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I ntroduction

The discovery of the buckminsterfullereng, @ the mid-eighties (H. W. Kroto,
R. F. Curl and R. E. Smalley), has polarized amghéred the interest of the scientific
community on a novel and stable carbon allotropranf As a direct consequence of all
this research activity, in 1991 another stables<laf fullerene type molecules was
discovered by lijima, during the exploitation of peximents for the arc-discharge
synthesis of fullereneda This new kind of a fullerene-like material was tkulti Wall
Carbon Nanotubes (MWNTs). MWNTs are made of coaxwiow cylinders with walls
arising from the wrapping of single graphite layé@rseir diameters range from 10 to 50
nanometers, whereas their lengths are differer@ratimagnitude (micrometric or even
millimetric scale) larger. The existence of carlm@notubes made of a single wrapped
up graphene layer (SWNTs, Single Wall Carbon Naved), was proved by the same
group two years later. The SWNTs are the most @mpid ultimate structure that can
be obtained nowadays, being formed by only onedalraphene sheet.

The first studies on the properties of carbon nsmet disclosed their
extraordinary potentialities that are strictly detaed by their quasi one-dimensional
structure. In particular, a great breakthrough aesieved in 1997 when it was shown
that the semiconducting SWNTs can be employed aschannel of a field effect
transistor. As a consequence an enormous intemetsiecfullerene-like carbon nanotube
materials arose due to different reasons:

The first one is the possibility of designing a eratl, suitable for specific
applications in the field of electronic devices, byploiting the intimate relation
between its structural and electronic properties.

The second reason is the availability of a matehat can be either a metal or a
direct band gap semiconductor, whose nanometricemsions define the scaling
characteristic of the device.

The third is determined by the wide compatibilifyGNTs with microelectronic
applications, according to the new bottom-up apgindar device implementations.

In fact, the ultra large scale integration prodéss is today employed within the
standard electronic silicon-based technology, jsdtg approaching its physical limits
(e.g. quantistic effects connected with the sizducéion of electronic components) as

well as its technological limits (e.g. the resadutiof optical lithography), establishing

13



Chemical vapor deposition of carbon nanotubes on-patterned substrates: towards a control of theifioning and structure

the maximum concentration of integrated CMOS devicem a density of
10" devices/crh Therefore, the empiric observation, also known Mwore’s law,
according to which the number of transistors imgatad on a single circuit can double
every 18-24 months doubling, at the same timerdbeof calculus, could not be further
satisfied by using traditional materials. All thedements explain the increasing interest
for the study and development of techniques fop@amanotubes synthesis, allowing to
move from a curiosity-driven to a commercially apgble research. The perspective of
being able to modulate the electronic propertie€ENT's, in order to replace traditional
silicon-based electronic devices, for example Wyriéating field effect transistors with
carbon nanotubes as a channel for the charge tdn§PNT-FET), is extremely
interesting.

The final goal of designing all organic devices tago through the intermediate
step of the integration in silicon-based technadegiTherefore devices actually using
Carbon Nanotubes are based on a hybrid technology.

In the case of CNT-based devices, the key poirtt llaa strongly limited the
achievement of the maturity needed for the intégmain commercial devices, is the still
lacking control over the synthesis phase. In otherds, this lack of control is the
unavailability of deposition processes enabling toatrol of the CNTs in terms of
localization, morphology and electronic propertiesnetheless being processes at low
cost, reproducible and easily duplicable on ansiwhi scale.

Among the implemented methods for the nanotubesthegis (the laser
ablation, arc discharge and chemical vapor depogijtthe catalytic process of chemical
vapor deposition (CCVD) is the most widely useddeveral reasons: the scalability, its
wide versatility, the possibility to achieve a strcontrol on the growth acting on the
system configuration to implement deposition preessat very low temperatures, even
at room temperature.

This thesis work will give a summary of the resutscatalytic chemical vapor
depositions experiments, developed for the grovitbaobon nanotubes. In particular,
we focused the thesis on different and consequetiaities:

— the setting of CCVD processes for the controlleatisgsis of carbon nanotubes
by tuning the key parameters for switching fromaatipular kind of growth to

another (second chapter);
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- the analysis of morphological and structural propsrof as-grown carbon
nanotubes belonging to the different synthesis mgowe implemented,
providing a constant feedback on the growth proffessth chapter);

— the investigation of feasible applications of carlmanotubes in fields of interest
for the industry (sixth chapter).

More precisely, in the first chapter the structymadperties of carbon nanotubes,
as well as the expressions for the energy disperglations, are reported. These have
been obtained by applying the tight binding mettmthe hexagonal structure defining
the graphite lattice. From the energy dispersidaticns of bidimensional graphite, the
energy dispersion relations of achiral carbon nalbed in the zone-folding
approximation have been obtained. The band stmictfithe graphite and of particular
semiconducting (zig-zag (4,0)) and metallic (zigrz¢8,0), armchair (3,3)) carbon
nanotubes, have been plotted, implementing a sisgdtevare calculation with MatLab.

In the second Chapter, in the specific, the resatisrent the different kinds of
growth implemented are reported. This is intendedeimonstrate as the exact control of
the synthesis parameters influencing the growtbwal to gain an increasing control on
the orientation, density, localization, morpholagyd structure of as-grown nanotubes.
These achievements fulfill the requirements of dewiin which morphological and
structural properties are completely addressedchbycontrol of the synthesis process.
These processes are required to be completely degide through the set up of the
main parameters regulating the growth (as substi&lyst, process parameters,
feedstock gases).

Four nanotubes classes, completely distinguisheth&r growth characteristics
as well as properties, have been individuatedhik ¢hapter it is demonstrated that the
ability to switch from a vertical, highly dense gith of randomly bridging nanotubes to
well located, well oriented, thin, bridging nano&sion surfaces free from carbonaceous
deposit, has been completely acquired. Therefoeeptirpose to set up a reproducible
process for the growth of single and well locatadotubes as well as of a network of
nanotubes connecting two electrodes, on the waygaoufacture a CNT-based device,

has been almost completely achieved.
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The third chapter provides very simple theoretiements to analyze and
understand the main carbon nanotubes charactenzegchniques, deeply described in
the next chapter. In particular, in the fourth deapghe more representative results
arising from the characterization techniques ofboarnanotubes, are presented and
discussed. This allows to demonstrate the coroglatbetween the different synthesis
processes and the characteristics of the growronaranotubes. Raman Spectroscopy is
the key tool towards the understanding of CNTscstme and it has been discussed in
details analyzing the possibility to check the preg of carbon nanotubes, their
crystalline order and diameter, as well as thei@dar kind (SWNTs or MWNTS). The
HRTEM and the EELS (Electron Energy Loss Spectrpgtdechniques have been
hence used to check the morphology of the samplgésafind the Fe inclusions inside
the as-grown samples by means of chemical mapallfia complete characterization
is achieved by performing the AFM measurementsemiost representative samples.

In the fifth chapter, two of the models proposedha literature to explain the
different kinds of nucleation and growth of carbmenotubes are analyzed in details.
Particular attention has been devoted in order xplag, within these theoretical
models, the growth processes we observed. We figbli common points and
differences between proposed theoretical modelscamdexperimental results. These
discrepancies emphasized the uncertainties whektdr present in the formulation of a
definitive model, suitable to explain the phenomesgulating nanotubes nucleation and
growth.

The sixth chapter represents a rapid excursus gbatential applications of
carbon nanotubes, referring in particular to thepst we moved towards the
manufacturing of CNT-based FET. A very simple ekpent is also described aiming
at obtaining a nhanocomposite material, made of Caf& polymer. This is useful for
the analysis of the modifications of the insulatinghavior of a polystyrene matrix,
whose conductivity increases after the additionasbon nanotubes.

16
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1. I ntroduction

Carbon is the sixth element (atomic number Z =n6he periodic table and the
first element of the 4 group. Although carbon is positioned above silicire main
element employed in the semiconductor industrypiitgoerties are quite different from
that of silicon. In fact, differently from silicorglemental carbon has allotropes: the
diamond and the graphite form. Diamonds and grapaie the two main allotropic
forms of bulk carbon Fullerenes and carbon nanstuten be considered as new

allotropes that can occur in the nanostructureh fof graphene sheets.

1.1 Graphite

Graphite is the principal allotrope of carbon. Tdrgstal structure of graphite
consists of layers of carbon atoms arranged in rreymomb or hexagonal network
where the planes are stacked in an ABA arrangeriiéig.means that A and B atoms of
two consecutive layers are displaced at a certgtartte in such a way that a C-atom
results on the top of one of the ring of the hooeyls network. The in-plane nearest-
neighbor distancacis 1.421 A and the in-plane lattice constagis 2.462 A, whereas
the c-axis constant i€y = 6.708 A connected with an interplanar distant&y® =
3.3539 A.

The most used commercial graphite is the Highlye@ead Pyrolytic Graphite
(HOPG) which is synthesized by the pyrolysis of togérbons at a temperature above
2000 °C and then annealed above 3300 °C. HOPG salasonic, transport, thermal
and mechanical properties that are very closedabdhan ideal single crystal of graphite
with a highc-axis degree of alignment. The order degree ofa¥produced HOPG is
about 1um within the planes and Odm along thec-direction. The graphene parallel
planes of HOPG form a sufficiently ordered struettlvat can be used commercially as

a monochromator crystal for X-ray and neutron ddfron [1].
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Fig. 1.1.1 Crystal structure of hexagonal form of graphitehwihe stacking of ABA

sequence of C atoms.

