atomi di carbonio da origine ad ampia varieta di angoli di

legame C-C ® clusters di carbonio (fullereni)

Table 5.1. Typas of sp" hybrddizatlon, the resulting bond angles, and axamples of
molacules

Type of Hybridization Digonal gp Irigonal sp* Tetrshedral 5p°
Crbitals used for bond 5, & f Py 5 Lo Pon s
Example Acetylens C:H. Eihylene C3H. Methane CH,
Value of & 1 et ir?
Bond angle ElS 12 109=28°
c.a.
c=¢ c—o—¢ o XB  c—c—c—0—0
1.245 1,278 o 12711 1278
Dn Dl Dy, Bly
1.318 et
c c C
ﬁ—"“ "“}3 ) ! | 1.24
~ C—C=—C—C—C—C=—C ¢ o -
ﬂ,\:f;_'_‘ 0 o 124 1m0 1-,:“7'1 | 138
c g0
nw.l ﬂnﬁ an
1,280
!
c—C—C—¢—0—C—C—C—C ;-‘- C‘l
1262 1261 1268  1.283
Co 119.4=c,-r°

c

Figure 5.4. Some examples of the siructures of small carboen clusters, [Wiih parmiasion from |
Aaghavacar et al., J. Chem. Phys. 87, 2181 (i857.]

mirahding Ty halie sl
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i_ 1 &0
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i' 3%
it i
8 MEN i e
H i
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' | 11l | | e
o i i i | i ] M | | i
o 20 40 B0 BO 100 120
Ghester Sien N

Flpure 5.3. Mass spectrum of carban ciusters Tha Cas and Gwy fullarene peaks are evidand.
fiNEn permission from 5. Suguno ard M, Kouni, In Misrcaister Physies. Sponger-Varlag,

Haldalbiarg, 1958 )

sheineally auslscimng. Fgue &

sy ihe Joair

= Hery wegey B dw vaisan) neimabendod s sl 4 bepe
wiE e U wokaailk  la e ebibindial e ihe alsi i b Rise
ke sishedm] wic fatfy

= win

Numeri magici e
strutture ad alta
simmetria

ol b afleali

T I
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Nanotubi di carbonio (CNT)*

Anni 80: osservazione di molecole di fullerene (C,, ...)
Inizio anni 90: produzione in laboratorio di fullerene (Nobel 96)
Fine anni 90: produzione di nanotubi di carbonio con forti motivazioni
nanotecnologiche

Nanotubi: fogli di grafite (graphene - struttura esagonale)
ripiegati a formare cilindri cavi

RIS R Y LT

Single Wall NT ultiple Wall NT

* Materiale sui CNT tratto in parte da un seminario di Andrea Ferrari,
EDM - Cambridge University (lug. 2002)
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Classificazione CNT

\ \
< k = RV Strutture 1D con legami sp?

\ A Cella unitaria descritta da:
— chiral vector

C.=na,+ma,° (n,m)" nml Z

— translation vector

T=ta+ta " t,t,1 Z

Zigzag (n, 0) tube

C,/la, (ora,) Proprieta geometriche CNT
completamente determinate da
Armchair (n, n) tube | Vvettore chirale e di traslazione (cioe
da numeri (n, m))

[Chiral (n, m) tube]

Diametro NT: dy; L Qm?2+n2 +nm)

Distanza tra primi vicini ~ 1.42 A
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Proprieta elettroniche CNT |

2.1  Geometrical Structure

The stracture of CNTs ig deseribed by the circumizrence vector or chiral veetor €,
which represems the full cireumference of the tube. It is defined by '

e

C}I = M] = ik {1}

where @, arid o, are the unit vectors 1n the hexagonal latice, and » and m are mtegers
(Figure 1] G, also defines the propasaton vecior P, representing the periodicity of the
tube pazaliel w0 (he tbe axis. Furthermore, it seitles the so-called chiral angle which is
the angle between C), and a,. 1 either 2 oz are zero, the chiral angle is " and tlhe stroc-
ture is called sg-zag 11 # = #. the chiral angle is 307 and the strucnre 1s called crm-
chair (Figura 4% All other nenotubes show chiral sngles berween (7 and 3 They are
knewn as chired nanotubes hecause they produce a mirrer image of their struchire upon
an exchanme of 7 and w.