1.2 Diamond
Diamond is the second stable allotrope of carbaamidnd structure is one of
the most recurring crystallographic structures agna@ovalent solids. Silicon and
germanium, belonging to the fourth group, as wslltlze 111-V and II-VI compound
semiconductors such as GaAs or CdTe, also exhidisame “diamond-like” structure.
The ideal diamond structure shows each carbon wutled by four other carbon atoms
at the corners of a regular tetrahedron. The setadbon atoms forms a very strong

covalentsp® hybridizedo bonds [1].

Fig.1.2.1 Tetrahedrons of C atoms arranged in the diamotidddP].
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The cubic diamond structure can be viewed as twafieictures interpenetrated
and displaced of (Y4, ¥4, H) whereag = 3.567 A, is the length of the cube edge, i.e. th
lattice constant. The nearest-neighbor carbon-cadistance is 1.544 A, which is 10%
higher than that of graphite. Nonetheless it istlvém observe that the atomic density of
diamond is 56% higher than in graphite, this isdose of the anisotropy occurring in
the graphite crystal in the c-direction which issait in the high symmetry of the
diamond structure.

Besides the two most diffused allotropes (diamond graphite), elemental
carbon has also allotropes of different and lowiereshsionalities, ranging from zero-
dimensional structures (0D) to the two-dimensicstalictures (2D). One dimensional
(OD) allotropes are the fullerenes while one-dinn@mal structures (1D) are the carbon
nanotubes. The two-dimensional (2D) allotropesnamowalls and graphene sheets [3],
respectively.

The structural properties of carbon allotropes baneasier described by the
electronic configuration of the carbon atom onae ahbital hybridization is considered

(see Appendix A).

1.3 Buckminsterfullerenel

The discovery of carbon nanotubes in 1991 is dyexdnnected with that of &
occurred in the mid eighties.s&s the first member of a new class of high symioetr
molecules named fullereries

Fullerene (Go) is a molecule formed by sixty carbon atoms areanigp a closed
hollow cage, nearly spherical molecule. This molechas a shape of a truncated
icosahedrof) where the sixty carbon atoms are placed at thicgs.

The Go molecule and the graphite have many common clarsiits allowing
to imagine the fullerene molecule as a “tiny-drdptd graphene sheet. In particular in

Cso molecules (1) the nearest-neighbor carbon-carléC)( distance 4.) is about

Y In honor of Richard Buckminster Fuller (1895 - 198mBiventor, architect, engineer, mathematician,t poel
cosmologist, inventor of the geodetic domes thaethe same shape of half of g 6Gut quite bigger.

2 A regular truncated icosahedron is a 32-faced Aneliean solid corresponding to an arrangement dfeXagons,

12 pentagons, 60 vertices and 90 edges of equgthleconsistent with Euler’'s theorem for polyhedra:
f+tv=e+2

where f, v and e are the number of faces, verticelsedges of the polyhedron.
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1.44 A, comparable with that of graphite (1.42 @), each carbon atom both in graphite
and in Go, is bounded to three other carbon atoms \sjthlike bonds and (3) the
structure of fullerene is mainly constituted by hgans. The resulting arrangement of

the 60 atoms is that of a molecule having the sbépesoccer-ball [1].

Fig. 1.3.1 3D view of the Gy molecule with the evidence of carbon atoms atvidréices
of the truncated icosahedron. On the right sideethe a planar scheme of

fullerene with the correct sequence of hexagongpamthgons.

In the proposed & structure, each vertex of the truncated icosahmedso
occupied by a carbon atom, and each carbon iy toplinded to other carbon atoms by
one double bond and two single bonds. Two singlé kibnds connect carbon atoms at
the edge of the pentagon, where hexagon and pentagaconnected. The double bond
connects two carbon atoms at the edge of the hexaguere two hexagons are joined.
The lengths of these two different bonds are 1.4@rkhe single bond and 1.40 A for
the double bond.

Usually,sp? carbon and its three neighboring atoms arrangepianar structure.
The structure for € is not planar with an angle betweerpaaxis and a C-C bond
vector that is 101.6° (which is 90° in planar griég4].

The curvature of the trigonal bonds igo@ads to an admixture s’ bonding,
characteristic of tetrahedral bonds of diamondtbiatly absent in graphite.

The calculated diameter fors€molecule is 7.09 A, assuming that C-C distance
is 1.40 A along the edge of the hexagon and 1.480fg the edge of pentagon. The
experimental value for fullerene diameter given INMR measurements is
7.10 +0.07 A [5].
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1.4 Carbon Nanotubes

Carbon nanotubes were discovered by ljima in 199& hy-product of the arc-
discharge synthesis of the{CSince their discovery the interest about the griogs of
Carbon Nanotubes (CNTSs) increased very quickly [6].

Carbon Nanotubes can be considered as the tulnrar df fullerenes on the
dimension scale of nanometers. Transmission EleciMaicroscopy (TEM), Raman
spectroscopy and Scanning Tunneling Microscopy (p€bhfirmed that the structure
of carbon nanotubes is made of all-carbon wallsreyed in such a way to form
concentric cylinders, with single walls having steucture of the honeycomb network
of a graphene sheet.

In particular, a Single Wall Carbon Nanotube (SWNa&h be theoretically seen
as a single cylinder of graphene of infinite lengtissibly with caps at each end that
could be seen as two half-fullerenes. Those cartmrotubes, constituted of several
coaxial graphite layers, rolled up into cylindefsddferent diameters, are called Multi
Walls Carbon Nanotubes (MWNTs). CNTs can be equalynsidered as single
molecules because of their small dimensions (few inndiameter and fewum in
length), or as one-dimensional crystals with adiaional periodicity along the tube
axis. CNTs can be built in many ways varying thik up of the graphene sheet into a
cylinder. There are, in fact, a lot of diameterd aossible axis orientations with respect
to fixed base vectors of the graphene sheet. ABdhpossible orientations are described
by the resulting arrangement of the hexagons artiedube direction (chiral vector),
in a helical pattern.

The physical properties of the SWNTs are closelynneated with this
arrangement. The metallic or semiconducting belmasi@ SWNT depends, in fact, on
its chirality.

SWNTs can be produced with different methods (Laser Ablation, Arc
Discharge, and Chemical Vapor Deposition) showingeqdifferent distributions of
diameters and chiralities, tending to form bundig a hexagonal packing during the
growth process [7]. MWNTSs can be grown using theDCdhd AD methods showing
also a large variety of diameters. The typicalatise between two coaxial and adjacent
layers in a MWNT is the same of two adjacent graghiayers in graphite (3.41 A).
MWNTSs show lengths similar to that of SWNTSs but mdarger diameters.
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1.4.1. Description of the honeycomb structure of Carbon Nanotubes

By considering that the structure of each singléndgr forming a CNT is the
same of that of a graphene sheet, it is possiblseadhe same crystalline lattice in order
to derive the properties of a rolled-up graphereeth

The unit cell of graphene is individuated by the thase vectora; anda, and
contains two carbon atoms (fig. 1.4.1). The modukshe two base vectors can be

easily obtained by the value of the lengthCe€ bond, once the 60° angle between the
two is considered. Namely their values degl:= |a,| = a = /3a,.

The lattice structure of a SWNT can be easily ghiieve imagine cutting the
wall of a tube along the axis direction after unppiag the portion of graphene by
superimposing it with an extended layer of the samaéerial. By doing so it is possible
to observe as the circumference of the unwrappedtstorresponds to a vector on the
honeycomb structure of the graphene layer. Thisoveaesults as a combination of the
basis vectors and is called the chiral vecterma; + na,. Thec vector determines the
fundamental structural and the physical propertieshe nanotubes. The vector is
called the chiral vector because it forms an afgii@al angle) with the direction of the
a; vector that determines the helical structure efrtnotube.

The chiral vector is uniquely identified by twoeger numbers called the chiral
indices (1,np). These indices are the distinctive characteristieach tube determining,
among the physical properties, also the electrbaind structure of the nanotube. The
integer n is the greatest common divisor of and n, indices, (gcdfiy,ny]), and it
corresponds to the number of lattice vectors oplgeae belonging to the chiral vector.

The direction of the chiral vector is measured hg thiral angled that,

according to the definition, is calculated as fako

n2
n+-2

a [c _
el yng +nn, +n2

codP =

Because of the particular rotational symmetry ofpipene, each tube with
0°<08<30° has another equivalent tube with 308 < 60°, where the helix of the

graphene network around the tube only changes tihemight-handed to the left-handed
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wrapping. Referring to the case with>n, > 0 (i.e. 30°< 8 < 60°), it is possible to find
three different types of nanotubes, classed asaig-armchair and chiral. Zig-zag
nanotubes are those with one of chiral indexes leiquzero i.e. §,0) while armchair
nanotubes have equal chiral indexes)( A chiral nanotube is a nanotube that is neither
armchair nor zig-zag. A picture of the three pa$idés and of their characteristics is

reported in table 1.1.

Indices 6 Types Schematic Cross section pattern
(n,0) 0° Zig-zag _ _
Transconfiguration
R VN
(n,n) 30° armchair
Cis-configuration
(n,ny) | 0<1]6/<30 chirale Mix of cis etrans
Table 1.1 Classification of CNTs with the indication of cHi@ngle and a scheme of the

edge pattern.

By wrapping a graphene sheet the nanotube is foanddhe lattice points, that
are the extremes of the chiral vector, will coirci@ecause of the connection with the
chiral vector the diameteris given by:

I
m

a :
d="1==/n+nn, +n? ==4/N with N=nZ +nn, +n’
Vs

a
T

Along with the chiral vector, in order to define @lementary cell for a nanotube,
it is introduced another vector, the translatiostoe The translational vectdr is the
shortest lattice vector perpendicular to the chiedtorc. Together these two vectors
individuate the elementary cell of the nanotube. iByosing the perpendicularity

condition betweeil andc vectors we find:
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2n, +n 2n, +n
T=(t,t T =tias + & T=-"2_"1 +=-1 2
(t1, ©) 1y +hay R a, R
n13—n2DN
n
2 2
== A0, +ng) R~
nR .
1 otherwise

whereR is an integer value that can be only 1 or 3 deimgnon the values af;
andn,. Some examples of the chiral vectof®r zig-zag, armchair and chiral CNTs are
shown in fig. 1.4.1.

Fig. 1.4.1 Graphene honeycomb lattice and lattice vecteranda,. Some examples of

CNTs (zig-zag in blue, armchair in red and chinagjieen).

Let's consider now the unitary cell determined hyaaotube. The unitary cell of
a nanotube is the portion of cylindrical surfaceihg a height (parallel to the axis)
equal to the length of the translational vectod #me diameter as determined by the
wrapping of the chiral vector. Referring to theidiion, the unitary cells will contain

many or few carbon atoms depending on the chicatas [8],[9] (fig. 1.4.2).
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+
E; abdBdBdl:
Fl- ; T

(17.0) (10,10)

Fig. 1.4.2 In dark are shown the unit cells of the (17,0),,{00 and (12,8) nanotubes

respectively [10].

The number of carbon atoms, contained in the unit cell is obtained from the
ratio between the are@ of the cylinder and the areg of the hexagonal unit cell of
graphene. The ratio between these two values ¢ivesumbeng of graphene hexagons
in the unit cell. The hexagonal cell of graphenetams two carbon atoms because each
carbon atom at each vertex is shared with othexethlrexagons, therefore the total
number of C-atoms in the CNT unit cell is:

oS Ao o
n

g

The expressions of the lattice parameteedT for achiral tubes like zig-zag
and armchair are resumed in table 1.2.

Type | Indices N Ne d T| 8
a (n,n) 3n? 4n J3na A 30°
T

z (n,0) n? 4n n_: J3a 0°
n,
4N J n +-2
c (Munp) | nf+nyn, +n; R JEa i':a arcosl\/_—2

N
Table 1.2

Principal parameters of armcha)( zig-zag (Z) and chiral (C) nanotubes.
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1.4.2 Direct and reciprocal lattice of a graphene sheet

The primitive cell (i.e. the Wigner-Seitz cell) thie reciprocal lattice is known as
the first Brillouin zone. This cell can be detereunby tracing from a lattice point all
the lines directed to the first neighbors, andiggtieach line in the middle with an
orthogonal plane. By doing so we will obtain a pagron, the Wigner-Seitz cell,
containing the original lattice point [11].

In the case of a hexagonal lattice the recipra#ick is a hexagonal lattice too,

where the base vectors dreandb..

Fig. 1.4.3 On the left the direct lattice of graphene with timét cell indicated with dashed
lines. On the right the reciprocal lattice with &éagectorsh,; andb, where the

shaded area is the first Brillouin zone.

The coordinates of reciprocal lattice vectors ayenected to that of the direct
lattice from the relations of ortho-normality. Ihet coordination system & andk,
showed in figure 1.4.3, the reciprocal lattice west corresponding to the unit vectors
a1, & andag of the direct lattice, have hence the coordinates:
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a, Xa a, Xa a. xXa u|
b, =2g— 2" _ b, =2 s~ b, =2 1~ % =T
M e xa) 2 Taaxa) 0 a la, xay) ’
2t 2n 21 21 21
bi=s|—,—0 b= —,—0 b, =| 00—
1(f3aaj Z(I:saaj (T]
4 2n
b,/=b|=b=—— (= —
|l| |2| \/_3a bs |T|

The modules ob; andb, determine the lattice parameters of the reciprepake. All

main parameters for carbon nanotubes are resuntadlenl.3.
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Symbol Name Formula Value
Length of unit a=249A
a a=+/3a,
vector a.=1.44 A
tvere [V32.2) (V3,2
ay, a nit vectors —a_- || za —
v 2 '2) 27 2
2n ﬁ]
Reciprocal lattice J3a' a
by, by =
vectors om Zn]
J3a' a
c Chiral vector ¢ =na; + naz = (Ng,Ny) —
Length of chiral 5 5
c c=|Cc|=ayn +nn,+n —
vector e toore e
. C
d Diameter d= U e nZ+nn, +n; —
m T
o+ 2
cod = - 2 -
. + +
0 Chiral angle \/nl uh; =N, 0<|f sg
. 3n
sind = V3n,
n;+nn, +n;
n,—n
3 L 20N
3n
R ged u—ny, 3n) R= —
1 otherwise
Translational
T T =ty +tha, = (tl, tz) —
vector
Number of ( , 2)
2in7 +n.n, +n
q hexagons in the q= —2 lRZ 2 —
n
nanotube unit cel
Table 1.3 Main parameters of carbon nanotubes.
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1.4.3 Unit cell and Brillouin zone of a Carbon Nanotube: zone-folding approximation

The unit cell of a carbon nanotube in the real spache rectangular portion of
the graphene sheet built with the chiral vect@nd translational vectdr as shown in
figure 1.4.4.

Fig. 1.4.4 Hexagonal lattice of graphene with the evidencehifal vectorc, translational

vectorT and unit cell of the nanotube in the real space.

The Brillouin zone of a nanotube can be built bingghek, andk;vectors that
correspond to thd andc vectors in the reciprocal spade.is the reciprocal lattice

vector corresponding to the translational perioélong the nanotube axis and its

length isz_l_—n. By considering the nanotube like a one-dimengiggatem of infinite

length, the translational symmetry of thevector imposes to the wave vectors in khe

direction to be continuous. Differently for a camboanotube of finite length, the
. . 271
spacing between two consecutive wave VeCIOFSL—|S

The vector of the reciprocal lattice correspondingthe ¢ vector along the
circumference of the nanotube ks The boundary conditions arising from the
cylindrical structure of the nanotube lead to thamtization ok that can assume only

discrete values. The expressions of the recipratiate vectork, andk respectively
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along the tube axis and along the circumferen@ephbtained from that of the real space

vectorsR;, starting from the relatiorfs; - k; = 2rd;.

Ri=c = c-ki=2m c-ko=0
R, =T — T'k2:2T[ T'k1:O
ki =kg ko =k, @.1)

It is possible to writ, andkzin a general form as a combinationbgfandbs,.

Therefore the expressions fgrandk;become:
_1, 1 B
Kg= a( thl + tlbz) kz = a(nzbl nle) (Q.z)

The first Brillouin zone of a one-dimensional mé&krs a segment. Therefore

for a carbon nanotube the first Brillouin zone hg tsegment of Iengthz_?n, i.e., the

modulus ofk,. Sincet; andt, don’t have any common divisor, except the unityy af
theq — 1 vectorgkz(wherep = 1,...,q — 1), reported in theg(2), is a reciprocal lattice
vector of the two-dimensional graphite. Hence ghsave vectorgky (1= 1,...,q— 1)
originateq discrete vectork. These vectors individuatgparallel segments representing

the Brillouin zone of a nanotube (thdines are parallel to the vectors; their length is

2 . . . .2 .
?n while their separation |sL£). Thek vectors assume all values in the range%,—

).

=[x

1.4.4 Zone-folding Approximation

Carbon nanotube bands consist of a group of onesthianal energy dispersion
relations arising from the dispersion relationgvad-dimensional graphitez¢ne folding
approximation) by cutting alonglines parallel to the nanotube axis direction @leng
the allowedk values indicated in the Paragraph 1.4.3).
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The valence and semiconducting bands of grapheves @ach other at tHe
point of the Brillouin zone (see Appendix C). THere if this point is included among
the allowed states of a carbon nanotube, then @in@tabe is metallic otherwise it is
semiconducting.

The electronic states of a carbon nanotube areiatest to suchk vectors
fulfilling the conditionc - k = 2rm (with m O N). If the K point satisfies this condition
for the considered nanotube, the CNT will be metallotherwise it will be
semiconducting. In terms of reciprocal lattice west(see figure 1.4.3), th€ point
could be written as ing(s). TheK point belongs to the nanotube Brillouin zone # th

second expression in tha4) is fulfilled:

1
K ==(2b, -b,) K
3
c-K=(ma + nzaz)%(sz —bl) = 2rmm (e3)
K’
Fig. 1.4.5 WW is the first Brillouin zone of a nanotubi€.points andk, e k vectors are

indicated in figure.