Experimentally. the dizmeter of nanotubes is frequently determined by TEM, STM
or AFM, The chiral striciure can be determined by 8TM [Figire S).

Fipure 4: Fxaraplas of UNTs with different cir-
enmierence vt O 5]

i o, 0 s b Y et T b i s
o

2.2 Electronie Structure of Graphene

Fuor the discussion of the elecireme strociure of CNTs, we start again with graphene, Asan
extension of the descrintion of fused benzens {Chap. 5% in graphene, a bonding #-band
and 20 anti-bonding T -band s formned frem the gverlan between 2p-ADs of adjscent 3
ators. PR, Wallace 7] derrved an expression for the 2-D energy states, Wan, of (he §
w-electrong in the graphens plans as & function of the wave vectors £, and &, {sec also [B]) 4

W W [aV)

. 12 .
¥ DOS Wik, k =% \] & 4{!05[\"_5: i JEGSL 't?‘ﬂ]_k 4_(.“51 [ "“i\]“ @ ipwery 6z 3=1 iiLestrataon of e O e
2 3 ) [ wicn eelablem of pEronhong
where 7, denotes the nea:eqt—na:ghbnu: ﬂ'-E-'I:lap {ur ttansfc:rj mtcgrui and a = 0246 nm 4
is the in-plane lmt e e erer snrasant the 5= and.}
7 =band “Fhe ca =0r- 3
ners of the 2-D Brillowin eone (Figurs E} In tne Vicioiey of the 1 point, :
B . relation 15 paraboticaliyv shaped, while towards the comers (K pmnls} it shows a linear-4
Wikl dependence. Al I'=0K, the w-band is completely filled with electrons amd the !
I i;;-.« il m'-hand §s empiy. Because the bands only ouch st the K polnts, inlegration over fhe. Graphene:
surlhee oo v [B] Fernm surlace [wmeh 15 a line for & 1wo-dimensional system} Tﬂb'-lL‘-‘J h:A -.rams.hmgd.au-
sity of states, On the other hand 7o energy gap exists in the graphens dispersion tglation. “semiconduttore a
This means we L2 dezling with the unosval situation oA ga
real praphite yet is & metal since the bands overlap by approx. 40 meV due w the mime— : gap nu llo”
tion of the graphene planes )

Da R. Waser Ed., Nanoelectronics and
information technology (Wiley-VCH,
2003)
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Proprieta elettroniche CNT Il

2.3  Electronic Structore of Carbon Nanotubes

RN : ” DOS e miinzd by the fict ihat there ate o modes which inchudo e K poinds of un Britkisin
Fon the dew e of e L siatie bl H'm“mmmu. ; . mn.rb;uphmgrwm Tive Feoru level 1t ot depeadenoeih .5 Chiral CNT
-alou -4 geometria o in & bandgap, i e. thiz type of tibe & @ sanioonducrar, T gf the arder
m |:|er|ﬁ_1],| of allowed quontum mrEhATEE f CNT of o few oW (Figere B, In gederal, the handgap decreases with THCTeaing diameter of
minmiber ol stareg 0 e clmumferentic] dircetion will hewhl lirmiied. More jrecisely, the tube

mll-up by the chirel vector €, beeds 1o periodie boundary conditions m the einim
el direction. [;nmm“m mecanically, u;e-e.e Doukdary combilicns define allpwed mod
{1-D gimizg] slomp the fube pais gooond !

L the r.:n poriodic bowidary condition yield wllowed value: /
1he ware vero trenmfes el direstion socarding o

In general, the semieanducting or metallis behs i of CWTs & controllad by the €,

== ) Metal/semi

wierd g s an Eteser. As 4 comeguence, oos-third of all CNTs ypes are metnliic Tora
statirtic distribenon of chirsdities including al] srmchair typesy, snce g = 0 for them,
The periodic boundary conditlons for tlg zag wbes, (0,00 tubes and (0m) whes,