Developing thed 3) by using the expressions &f, a,, b; andb, and developing
the scalar products, the conditions onth@ndn, indices are obtained, that distinguish

between metallic and semiconducting nanotubes:

n—-n,

Zm = semiconduiing nanotube
mO N (€1.4)

n—n,

3

=m = metallic nanotube

This means that only they(n,) nanotubes, whose differenngn, is a multiple
of 3, are metallic otherwise they are semicondgctir2],[13]. This condition fon; and
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n, indices is equivalent to the conditie%r%:m because this is fulfilled if the

relations €4) are fulfilled. The zone foldingapproximation allows distinguishing

. . : 1
between the metallic and semiconducting natureaoban nanotubes. Onlg—j of

nanotubes is metallic while the remaini@j is semiconducting.

Fig. 1.4.6 The metallic and semiconducting CNTs indicated eespely with open and

blue solid circles on the map of chiral vectarsr).

In particular thearmchair nanotubes having the same indiceg)( are always
metallic while thezig-zagtubes with indicesn(0) are metallic only ih is a multiple
of 3. All the metallic and semiconducting nanotuf@g,) are showed in figure 1.4.6,

depicted on a graphene plane.

1.5 Energy dispersion relations of Carbon Nanotubes
In order to determine the electronic band structdir@ carbon nanotube, because
of the wrapped structure that can be derived froat of a graphene layer, we have to
consider how the electrons behave in a grapheret.she already seen, every C-atom
in the hexagonal structure involves three orbisap, and 2y that are hybridized in a
spf configuration producing three bonds in the plane. Whereas thg arbital, that is
perpendicular to the graphite plane, producesttheovalent bonds. The covalemt

bonds give the most important contribute to thetebmic properties of graphene.
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When a graphene plane is rolled up to form a ndregttheo bonds form, along
the nanotube wall, a hexagonal network that issdrae found in the pure graphite with
the addition of a slight bending effect. Théonds are instead responsible also for weak
van der Waals interactions between different tubaad they determine the band

structure.

1.5.1 Energy dispersion relations of 2D-graphite and 7rbands

Theoretical calculations arising from first prinleip method, have demonstrated
that the gap between bonding and antibondimmdo” bands, is about 11 eV [14], [15].
As a consequence, in a first approximation these Ihands don’t contribute to the
electronic properties of the graphene being theargy difference so high.

For what concerns theband a tight binding model can be used to obtain th
energy level of thermt valence and conduction bands of a graphene, sicebs
extending these results in order to determine #rellstructure of the carbon nanotube
(Appendixes B and C). We start from the Schrodingguation of the system of C-
atoms in the graphene lattice and we introduce Bheck functions as linear
combination of the atomic wave functions. Aftertthe solve the Schrédinger equation
in the first neighbors’ approximation, consideringgligible the overlapping between
wave functions centered on different atoms. Alltilgat binding calculations developed
to obtain the final expressiones(sandeg.17) of the energy dispersion relations have
been extensively reported in the Appendix B.

The most general expression of the energy bangsphene, without neglecting
the overlapping integral between nearest neighbtiss and considering the value of

€2p CONstant, is:

Et - £ yO\/T

1x s,/ (es.17 of Appendix B)
fk) = 4c0{§ akaco{% ky) " 4co§@ ky) 1
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€ IS the term accounting for the self interactiame(interaction of the C atom
with itself), and it represents the energy of thkital 2p,. yo is the C — C interaction
term that gives a measure of the interaction enbegyeen two nearest neighbor atoms
ands is the overlap integral between the wave functimisvo nearest neighbor carbon
atoms.

The value ofy, is negative whiles, is positive. These values come from the first
principles calculations of the graphite energy Isand@herefore, the valence and
conduction bands of two-dimensional graphite aoe ttie details refer to the Appendix
B):

E"= & Valence bandr

1+s/f (es.18 0f Appendix B)
E- :ﬂ Conduction band7

1- so\/T

The energy dispersion relations for the graphendhe nearest neighbors’

approximation g = 0) are:

EL, (k)=#H e (k) =% Vo{1+ 4co{§ akacos{% kyj + 4co§(kL2aH2

(es.160f Appendix B)

The energy dispersion relations of the 2D graplipiketted throughout the whole
Brillouin zone, are reported in the Appendix C. 3&@lots have been obtained by using
a specific software program implemented with MatL& first approximation, the
carbon nanotubes properties are connected to theegiies of the two-dimensional
graphite when, from the band structure of graphéhe,lines corresponding to the
nanotube Brillouin zone are selected. Thereforebdnal structure of a particular carbon
nanotube is found by cutting the two-dimensionahpipene bands along suitable

directions.
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1.5.2 Energy dispersion relations of Armchair and Zig-zag Nanotubes

To obtain the energy dispersion relations of arnmichad zig-zag nanotubes
starting from the energy dispersion relations ob-tfimensional graphiteeg s of
Appendix B), it is necessary to use the appropiaendary conditions that determine
the allowedk wave vectors.

The cuts that determine the set of bands for a @NT made along theky

direction. The number of bands is exactly the deulfl the number of quantizddy
vectors arising from the periodic boundary condisiconc, i.e. 41 (q is number of
hexagons in the unit cell). The range of variatdrk values for the energy dispersion
relations of a nanotube is defined from the lendtk, @ector.
For (h,n) armchair CNTs the periodic boundary conditionBrdea suitable number of
allowedk vectors along the circumferential direction. Anegentation of a part of the
unit cell and the Brillouin zone for an armchaimotube is reported in figure 1.5.1. In
this figurek, corresponds to th& vector of the unit cell and it is obtained usihg t

(812).

Fig. 1.5.1 On the left part a little portion of the unit celf an armchair tube with unit

vectorsa. On the right part the extended Brillouin zoneaof armchair tube

wherek, corresponds td (k, :%(b1 - b2) T =ay-a).
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For an armchair tube thie; vector has only|k component and the range of

variation ofk, coincides with the modulus &f vectortherefore using thes(1) and €.»)

we obtain:
m=1, No|
c-K=2mm N+/3a - K = 2rm
g=2n
b, -b
kxx =0 | kay | =| 12 2 =2 armchair
a

The (s.160f Appendix B) for an armchair nanotube beconseg:(

E2(k)= %o {1+ 4005{%“) co{% ky) +4cos’ (%aﬂz (€15)

—Ti<ka<T m=1,..,2

For example the total number of bands of a (5,6)chair nanotube isrd= 20.
Six dispersion relations correspond to the condgdtiiands and other six correspond to
valence bands. Two of these six are hondegenetate the remaining four are doubly
degenerate. This behavior is the same for condyetinl valence bands.

For (n,0) zig-zag CNTs the same considerations madeh®rarmchair tubes
could be done, by imposing periodic boundary coowst that define the suitable
allowed ky vectors. This allows deriving energy dispersiofatiens for a zig-zag
nanotube. Repeating the same calculations doneebeith the help of figure 1.5.2 and

of the @), we obtain thak, = —b—22; T=a - 2a,.

36



Chemical vapor deposition of carbon nanotubes on-patterned substrates: towards a control of theifioning and structure

,_I X —I kx
y ‘ ky
Y S
Fig. 1.5.2 On the left part a little portion of the unit cefi a zig-zag tube with unit vectors

a and the correspondingvector. On the right part the extended Brillouane

. . b
of a zig-zag tube whelg is related tar (k, = —EZ; T=a - 2a).

For a zig-zag tube th&; vector has onlyk; component and the range of
variation ofky coincides with the modulus of thke vector therefore using thes(;) and

(e.2) we obtain:

c-K=2mm na: Krmy = 2rm

o
I
Ly

—_— == koy =0 Zig-Z
5 J3a 2y I9-£ag

The (.16 0f Appendix B) for an armchair nanotube becongeg (

EZ(k)=+ Vo|:1+ 4cos{§a&]co{?) 4cos’ (?ﬂz (€16)
_%<kxa<% m=1,..., 4

In the general case of,Q) zig-zag nanotubes, it is possible to obserzera
energy gap ak =0 for values oh multiple of 3 and an energy gap whens not a
multiple of 3. In the Appendix C are reported tresults of a MatLab Program
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implemented ad hoc to plot the zig-zag and armatra@rgy dispersion relations in the
particular cases of a (3,3) armchair, (3,0) metadind (4,0) semiconducting zig-zag
nanotubes. The energy dispersion relations of ttiese kinds of nanotubes are plotted

in the Appendix C.

1.6 Synthesis of Carbon Nanotubes

The great interest about the properties of carlartubes (CNTs) has led to a
progressive improvement of CNTs growth methodshan last fifteen years. CNTs can
nowadays be synthesized by using different metsadhk as the arc discharge (AC), the
laser ablation (LA), the catalytic chemical vap@pdsition CCVD. The main factor
driving the interest towards the use of one methiogrowth with respect to another is
connected with the possible applications of thd@amanotubes. As a general fact, for
example, arc discharge methods are preferred igr ¢odobtain an un-supported growth
of bulk materials. On the other hand, because @f tiemarkable electronic properties,
the interest in the CNTs synthesis is mainly dedatevards those techniques allowing
to gain a control on the localization of carbon etabes as well as on the type and
chirality. Among the different methods developedilunow, the catalytic chemical
vapor deposition method meets the requirement ef ultra large scale integration
(ULSI) process exploited in the microelectronicustty. Moreover, the CCVD methods

can be also used in order to obtain a bulk prodoaif CNTs.

1.6.1 Arc Discharge

Carbon Nanotubes were observed and recognizedhdofirst time by lijima in
the carbon deposit of the arc discharge equipmeed fior the synthesis of fullerenes
[6]. The arc discharge technique consists in trageration of two graphite rods, about
5 + 20 mm in diameter and separated by ~ 1 mm lggphe application of a high dc
voltage in an inert gas atmosphere (Ar or He) [16].

The inert gas is introduced after the evacuatiothefsystem by a vacuum pump
to reach the arc condition at about 500 torr of d#eAr. The voltage across the
electrodes can vary in the range of 20 — 25 V witlc electric current flowing between
the electrodes in the range of 50 — 120 A. A sclienad the deposition apparatus and

the soot formation is shown in fig. 1.6.1.
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Fig. 1.6.1 a) Cross-sectional view of a schematic of an archdisge apparatub) Carbon

soot containing MWNTSs after an arc discharge pro¢es].

The evaporation of the anode forms soot onto tHiswéthe reactor, whereas a
small part of the evaporated anode is depositeth@mrathode. Carbon nanotubes were
found for the first time in these deposits in thedar region of the cathode where the
temperature is at the maximum (2500 — 3000 °C).

The Arc Discharge allows the large scale synthesisanotubes. The first tubes
to be discovered with this technigue were MWNTsingsgraphite rods containing
metal catalysts (Fe, Co, etc.) [17],[18] as anadé pure graphite as cathode, SWNTs
could form a web-like structure in the soot preserihe gas phase and not as a cathode
deposit [19]. Kataura and coworkers [17] found tB®NTs of different diameters and
band gaps (fig. 1.6.2) can be grown, starting feomdischarge, using carbon cathodes
doped with small amounts of transition metals a¥ M.2 + 1 %), NiCo (1.2 %), Ni
(0.6 %) and RhPd (1.2 %)).
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Fig. 1.6.2 a) Calculated gap energies as function of diametersSIWWNTs synthesized
with different catalysts. The arrows show diametistributions for each

catalyst [17]b) As-prepared arc-synthesized SWNTSs.

The growth of MWNTSs produced in this way can be toafed through the
process parameters such as the pressure of ireegnghthe arcing current. The degree
of crystalline quality and the yield of CNTs proédcin this way were increased for the
first time at gram level by using the purificatiprocesses implemented by Ebbesen and
Ajayan [20]. A problem in this method is the diffity to produce well aligned CNTSs.

1.6.2 Laser Vaporization

The synthesis of CNTs by laser ablation has beeeldeed in the past years
starting from the first results reported by R. Smalroup [21],[22]. Laser ablation of
carbon nanotubes consists in a development ofettienique used for the synthesis of
the fullerene G, where a set of very energetic excimer laserssfdbeir beam on a
graphite target containing a portion of the traositmetal needed as a catalyst. The
advancement of the synthesis methods in the casmarbbn nanotubes followed an
inverse route to that of fullerenes. They were,faot, first discovered in the arc
discharge cathode residue. Subsequently, Smallely caaworkers set up a laser
vaporization process more powerful than that usedrder to obtain the & This
method produces bundles of SWNTs with a narrow dtansize distribution and with a

very high yield conversion of graphite into nanasit§70 % =+ 90 %).
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Schematically the method involves the vaporizatba graphite target by using
powerful lasers (usually YAG or GD[23]. The carbon target is ablated by the lasers
and vaporized in an Ar atmosphere used as a haifiiéicarrier gas. Hence the vaporized
molecules are collected on a cool plate, where tayform nanotubes and fullerenes

or amorphous deposits (Fig. 1.6.3).

a) - Target Rod
T 9 i _"-,_ . SWNTs Quartz
": a pp— '. | \ .{‘Ims
ar I-IDW " '_ Trap g Tube
niroliar, umace, T \Wwater
L ¥ ] ‘- 1—
Las'er Wmdﬁw ; , s / _5 Controller
- Pump
Fig. 1.6.3 a) Schematic of a laser-furnace apparato).Hexagonal packed ropes of
SWNTSs [16].

If a pure graphite target is used, MWNTs are preduout if the target is doped
with a low percentage of catalysts, added to gtapl8WNT growth can be observed.
SWNT diameters can be controlled by modifying thsel flow and rates as well as
metal catalysts. The produced high quality SWNTegehstrongly peaked diameters,
ranging between 10 and 20 nm, and, due to the vaWhals interaction, they result
organized in ropes packed into hexagonal crystdlsy reach lengths up to 1Q@n or
more.

An optimization of the growth can be obtained aggested by Journet and his
coworkers, adding a small percentage of yttrium aiuttel as catalyst in the carbon
anode [24].

1.6.3 Catalytic Chemical Vapor Deposition

Differently from the fullerenes, the carbon nanasitbcan be synthesized by

means of a catalytic decomposition process namtdytia chemical vapor deposition
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(CCVD). The CCVD is a chemical method for the prctthn of carbon nanotubes,
based on the thermal decomposition of hydrocarbotise presence of metal catalysts.

The CCVD technique is a more versatile techniqué vaspect to the other two
processes listed above. There are, in fact, assefiadvantages using a catalytic CVD
for the growth of carbon nanotubes. First of dtle tCCVD synthesis is usually a
supported growth, meaning that the synthesis capeb®rmed on substrates with the
possibility to extend the deposition process oargd scale as required by the industrial
ultra large scale integration processes (ULSI). W@n factors controlling a CCVD
synthesis are the catalysts (form and state), dhér@ of the substrate and its interaction
with the catalyst, the physical parameters suchlieagperature and pressure of the
process and the species used as carbon feedstpdfogarbons, alcohols, complex
organic derivatives).

CCVD apparatus can be easily modified into a PECglasma enhanced
chemical vapor deposition) apparatus, a MWCVD (mierave CVD), a MHCVD
(microwave heating CVD), a CVD apparatus equippeath wolarizing electrodes.
Lastly a CCVD is also easier to obtain since inniiimal configuration only a tube
furnace is needed and lower temperature are rehuiith respect to the case of the arc
discharge and laser ablation method. As a mattéacifthe research on the synthesis
and growth of CTNs is focused on the CCVD technimuerder to further improve the
performances of the catalyst and hence allowingirghér lowering of the process
temperature. Very recent papers report SWNTs and\W8\produced by laser ablation
at room temperature simply adding@3, PbQ and In to pure Co-Ni target [25].

The chemical vapor deposition allows the matchihgestain requirements of
microelectronic industry. In fact, the use of carlmanotubes as active (CNT-FETS) and
passive elements (interconnects, vias, diodeshenfuture nanoelectronic industry is
closely connected with the possibility of insertitige synthesis or the processing of
such material within large scale integration prece$ nowadays microelectronic
industry. For this reason the CCVD technique rastdt be the most appropriate to
develop this approach. In the CCVD, the possibility employ lower substrate
temperatures for the synthesis process makesrmdgrthe main difference and winning
factor with respect to the LA and AD techniqueseTgresence of a catalyst used to

decompose the carbon-rich molecules (usually adoatbon) allows the lowering of
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the temperature well below 100Q, whereas the pressure can range from few Torrs to

the atmospheric pressure.

This is why CVD can employ different hydrocarbonsny state (solid, liquid or
gas), various substrates supporting the metalysatahd catalysts of different nature.
Many different catalysts and hydrocarbons commaskyd in CVD processes are listed

in table 1.4 [18],[26].

Carbon Feedstock

_ Substrates Catalysts
material
Iron
_ Camphor _
Solid Nickel
Naphthalene
Cobalt
Silicon :
i i Solid® Platinum
1HIcon aioxiae Palladium
Quartz :
Acetylene Alum Rhodium
umina L
e . < Gadolinium
orous Silicon
Ethylene ' Lhantanum
Gas Zeolite
Methane _
Sapphire
CcO Ferrocene
MgO
(HIPCO) Vapor Cobaltocene
Nickelocene
Table 1.4 Main feedstock gases, substrates and catalystsiu€s@VD process for CNTs
synthesis.

MWNTSs are typically produced using acetylene [Zthylene [28] and methane
[29] while SWNTs are grown using benzene [30], deeie [31], ethylene [32] and
methane [33]. A simple scheme of a typical CVD psxinvolves the flow of a gaseous
hydrocarbon in the tube reactor, where the metallyst on the supporting substrate is
heated at a temperature ranging between 600 an@ X20Hydrocarbon decomposes

with the help of the temperature and catalyst.
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CVD is a widespread process in the semiconductdustny, therefore CNTs
production will easily be scaled up making thisqa®s very attractive for a large scale
production of nanotubes. Large quantities of MWNY¥%00g/day), by using acetylene,
and nanoporous materials as well as SWNTs (~10yp/tg using HIPCO technique,
have been produced respectively by E. CouteaudB3d]R. Smalley groups [35].

The processes of formation of both SWNTs and MWNife quite different
occurring in different temperatures ranges. Inipaldr, MWNTs are grown at lower
temperatures producing more defective tubes dtiegettacking thermal energy required

for the formation of perfect crystalline structures
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2. Synthesis of Carbon Nanotubes: Experimental Results

The aim of this Chapter is to provide a wide andnase complete as possible
overview of the main results obtained performingl®a Nanotubes growth. We will
describe the facilities, the experimental methaas #he main process steps used to
synthesize CNTs samples. We synthesized carbontuize® by using a catalytic
chemical vapor deposition. In particular all oufoes have been addressed to the
implementation of a deposition process able to pecedwell oriented, isolated and
thin CNTs (eventually SWNTSs) in well defined posits on the substrate with clean
processes. In fact these requirements to the CNowtly match the purpose of
integration of carbon nanotubes in electronic devi@ll the synthesis processes have
been achieved at the CNR-IMM (Institute for Micreatronics and Microsystems) of

the National Research Council of Bologna.