resubis in allowed wave vectors according fo
PRl .
g 4
i by il o1 (6
q_. o

m q, =1 = . For the armehair gaometry, the tube axs in identical 10 the s-direction
circamference represents the E-—dllﬂtlﬂﬂ Az an exzmmple of an armchulr wbe, The conditson for malalic whes, Eg. (5}, i fil Alled for cne-third of the tehes, & e ifn o
Fil'“‘"' shewes the dispersion rlstion. the projection of fhe allowsd 1-0) amies cato the m né prmltiples of theee. Figure © iflustmtes the densty of sate (DOS) for mvo zip-rag
fiewt Brilfoian some of greplense, as well &1 me k) relavion fore [3,3} toe, Dhue ey the Lype CNTa [9], & { L0 whe siowing a bandgap and, hence, semicoaducting behavior
peniadic bomndary conditions; |, 2, by imenting Bg, (4 meo Bq (24, the allowsd states (Figire a0, md 0 (9,00 tube shovwing oo berdgap and, bence, metallic bebavior

gondense o lnes Laca-iu lines in Fi']3i1 Tisl Here, there are g, ~ 3 fnes m::iﬁur wile Figure oh).
: Gemfer uini pone ard an additionnl fine going through the center. In The disoussion so far has been resiriceed 1o ssofnted SWNTE, Theoretical and exper.
swe of'a (3,4) tube thi aligwed states inclisde the K polnts, Since e systemn it now one- o imensl snufles hive dhown that the interube coupling within MWNTS aad ﬂm
nal i an elestrnic sense, different from the case of gaphens, the mcgratdon SWNTs [10], [11] have 2 relatively small effeet on the band srucere of s tube [12].As -~ SWNT/MWNT
gver thee Femmni surtisge {whicl: i the sum pver the Ferni puinis) yields o finite deasity of Armchair 0 COISEqUance, SEroanetny ard mesallle tbes retaim el chatacter 1 they ace 8 padt
, Weted ot the Fermi energy. The (3.3) tube, and armichair tnbes in penernl, show of MWNTs or ropes: By statisical probabiliny, mast of the MWNTs amd ropes show an
.;hh”ht CNT overall metailic behavior, becmess one smgls matzllic tube = soffieient to shon-cemit
Az sxemple Figore & shows the dispersion relation, fhe projac- all semicondiscting mibes
tlon of the sllowed |-D dines nato the fics: Briflauin zone of graphens, as well as the

Wik,) relation for m §4.2) tube. We will ilhestrece why the eleotraonic properies of this =
W2k tube i very differeot from the (3,3} tobe despite their very smilir diametars,
Agsin, due o the perindic tnmchrywndrﬂnugﬂmaﬂmdmmmﬁmmllm
fhtack lines i Figues Baj In contrast 62 the (3,3} tube, the €, wslurllmwmllrlmthu
Hmmmﬂ,hmn rads 1 1 Y

thectron along the tube axis = described oy
mMrﬂmﬂngmuﬂcmrthmﬁmunﬂc represeing U momeniuen of
the sectron in the drecton of propagation, The band strocture of (4,2) mhes &5 deter-

W

Proprieta elettroniche dipendenti da
struttura:

g [y e el venies i e
1R

F3:0¥ wwinm = e il U
artrs bmwd e scpmied by @ Smie
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»Metalli per armchair (n, n)
»Semimetalli per n —m = 3i (i intero)
»Semicond. altrimenti
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Proprieta elettroniche CNT Il

.rr”m ”“I" 'rrum W“,,,
... il

oy
Metallic CNT Semllrlvu [allic CNT  Semiconducting CNT

Armchair (n,n) m-n=3-i m-nt 3:i

Fermi
B

Altre proprieta fisiche di grande rilievo

Mechanical properties
— High elastic modulus (up to 1TPa)
— Tensile strength (45GPa)
Thermal properties
— High thermal conductivity (~6600 W/m K)
— High thermal stability

Large surface area
Tuneable band gap (2 10-3-1.1eV) <

— E4~1/dyy also affected by:
chemical doping (B, N, O, Li, K...)
point defects (pentagons, heptagons)
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Fabbricazione di CNT

CNT richiedono processo di fabbricazione “violento” (alte T, P, quantita di materiale)

Metodi di deposizione piu comuni:

 Laser Ablation (spesso “alla Smalley”) --> SWCNT con diametro controllato
 Scarica ad arco (come fullereni) --> grandi quantita, scarso controllo
« PE-CVD da C H, --> grande efficienza soprattutto per MWCNT

1

Na:YAG laser

AT ,-_"‘5"'-:!' |Aser
[ puisa
|
\ : o Imaging
rﬁ:;mc.-.'_'fhu‘;f';mm © hrame
faser gules HEE.