2.1 Synthesis of Carbon Nanotubes. CVD reactor
All the samples that we will introduce have beewuged in four main
categories depending on the properties that asfgf@MTs samples show and that are
specific of the examined group. In particular, #pecimens we will present in the
following belong to the forest-like growth, pattedigrowth, self bridging-growth and
device-growth groups whose characteristics are sanmgd in Table 2.2.
In the processes described in this thesis work, LiN&re grown using two
CVD systems, a vertical stainless steel reactoraahdrizontal quartz tubular furnace
whose main characteristics are briefly listed Inige2.1.
- Vertical reactor is a stainless steel chamber pexviof an ultra high vacuum
pumping system and a throttle valve arrangemental@vs operating in the
UHV (< 107 mbar), low pressure (LPCVD) and atmospheric pmessu
(APCVD) ranges and prepared to develop PECVD ps&=also. Ar, i Hy,
CHa, GH2, NH;3 gas lines are enabled to assist the process. ulistrates are
loaded on the top of a boron nitride heater thatreach up to 16080C with a
real substrate temperature of 1200 °C.
- Horizontal reactor is a tube quartz furnace worlkah@tmospheric pressure or
in the vacuum range typical of a rotary pumpingesysrange (~10torr). The
process gases are the same used for the procesbes\viertical reactor. The

substrates are placed on a quartz shuttle samfglerhin the central part of the
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tube furnace that can be heated with the help obxernal heater up to
1100 °C.

CVD Vertical Reactor Horizontal quartz reactor

Back view

Stainless steel reaction chamber Quartz chamber
UHV 10’ torr LP > 10* torr
Pressure LP 102+100 torr Pressure
e e AP 760 torr
Gas supply An Na, e, CFs G Gas supply A Nz B CHy G,
NH3 NH3
Flow rates 1 + 1000 sccm Flow rates 1 + 1000 sccm
Temperature <1600 °C Temperature <1100°C
Sample holder 100x100 mnt Sample holder 60x30 mnf

Table 2.1 Main features of horizontal and vertical CVD reastfor CNTs growth.

During a chemical vapor growth there are a largelver of key factors and
parameters influencing the nanotubes nucleationgaodgth and a lot of efforts have
been spent to clarify them. What are actually taemeters influencing the location,
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the growth regimes and rates and the particulad kinnanotubes grown, is not yet
clear. In particular the roles of metal catalystbsrate, feedstock gas and growth
parameters are critical to drive the growth processards a controllable CNTs
synthesis. The kind and morphology of the metalgat, its interaction with the
substrate, the temperature of the feedstock gasngmusition, the formation of a
metal-carbon phase after the carbon precipitatitm the metal particle, the reaction
gases and the reducing or oxidizing role of thei@agas on the catalyst, are some of
the parameters we needed to control and optimize.

In this thesis work the CCVD depositions that hdnemn carried out, have
been grouped in four main classes. Here belowawsla synoptic table summarizing
the most remarkable growth processes we carriedrootder to evidence the results

achieved on the CNTs growth control.
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Feedstock gas Deposition

Deposition  Substrates Catalyst dep[S] and process T  gas flows
[°C] [sccm]
PS1
Forest PS2 Fe e-gun 5 C,H, C.H; (100)
Growth S3 evaporation 700 (100%)
S4
CH,(140) :
CHy,H;
600 H, (16)
900
S (92%)
Patterned Fe e-gun
SO _
Growth evaporation
OxPS
CH, CH, (140)
600
900 (100%)
Fe e-gun
evaporation
Self S
e - 500 CH, CH, (140)
ridgin
Ine Fe(NGy)z-9H0 900 (100%)
Growth Poly-S .
+ isopropyl
alcohol
_ siso/Poly  Fe(NQGy)s-9H,0
Device . CH, CH, (140)
S/SOIT + isopropyl 600
Growth 900 (100%)
S/SO/T/TN alcohol
Table 2.2 Main characteristics of the four group of CNTs d&pon processes analyzed
in the follow.

The acronyms S, PS, SO and OxPS indicate resplycByenano-porous Si, Si
oxide and oxidized porous Si substrates. The 1 3amidimbers indicate Fe coated
substrates that underwent an overnight oxidatiacgss in air at 300 °C while 2 and
4 indicate substrates without oxidation.

All CNTs growth processes have been implementeth@se two reactors

changing the operating conditions, in order to wbtde desired control on the
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nanotubes features, location, alignment and tygee @uideline of the work is
connected with the achievement of a control ongiteevth of the carbon nanotubes.
This goal has been accomplished by consideringréifit aspects and improvements,
such as more defined and controlled process stepentrol on the location of the
catalyst, as well as the alignment and type or reatnf the deposited carbon

nanotubes.

2.2 Growth of Carbon Nanotubes on silicon and porous silicon
substrates: Forest-like growth

Large amount of multiwall carbon nanotubes can dsly obtained by using
carbon feedstock materials that require a low dission temperature. This is the
case, for example, of acetylene that easily deceegat 700 °C on a bare substrate
leaving a residue of amorphous carbon. To implentbet synthesis of carbon
nanotubes the use of a catalyst in form of nanmbestis needed in order to allow the
formation of carbon nanotubes. In the present cmsestarted by developing a
synthesis process where an iron layer, few nanomekick, was deposited on a
substrate.

In particular, silicon and nano-porous silicon dwdies have been used. All
substrates are covered with thin iron films evafemtan the top of the wafers through
a shadow mask to pattern macroscopic catalyst .arseetylene chemical vapor
growth was then performed using the vertical raaict@n argon atmosphere. Carbon
nanotubes resulting from this process consist olsely packed bundles, vertically
aligned on the length scale of several microngh Wit filament length ranging from
several tens to hundreds of microns, as well agarafy oriented bundles, depending
on the selected substrate. Because of the highitgesissuch bundles this kind of
growth is called forest like growth. In the follavg we report some details of this

kind of growth.

2.2.1 Substrates selection and metal catalyst coating

The substrates employed for this process were)3in(& Nano-porous Si (PS).
Nano-pores structure was obtained on (100$in(CZ) wafers, (dopant As, resistance
lower than 0.007 ohm), by electrochemical etchmgn isopropyl alcohol solution of
hydrofluoric acid, for 5 min at a current of 3 A& these conditions the thickness of

52



Chemical vapor deposition of carbon nanotubes on-patterned substrates: towards a control of thsifioning and structure

the layer is around fim. A very thin native Si-oxide layer of about 1 x@ is
formed when Si is in contact with air.

The iron used as a catalyst and metal coating wesned by mounting the
samples in a planetary of a vacuum e-gun evaporaystem. The growth rate
selected for the process is about 5 A/s. In omi¢edt the patterning of the growth and
hence start to localize the CNTs growth, as deedriin the guidelines above, the
samples were deposited with iron by using a shadwgk with circular dots of
different diameters i.e., 500, 750, 250@. A simple scheme of the dots distribution
is showed in figure 2.2.1. In this way it is comgxithe growth both on patterned and
not patterned substrates.

Fig. 2.2.1 Scheme of the circular dots in the shadow mask usedvaporate the
catalyst. Red, green and blue dots correspond @ 380 and 250Qum

respectively.
A thickness monitor controls the catalyst layeckhiess to obtain a uniform

metal film about 5 nm thick. A summary of Fe - @mhsamples is reported in table
2.3.
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Evaporation time [s] and Overnight
Samples Name Substrates _ o
Fe Thickness A] Oxidation
PS1 Porous Si 10 50 Yes
PS2 Porous Si 10 50 No
sS3 Si 10 50 Yes
sS4 Si 10 50 No
Table 2.3 Substrates, Fe evaporation time and thickness @ddzed state of samples.

Some iron deposited samples underwent an overoigtdation in air at 300
°C. The oxidation process could enhance the foonatf an oxidized Fe phase useful
for the hydrocarbon dehydrogenation and C predipitahrough the catalyst particle.

2.2.2 Chemical Vapor Deposition of Forest-like Carbon Nanotubes

CNTs depositions have been accomplished in the @&filcal reactor setting
growth parameters as indicated in the flowcharbwelThe feedstock gas for the
growth is acetylene and all the processes are dgeélusing argon as carrier gas. In
the starting conditions the chamber is pumped af id@r, and then Ar gas is
introduced to test the reactor vacuum state. Aftaching the atmospheric pressure,
the heater is switched on, ramping up to 10@) corresponding to a substrate
temperature of about 70C.