Fig. 1. Schematic of the 2"-diameter quortz tube and hot furnace used for
laser vaporization growth of SWNT with in situ LIL-imaging and spec-
troscopy dingnostics. Beam geometries ond imageable aren are indicated.
The black dors and the mumbery show the collection points of the ablated
materizl; |-upstream; 2-collector, The C/Ni/Co target was positioned at
twiy distances, o, from the front of the Rrnace. The fmver on she leff shows
the rélative timing between ablation (Nd:YAG) and and L1L-probe (XeCl)
laser pulses (Ar), and the 1CCD gate delay after the XeCl laser, (A7)

See Puretzky, Geohegan,...
Appl. Phys. A 70 153 (2000)

Plasma sheath

 Up to 900°C heated stage
e C,H,/NH; up to 200sccm
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Ruolo catalizzatori metallici

* During annealing/etching the metal layer
dewets the substrate forming droplets

o Carbon dissolves into the catalyst
material and forms a solid solution

o After saturation, carbon precipitates
starting the NT growth

 The metal droplet is lifted at the growing
edge

Figure T Root-prowth muechanism for (e
Tormation of waaneleeall carbon nanotuhe
from o el naroparticle, by chcmecal viapsr
deposition!

{ild decompos fiom of the hydlrocarbon on the
mnoguticie and solubilzaton of the carban
Uherein

(b3 ueleation by fommation of o fullereane cap
(el eloseation of the SW KT by incorposalion el
Tugther warbom Inie the metal=arbon bomils il
the mrowing end.
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Esempi di catalizzatori nanostrutturati

Processo di crescita catalitico (Ni or Co nanoparticles)

Il

necessita produzione nanoparticles

Nickel
Nickel Nickel catalyst

thiin film I"Iﬁl"lﬂpﬂl'llﬂes
« |) B [l

B g
=ubstrate 700°C Suhstrate PECVD =ubsirate

CNT

« Step 1: At 700°C (growth temp), Ni film sinters into catalyst nanoparticles.

« Step 2: PECVD - C,H, is the growth gas for CNTs, NH; is the etching gas for
unwanted a-C.

Catalizzatori “determinano” ancoraggio CNT su substrato

Strutturazione catalizzatori = strutturazione CNT

Fisica delle Nanotecnologie 2004/5 - ver. 3 - parte 6 - pag. 18



Influenza catalizzatore (diametro Ni nanoparticles)

s '.'.' § {0

| = !\};H.;
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l"l : "Il
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ktlfnl't ‘i:',.li'il Ak
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Esempi CNT

Side-gate

Drain
metal
contact

Saource
metal

conta:

| R

MWNT-based MOS-FET
Side-gate

MF’HHM“M

20pm

Ll
Wﬂ*

ifﬁl #

Litografia nanoparticles --> strutture di CNT
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Esempi di applicazioni

source electrode drain electrode

nanotube \ (o o

molecule

Figure 25: A carbon nan
effect transistor (CNTFE
nanotube (red) is located )
two platinum contacts {yellow). The
back-gate-stack (blue) 1s formed by a
silicon dioxide dielectric on top of a
gilicon wafer (colored AFM-image
taken from [57]).

MOS-FET

T ¥ T T IE

Giate voltage (V) -3 %

22F a0k

1(nA)
o

20 L

elettroniche per CNT

a) Ty view

ok
| Plhigsphict
| peer

Aqile;
(W LNERT

Extracticn
grid

Conddetive |
cilamn

u

(aluss pluto
Fig.3.28 (a) Principle of a fleld-emimer-hased scregn. (bY Scaoning
electron microscope image af & tenotibe-bised emifier system (g
view). Round doty are MWNT tps seen through the holes come-
sponding o the extroction grid By vourtesy of Legagrei (Tholes

S

Research & Technalomy, Orsay. TTSA)

Field-emitter

Figure 26: Thec - aracteristics of'a
different gate voltages {(see Figure 25). For large
positive gate voltages the conductance of the tube
is very small for source-drain biases less than
approximately 1 V. Chanping the pate voltage to
negative values increases the conductivity steadily
until saturation iz reached at approximately -3 V
(see insert). The maximum conductivity is compa-
rable to the values found for metallic tubes meas-
ured in the same experiment (taken from [57]).