Samples are then kept at 780 for five minutes in argon flow after that the
argon is switched off and acetylene is introducedhe chamber. Following this
catalytic deposition step, acetylene flow is inipted and the samples are kept for

few minutes at the deposition temperature in aftg only.
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Deposition parameters: forest — like growth
Heater _
System Pressure Time Process gas
Process step Temperature
state [torr] . [s] flow [sccm]
[°C]
Stand by
760 R.T. 500, Ar
Step 0
Step 1 760 200 300 500, Ar
& 3
Step 2 :f. % 760 400 300 500, Ar
Step 3 A & 760 600 300 500, Ar
Step 4 760 800 300 500, Ar
Step 5 760 1000 300 500, Ar
Intermediate
Step 6 760 1000 300 150, Ar
state
Step 7 DEPOSITION 760 1000 (700) 300 100, GH;
Step 8 760 700 180 150, Ar
Step 9 E 760 400 300 150, Ar
)
Step 10 En) 760 100 600 150, Ar
Step 11 500 25 300 150, Ar
Step 12 Rapid stop 200 25 300 150, Ar
Step 13 Last Step 0.1 25 300 150, Ar
Table 2.4 Flowchart of the growth process for forest likeowth of patterned and not

patterned, oxidized and non oxidized silicon angbps silicon substrates.

The deposition step is followed by a quite fast parmg-down of the system

passing from 700 °C to room temperature by onlpgisirgon flow. The last steps of

the process have been carried out reducing theatpgmpressure and samples have

been unloaded after venting the chamber.

2.2.3 SEM characterization of as-grown samples

All the grown samples were inspected by using tlansing electron

microscopy (SEM) as a standard technique. A vishigkervation preliminary to the
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SEM analysis shows a dark grey layer covering ttalgst patterned islands. The
SEM images of selected sample areas have beewtedllasing a planar and 40 or 45
degree tilted stub at different magnifications émely have been grouped for both PS1
and S3 samples. In the following some typical fssoibtained are reported.

Six micrographs for the case of PS1 sample, takerthcee different dots
having a diameter of 500, 750 e 2508 respectively, are reported in fig. 2.2.2 at low

and high magnification.

11 00t 2005

100pm EHT = 5.00kV oroso 30 luglio 2003 EHT = 5.00 kV
P 9 e 7557 o TiME 15,07:58 WD= 2mm poroso 30 luglio 200%‘ e 107 Time 153541

Mag= 442X | —— | WD = 26mm Pixl Size =79

100um EHT = 500kvV  poroso 30 luglio 2003
Mag= 261X }—{ WD = 26 mm Pix

23 1um EHT = 5.00kV  poroso 30 luglio 2003
el Size = 1.348 pm TiMe 115:13:28 Mag = 33.36 KX '—1 WD= 4mm Pisel Size = 105 nm
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€)

Thm EHT= 600/  poroso 30 luglio 2003 CEIETED
Mag = 33.32KX || WD= 4mm el Sz = 106 THTE 185851

EHT = 500kV  poroso 30 luglio 2003
WD= 26mm vel Size = 35

Fig. 2.2.2 SEM micrographs of CNTs grown on 5 nm Fe layer (dotpp®rated by e-gun on a
nanoporous Si substrate and after the oxidatioogz®in aira) Tilted top view and
b) high magnification of the center of the 508 large dotc) Top view andl) high
magnification of the center of the 750n large dot.e) Top view andf) high

magnification of center of the 25@Q@n large dot.

The SEM micrographs of the three dots (500, 750um, 2500um) reported
in fig. 2.2.2 a), ¢) and e), show how the homogigni@i nanotubes nucleation is not
respected over all the dots. In particular, onstmallest dot, CNTs grow as entangled
structures, vertically aligned with respect to shubstrate, uniformly distributed over
all the patterned area. Fig. 2.2.2 c) and e) show A& different growth regime is
established over larger dots. In particular, itgdegist a circular ring where bundles
of CNTs have grown while keeping the same heiglit density. It also exists an
internal circumference where nanotubes have growtin the same morphology but
shortest bundles.

The high magnified images collected at the centténedifferent dots (see fig.
2.2.2 b), d) and f)), show how the CNTs form entadgoundles with some coiled
nanotube with a decreasing density when moving 28600um to 500um wide dot.
This could be related to the largest amount oflgsttan the widest dots (730m and
2500um) leading to the nucleation of more dense bunafiemnotubes.

Among the 500um dots, different growth regimes are observed. Z)3

evidences three 5Q@m dots placed in different substrate positions wépect to the

57



Chemical vapor deposition of carbon nanotubes on-patterned substrates: towards a control of theifioning and structure

edges, evidencing the same phenomenon of a proedurgrowth in the
circumferential ring. This effect is gradual in tteeir dots shown in fig. 2.2.3.

EHT= 500kV  poroso 30 luglio 2003 oo oz EHT = 5.00 kV
il

Mag= 433X || WD = 26 mm E2E

poroso 30 luglio 2003
Size =126 oy TME1510:15 Mag= 457X || WD= 26mm Pixel

0w
Size =769.0 nm TIME 1511717

EHT= 500KV  poroso 30 luglio 2003 ” EHT = 5.00 kv
P Size = 125

poroso 30 luglio 2003
Mag= 433X || WD= 26mm PixelSize = 7957 m

WD = 26 mm

Fig. 2.2.3a)—d) SEM micrographs of CNTs grown on the same sample om5-a dots,

500um large. An inhomogeneous growth mechanism is obsder

The difference in the density of CNTs bundles nateld over the dots having
the same dimension, is highlighted in fig. 2.2.3owihg from fig. 2.2.3 a) to b) the
circular ring, where the bundles of nanotubes @ible, looks enlarged up to be quite
uniform over the whole dot as shown in fig. 2.2)3 These non uniform densities
over the dots could be attributed to the combimatba temperature non uniformity
over the entire dot as well as to a differencehia thickness of the catalyst layer
passing from the border to the center of the ddtfamm a dot to another one. These

non uniformity effects are enhanced by pores tbhagaa channels guttering acetylene
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along preferential paths in the substrate and hepth a complementary feedstock
source for the CNTs nucleation [1].

In order to evidence the influence determined ke tbrous structure of PS,
the previous result is compared with that obtaibggerforming a deposition under
the same conditions, on a flat Si substrate. laré2.2.4 SEM micrographs of plane
silicon samples after the oxidation process hawenlveported. The micrographs have

been collected on the dot areas.
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EHT = 800kV  gjjicio 30 luglio 2003,

Time 17:16:57

Silicio 30 luglio 2003, Time :15:15:17

Date 12 042008

59 Time 1151951

100um EHT = 5.00 kV

Silicio 30 luglio 2003
WD = 29mm Pixe

Mag= 301X

10um
Mag= 335KX ||

EHT = 5.00 kv

Silicio 30 luglio 2003
WD= 18 mm Pixe

£y Time 17:13:32

um
Mag = 33.00KX |— ]

EHT = 5.00 kV

00K gilicio 30 luglio 2003
3mm
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WD= 3mm Pi

il Size = 10.7 nm
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EHT= 800KV gilicio 30 luglio 2003
WD= 29mm Pivel Size =3.163

EHT = 500k gjjicio 30 luglio 2003 B
mm Piel Size = 107 nm

um
Mag = 33.00KX || WD= 3
-~ -

Fig. 2.2.4 SEM micrographs of CNTs on 5 nm Fe layer dots evapdrah a (100) Si substrate
by e-gun and oxidized in air (sample S8).Tilted view of the dot andb) higher
magnification of the CNTs grown at the dot edg@ (t@ew). c), €) andg) top views
of 500, 750 and 250Am wide dots whiled), f) andh) high magnification of 500,
750 and 250@um wide dots.

The evidences reported for the growth of carbonondes on silicon and
porous silicon show strong differences betweentién@ cases highlighting as the
substrate and, in particular, its porosity, hasrdluence on the growth process of
carbon nanotubes. Moving from the smallest (g6 to the largest dot (25Q0m) on
silicon substrates, the growth of CNTs looks umifasver the whole dot. The CNTs
look like bundles of randomly oriented structured as long as in the case of PS
substrates. The density of bundles on the dotsfigfreint dimensions is comparable.
Comparing PS and S substrates is possible to abtmdhat the non uniformity of
bundles on porous silicon is strongly influencedtihy morphology of this substrate
and by the guttering action of the pores.

In figure 2.2.5 are reported the SEM micrographsSofand porous Si
substrates with Fe that went through the annedbmglation) process (S3, PS1) or

not (S4, PS2) in order to compare the oxidatioaafbn the two different substrates.
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2

- £ § .
"@aaa‘ae.a’kv X17.86K8 1.768m 80000606 20.

o

@BPBBE 208.0kY X7.88K 4.290n ‘poeoBe 20.8kYV X2, 00K 4.

Fig. 2.2.5 SEM micrographs of bundles of CNTs @) oxidized Fe on porous silico
(PS1),b) non oxidized Fe on PS (PS2), onoxidized Fe on silicon (S3i)
non oxidized Fe on silicon (S4). The insets of ap &) show highef

=]

magnification micrographs of the CNTs entangleddbes

CNTs grown on oxidized and not oxidized Fe/subssrahave different
densities and diameters. Nanotubes grown on oxidend PS substrates are less
dense than that grown on non oxidized substratesdiBs of CNTs on PS substrates
have smaller diameters than that on S substratds. gossible to observe as the
oxidation process give rise to a better fragmemiatif Fe-NPs corresponding to the
nucleation of smaller nanotubes. The smallest diarsef CNTs grown on PS could
be due to the pinning effect of pores on the Fe-Nias limits the phenomenon of

catalyst aggregation.
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Similar results have been obtained in the case aiPS substrates without
patterned dots where CNTs nucleate everywhere lostratie surface.