¢

491
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Alcune applicazioni
possibili per CNT

Hydrogen and ion (Li) storage units
Supercapacitors, fuel cells, batteries

Gas sensors

FE devices (field emitters)

Advanced Scanning prObeS (SEM) mparizon of 3 pecific Young's Modulus vs. Specific

Superstrong and tough composite

(nanocomposites)

104 2
i B M anotub
Templates for metal nanowires @

Actuators (NanoElectroMechanical

Systems - NEMS)

—a

=)
-0
I

B
E - ® hydraulic
=% Pshapememory alay
z
5 i
Zp2k ® muscle
= ® solenoids
L = plezo-polymers e
. PZT
| | | | | | | |
1 10° 10% 10°

fregquency response (H)

Fig. 3. Energy Density ws. Freguency response
of Actuator matenals
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Proprieta meccaniche di CNT

Eccezionale modulo elastico

Temslle siremgth (GPa)

Carbon Graphire Aramid Stainless
Namolubes Fibres (Kevlar) Sieel

Moduli di Young, di
taglio, e di bulk simili
a diamante

Teasile strength (GPa)

=
H- &T 1000

: ST8WH

: TAO0H :

: Glass @ M401 Maé]
4} 4 mx24 W x-inéwx1q
| Keviar ®T300 T 0 YA P120
=3 @x20 P35 SR plop A Klfﬂﬂ
| p254®Nicalon 9, ®Ms0 '_
2 #8ieel ' '
".] 'Til?nium

Fig. 3.23 Plot of the tensile strength versus tensile modulus for cur-
rent fibrous materials, as compared to SWNTs. Large circles are

“ 800 1000 1200

PAN-based carbon fibers, which include the highest tensile strength
fiber available on the market (T1000 from Torayca); Triangles are
pitch-based carbon fibers, which include the highest tensile modulus

Grande resistenza allo sforzo
dovuta a forza dei legami inter-
carbonio e geometria dei CNT

fiber on the market (K1100 from Amoco)

Materiale tratto dal seminario di
Francesco Greco, febbraio 2003

Elasticita eccellente rispetto a
fibre di carbonio
(compositi) ordinarie
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Duttilita/fragilita di CNT

ﬁcﬁj%ﬁj

[ i Miiw

[T——
L LRI DT B D
> .

Deformazione di Stone Wales

b L]

Figurn 23 — {a) Mappa dei domini duH:It.l'fngIt per nunnt-hldi carbanio con diameisi fino s 13 nm. Arec con
diversa ombregginiura mndmn differe niicomportan itl del materiale; (B) Processa di propagnzione di
difeiti in un nanotuboe armehair o 1) fratturs; (2) unn coppia di dislocazioni
scivelano via I'ung dall’ alira; (3) deambi uhu I graduitle cambinmento del dinmetro
enasang una cornspondents varinzions el i i farmaxione di ulteriori difetti Stone-Wales
camtinun il processo di rmﬂn;mmh 2 e r.:ht le disln-mlull non &i impiling 8 coonsn defla bassa temperators
che limita la mohilits soi tubi.

Figura 27 - Due immagini TEM mostrane un nanotubo (sx) originaviamente
piegaio o temperatura ambiente ¢ (dx.) depo il riscaldamenio

Recupero di forma tramite

Figura 21 - Immagine TEM. Il nucleo interne a 4 strati & stato sstratto {comportamento telescopica). riscaldamento

Esempio di sfilamento per stiro
dei nanotubi interni (in MWNT) sotto
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Studio nanoscopico proprieta meccaniche

i

- Diamond tip/
steel cantilever

Photodetector

Nanobeam sampl

T

dViag
Dyeym ;_‘

Disam = Dyeao~ Dy _
Fuoam = Fip= stiffness of cantilever x Dy,

Fig.25.1 Schematic showing the details of a nanoscale
bending test. The AFM tip is brought to the center of the
nanobeam and the piezo is extended over a known distance.
By measuring the tip displacement, a load-displacement

curve of the nanobeam can be obtained [25.38]

“Nanodeformazioni”
applicate tramite AFM

Studio mediante AFM dello stress/strain

di MWCNT

.

BT e ase PR .
dv | - 1 .
. : it tube
: : seanner R
Dyp = sensitivity x 'm T .
S by

- Immagini SEM che mostrano (a) "apparato per In misura di earico tensile di MWONT con un
tacento a due punte AFM opposte prima dell'imposizione del carico; (b) il meccanismo di fratiura
"telescopico’ tipico dei MWONTSs.

S

O 0% 1 1} ¢ 43 3 as
Saraln (%)

Figura 20 - Grafico stresmstrain in misure tensili condotte sy fibre di SWCNT.
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Nanotubi in materiali multi-funzionali

Table3.5 Applications for nanotube-based multifunctional materiats-(from [3.3]}, by courtesy of B. Maruyama (WPAFB, Dayton,

Low Volume fr_act'ion '

(fillers) : - : : _ SN e e
Elastomers Ties = x X R
Thermo . : Chlp packags = - S % - s - X
Plastics ' Electramcs.r‘ SRS : = : - x X X
' ~ Housing = '. _ | , - —
Thsnnbsets*' ~ Epoxy producls % e e . x4
- '-Compomteq - ¥ = : = X
High Volume Fractmn _ S e
Structural '.__Sp_ane;{airsraft_ = Y _. .
cnmpa_m_te_s . components e = = -
High S Radiators = X e - : - X e
conduction ‘Heat exchangers x = N St X
composites EMishield: = X = = oo e e

4 For electrostatic painting. to mltlgata lightning strikes on au'craft ete.
b To increase service temperature raung of product _

¢ To reduce operating Eempcramres of electmmc packages :

d Reduces warping —

¢ Reduces microcracking damage in composites

Applicazioni meccaniche di nanocompositi
con nanotubi in diversi settori
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Nanocompositi a base di CNT

. L _ CNT/polivinilalcol
CNT rinforzano matrici polimeriche, ma occorre \

alta compatibilita per evitare sfilamento nanotubi —_

Esempi di funzionalizzazione

[O n=41= PEG 2000
™ Figurn 26 — Immagine SEM della

r =y
shortened-SWNT—CH;CH.{(OCH;CHy),0CH, : ‘ _
mperficie si fratiur in on compagiio

¥
T @ a base di nunstal di corbanio.

R

CNT funzionalizzato per
solubilizzarlo in matrici

polimeriche (es.: polietilenglicole
attaccato a estremita di CNT
“spezzati”, oppure AIBN - azobisiso
butirronitrile che inizia legami
covalenti tra carbonio e PMMA)

oppure surfattanti non-ionici per
aumentare wettability
oppure miscelamenti meccanici

prolungati (Brabender a doppia vite
e temperatura alta)

Incremento modulo elastico 10 volte piu
efficiente che con ordinarie fibre di

o — T =
£ " i [E.4)
A OF W | PR WS T e e e

Wignrn 27 - g b 'I‘xl';lllu-. pasitn MOWNT (0% i jirsa) in wme mieies di PMMA, Ls freesin Carbonlo (a parl peSO)
Beimmen imlien s diresi iyl i alla direzinne di esliveslone ), Le free dueki vahil
ey et A g btar b oo il vy Fisica delle Nanotecnologie 200475 ~Ver. 3~ parte 6 - pag. 27
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Altri esempi di funzionalizzazione di CNT

Una pritma teazione prevede lasogpensione del nanotubd i una sobs- ;
zione 3:1 di acido solforico e nitrico i un bagno sonico per due ore, Schematizrazione dell"attacco dei cluster di oro sulla superficie
qutich per reazione con PDADMAC (polidiallildimetilammondo- ded nanntubi:

Clorura) che sl agrancia ol groppdcathossilicd presentd in siperticis, :

g patticells d’oro con diametro 310 nm possono aderire;

,
a
.
-

il

o

o S
ettty

H SN,

X Manatube surace XOOGCOOCOOOCCONOT

LNCORLGGHIO DI NHNDCLUSETER DPORC SULLA SUPERFICTE
DI HAWOTURI DI CARBCHIO MODIFICATI

Lamodifica cor acetone della suaperficie -:‘.e1 natwbabi A1 carbordo  penmette
1"adeciore: dichaister metallici. :

Esempi di funzionalizzazione con anopaticelle d’oro stabilime ds opperbmi laganti come tioli (o armine)
. , possorn escere dimuqiae adece g1 tali aperficd dando hwogo o stnathme e potrari
nanoparticelle d’oro .. essere Bmplegite . anodispositi rdibip-mepied.

Bnfatti o7 1m grande studio sulla possibilés di far adetire opportmd chister
stabilizeati da protele s questihurnobobi iquali parte 3 narodisposiivd,
Per quarito riguarda i1 meccandame disftaZoo esco @ stato fpotizzato dad valord degli

Interesse per la realizzazione di strvtching ashmmetrici dei CH, ¢ CH,privha ¢ dopo Psttacco ded chister suinanotubi
possibili dispositivi biocompatibili v bt Stk i s

Materiale tratto dal seminario di
M. Barnabo, Aprile 2004
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Cenni su nanocompositi polimerici |

I silic sty conmnemmeante usatl per ifnan-x-:-mpositiappaﬂeng:nm,

come strutturs, alla fanigha dei 221 fillosiheat Intercalazione con polimeri

}f

AL Fn Mg Ls

i

N Tasternlirslral

w LA M Mk O

il Tl
5 e g e sl ani il
Filosilicati L e

...................................... = e o R . o L atac thetac, s o e Fig. 3. Alkyl chain aggregation models: (a) short alkyl chains: isolated molecules, lateral' monolayer; (b) intgrmediaw
- chain lengths: in-plane disorder and interdigitation to form quasi bilayers and (c) longer chain length: increased interlayer

order, liquid crystalline-type environment (reproduced from [21] with permission).

Fig- 1. Souciure of 201 phiyllosiimcsiies El_1|'||||l;||n|.'|| frossl | 1%)] weith peermrlasdnm b
! s
La struttura consiste di un strato bi-cirensionale con al centro
1n ottaedro di allumings o maghesic legati tramwate grappd OH atetraedr di silicig = _,.‘.-?,-:_, i
superion e wderon. Ha uno spessore di citea une ] nen e Ie dirgersiond laterali S L]
wvariano da 300 & a gqualche micron, ; e it Polymar
/ )
¥ £
= ||_ LA “-c'" |
F T s R | —
L Ee—_r ! i e R | Ky e
M= = = T [ b —
!I Table 1 gl J.-;V;ﬁ = 1_4-"’"_,..::_...- AN
Example of layered host crystals susceptible to intercalation by a polymer = ey NN A = e
; u TR
Chemical nature Examples Tfuanmas iman i bacd I'minrenlated Exfollmted
Element Graphite [8] { o ooo ot Lnnmncorroy o be [ i perieitan )
Metal chalcogenjdes (PbS)“s(Tisz)z [9], MoS, [10] OF differany fpas of COTHEERITE SETRTE Tromy e e oo of Jayered i Iscutes and pailys
Carbon ogides Graphite oxide (11,12 e e e i e b el et e ety Al et
Metal phosphates Zr(HPOy) [13]

Clays and layered silicates Montmorillonite, hectorite, saponite, fluoromica, fluorohectorite, vermiculite, kaolinite,
magadiite, ...

Layered double hydroxides  MgAL(OH);4CO5nH,0; M=Mg [14], Za [15]

o — Host crystals (tipo silicati) intercalati con

polimeri:
varie configurazioni possibili

Materiale tratto dal seminario di

Elio Bibbo, Aprile 2004

Fisica delle Nanotecnologie 2004/5 - ver. 3 - parte 6 - pag. 29




Preparazione fanocompositi

al

Esfolamoneassorhimenta:
Il silicato é disciolo mura
solimone polenerica e per
evaporazione s1iommauna
stnhora nubistrate

T

Polinerzmmone
uteralatrra mosiha!

I siheato & serolo

Inma sohimone

Cenni su nanocompositi polimerici Il

Esfolazione-assorbimento

Cuesta tecnica & usata per polimen wdrosolubili come polivinilaleol,
polistilene nasido, polivinilpirrolidone o poliacidoactilico che formano
stnutture esfoliate. :

Sintes: tenplate:
In sohimione acquose di polimesd
& silicatl. Con delle forme anto
assermblarti il polimen
favorisee lamicleamione e

la creseta de1 cistalli morzamel

Intercalamone mfiasa:
1l silicato & miscelac al
polmmero firsc che
cresce tra gl strati
& fomna nanooompostl
intewalatio esfolati

utrappolatinel polomer

Polimerizzazione intercalativa in siti

Contale metodo sono otternati nano u}iu:ump ositl di fuylotn. Trai pil
interessanti ¢’é il natocomposito delnylon-12 tramite polimerizzazions

ititercalativa in situ.

Fer aumentare 'adezione tra le dtfe fasi a1 fuszato Uacido
1 Z-atmminolaurico (ALAY. In base alla quantitd di ALA utilizzato
g arriva ad aumentare distanza 1;:1'5.i gli strati di silicio e a favorire

~Fintercalarione del politners slesdo.

S

——

oo

bl it
LA

Sono stati realizzati |
iAo ot oFitd _ '
Jron capolimen nitelicil i Sl L } || ....................
o con HOPE L Yol |
"\._,..-r'-"r il
L] ¥ i m m m [
- el
Interessanti film di nanocompositi ¢ lafn FLA ¢ PCL e
montmortllonite di sodio con notevoli proprieta fisiche.
Un altro intereszarte nanocomposto i *
& non polistirene polimerizzata e —— e,
in soluzione con Ma-montmonillonite =i e =]
in presenza di cationd organici L=
(srarobio catioraco) e di iziator e e
radicalici per la polivnarizzazione del P5. / i
T : L .:_{ = ]'.I_‘_ ____I
Per realizzate un effettrva adesions ' s |
trale due fizie sié realizzata '_f'J_?_
la polimerizzazione vivente del F3 S X
sulla superficie del fillosilicato, == ]
funzisralizzando 1a montmorillorate
com catlord arnrmonio portant grppi =
ritrossidi che favoriscono la crescita AL eSS
L T il
del P5. a,gj;!;’f;?}iﬁr_
QR
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Cenni su nanocompositi polimerici Il

Proprieta

Un hotesrale modulo elastion é stato mostfato
anche da nanocormpositi elastomerici
reticolatl i polinretanc che

presertanc una stnttura esfoliata

Gl strati di silicato hanno dimostrato un notevole miglioram ento
delle proprieta del politnero in cui sono dispersi Tra gqueste

proprieta un autnetito del modulo elastico con un gquattitativo
circa del 1%0.in peso del retnpitivo inorganico.
Stabilita termmea, iemfughi con formamone di carhone e delle

LR

Tutsails mi
-
B e F e S

...........................................................................

.............................

buone proprieta barriera per 1 gas e trasmissione di vapore.
& ltve strrtture esfoliate con un un notevols -
: module elastico sono 1 nanocompositt. g
Proprieta e camiche epossidicl con amrairme vilcanizzate con g A8 7
: ur 2% 1 peso di montreonllonite | b =
rnodificata con cation alchilarmmonio di =
[ nanocompaositi nylon-é Dttem.n per pnlﬂnerlzzazm fe varia linshezza nliss | = Ml
mtercalativa di apertura-dell’ rolattame O i
mostrano wrnotevole aumento: del modulo di Young,
Elongazionea rottira
Tehe 12 ;
Eiffert of mylan-f-bassd nenocompodite prepecaiing e (he Ynmd_; sisadurles: e=litesd oo e filler cofisnd and B averngs
...... mm“'w“’““‘ B ]
Sunglt propctich Ficcoun et ®)  + MW Gxldh) o'y nobw o [ nanocompositi elastomerict epossidict "
Commerizl mbon-h a . (R L] (N1} e, 3 !
WO 5 : 14 106 mostrano uta significativa lui-
i i i 0 2y elongazione a rothura, 7| " o
it it i = i Tali nanocompositi mostrano notevali s 4 j/n o
* N0 mommonilimtie-besed nylon msneompeite. (et s feith h £ ¥ l o D —y
UHCH: sssrcompoaite obsed By i o iercalaces [n:!l:,mrlxlurn of s-caprulactam n prommed sminodode ‘_[Jfl:l-pﬂ& a : S:I:': £ CIE 18- EI'.II].D ) ax __, AT
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