2.2.4 Summary

- CNTs on PS grow only on the dots where catalyswegporated while
there is no evidence of CNTs and amorphous carbbofdhe dotgsee Fig. 2.2.2)

- The micrographs evidence the presence of a @00 structure
protruding perpendicularly to the surface of thé @o PS. A higher magnification of
this cylindrical structure shows the presence dkrfs growing upwardly in an
entangled forn{see Fig. 2.2.2)

- The dots of 50@um show differences in the uniformity of the CNTs
ranging from the case of uniform CNTs covering dio¢ to a growth that occurs with
different rates along the circular ring around dioé and at the dot center. The 750 and
2500um dots show always an external circular ring withder bundles of CNTs and
short bundles in the internal part of the (ke Fig. 2.2.2nd2.2.3)

- The growth on PS substrates occurred in 5 minuiés an average
length of 100um. As a consequence, the average growth rate ig &0qum/min =
330 nm/sec. However, because of the entangledtsteycthe real length of a
nanotube is greater. If we estimate that the bgndkduces of about a factor of 3 the
total length of the entangled structure, we haw the length is about 1000 nm/s.
This means that the growth process in PS is a gbitept growth.

- CNTs on porous silicon are denser, longer andcadigt aligned on
about 20um scale, while CNTs growing on flat silicon substsaare shorter and
randomly oriented with respect to the substrate. thinee 500, 750 and 250én wide
dots on Si show a high density uniformity and CNfi&re grown show comparable
diametergsee Fig. 2.2.4)

- Because the evaporation process of the Fe catéhgsbxidation step
and deposition run are the same for both the SiRfiGubstrates, we can conclude
that the substrate is now playing a fundamentat nial the selection of growth
mechanism (entangled vertical structures or rangariented CNTS). This suggests
that the entangled vertical structures obtaine®®rare connected with the aptitude of

the carbon containing gas A4) in finding diffusion paths in the porous substrat
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thus increasing the carbon feedstock to the growingcture, as also considered by
Fan et al. [1].

- CNTs on oxidized samples are less dense and ldrgeithat grown on
non oxidized substrates. The bundles of CNTs hakget diameters on silicon than
PS, where the effect of Fe oxidation seems to && peonounce(see Fig. 2.2.5)We
speculate that the oxidation process forms ironexjiving rise to particles of larger

sizes.

2.3 Growth of Carbon Nanotubes on micro patterned substrates of
silicon, silicon oxide and porous silicon

In the previous paragraphs we described as enthngidical structures of
CNTs are obtained in an explosive growth procespanous Si and as bundles of
randomly oriented CNTs on Si. However, the comnesult is that the location of the
catalyst gives a control on the localization of thecleation process that starts the
growth. This can determine the localization of grewth of carbon nanotubes. For
this reason, in order to orient the CNTs growthcpss towards the large scale
integration process of the microelectronic indusarguitable reduction of the patterns
on which CNTs can be grown must be achieved.

A further step to improve the control of nanotulmssition is to design
suitable substrates, useful to match this goal.rié@aufactured patterned structures
having minimum geometries of micron size, by meahshe standard lithographic
technique. The localization of the catalyst in theron scale was achieved in this
case by implementing the lift-off technique of thesist after the evaporation of the
catalyst layer. In particular, the substrates thatemployed were covered with few
nanometers of evaporated iron on micrometric patlareas and after that the resist
was lifted-off.

Afterward, all the substrates underwent depositimtesses performed in the
tubular quartz reactor described above. We usetianet(CH) as the feedstock gas
and argon or hydrogen for the annealing atmosphére.choice of methane as the
carbon feedstock gas is connected with the factdhaexperimental findings in the
case of growth by using acetylene showed that, @&®rsequence of the lower
decomposition energy required for this gas, a lameunt of amorphous carbon can
be produced along with the CNTs. Hence, in ordeadueve a growth control of the
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CNTs, we first investigated the effect of the gaisesarious steps of the deposition
processes. In the following, we present four ddjmosiprocesses only differing for
the gases assisting the ramp-up and annealingatelpthe deposition process.

In the specific, in the first case argon was useth bn the rump-up and
annealing processes. In the second case, Ar watedsn the rump-up and hydrogen
in the annealing and deposition steps. In the thage, H was also flown in the
ramping-up. In the fourth case, we maintainedtadl gasses and switched off the H
during the deposition process. All the parametesseduduring the process are
summarized in table 2.5. The last process, withdéygosition in pure methane, gave
the best results in order to gain, in our experit@lenonditions, a control on the

growth process.

2.3.1 Substrates selection and metal catalyst coating

The substrates employed for this process were zeddPS (OxPS) having the
same characteristics described in the paragraph, 252 and Si@ (SO) obtained by
means of the thermal oxidation process. In padic8iQ 90 nm thick was grown on
silicon wafers ((100), p type) by using the welltaddished processes of steam
oxidation at 1000 °C. Different types of substratel processing will be indicated in
the following with the id number of the wafers,.i26 for OxPS, 27 and 338 for SO
and 28 for S substrates.

With the aim of shrinking and further locate the Ta\structures, we used a
lift-off method. More precisely, a set of windowsicrons wide, have been opened on
a resist layer. After that the iron metal cataligstevaporated and with a removal
process using microstripper developer, a set @lystt strips and islands are left on

the substrate. Some structures of the two mask aseghown in fig. 2.3.1.
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EHT =10.00 kv
Mag= 181X || WD= 25mm

Fig. 2.3.1 The SEM icrographs show) strips of different lengths and distances émd
chessboard that are squares of abet |2n° on M mask (substrates M26, M27,
M28 in Table 2.5)c) Rectangles with micrometric sides (substrate R83Bable
2.5).

Iron films were evaporated at a growth rate of § @ 4 and 2 s, giving 1 nm
and 2 nm thick films, respectively. A subsequefitdif process leaves on the
substrate square and strips covered with the eatgubrcatalyst. The samples

analyzed are resumed in the table 2.5.
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Evaporation Sas

Substrates time (s) and Fe

Thickness @) Rla:g]p Annealing

Samples

NETE]

M26C1 OxPS

M27C1 o) 4 20 Ar Ar H,, CH, Ar
M26C2 OxPS

NM27C2 SO 4 20 Ar H, Ho, CH4 H,
M26C3 OxPS

M28C3 S 4 20 H, H, H,, CH, H,
Table 2.5 The substrate type, the evaporation time of thelygsit with its nominal

thickness, the gases used during the differentsstéghe whole process, are
reported.

The evaporation processes leading to 2 and 1 rch Be films, are indicated
with the letters C and A, respectively. Catalystesitt undergo an overnight
oxidation process, in order to leave smaller catatyanoparticles on the substrate for
the nucleation of smaller diameter tubes (as shbwrihe results obtained in the
Par.2.2.3). The last number in the name of the k=smip reserved to the adopted

deposition process (see tables 2.6 and 2.7).

2.3.2 Chemical Vapor Deposition of Carbon Nanotubes on micro patterned
substrates

The CVD deposition processes of CNTs have beemedanut in a horizontal
tube quartz furnace. The methane is used as fekdgas because it decomposes to
higher temperatures (900 °C) leaving substratesncfeom amorphous carbon and
because it is compatible with the nucleation ofjl&rnwall nanotubes. The growth of
carbon nanotubes was investigated by performing dderent deposition processes
where the effects of Ar andyHre studied as well as the best methane condentrat
We started by setting a dilution percentage of,@HH, in the range reported in
literature as the best one (91% + 94%) for CVD SWN¥nthesis without amorphous
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carbon deposit (the so-called growth regime) [2le Dest deposition conditions were
obtained by optimizing case by case each gase@espinvolved in the ramp-up,
annealing deposition and ramp-down steps, resmdgtivassing from process 1 to
process 2, the annealing gas was changed from Ah.td’he hydrogen leaves the
surface cleaner, without sensible change in thevigm@anotubes on OxPSi, differently
from the case of the SO substrates, where the Iswiitan Ar to H enhances the
nanotubes nucleation. In process 3 we changedabkeofyramp-up and ramp-down
from Ar to H,. Smaller diameter and longer nanotubes were dddainith this
process. Moreover, with respect to the case of mrgjoe use of K resulted in
activating more nanoparticles on the patternechadsaand enabling a higher density
of CNTs nucleation sites. Because of the strongaatibning effect of the Hon the
metal nanopatrticles (Me-NPs), we clearly prefetretuse of this gas in the processes
we implemented further.

The steps of the four deposition processes hergepted are collected in the
flowcharts reported in table 2.6 and 2.7, whereathly differences are in the gas and

flow settings, i.e. the last two columns.
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Deposition parameters: micropatterned growth Proces1| Process 2
Heater _
System Pressure Time
Process step Temperature gas flow [sccm]
state [torr] . [s]
[°C]
Stand
by - 760 R.T. 600 1000, Ar, 1000, Ar
Step 0 0 :‘é
4 T
Step 1 GZ) % 750 R.T. 600 200,H| 200, H
Step 2 750 R.T.=> 860 3600 200, Ar 200, Ar
Step 3 | ANNEALING 750 860 1200 200, Ar 16,,H
Step 4 750 860 (900) 600 140, Cr | 140, Chy
e
p DEPOSITION 16, H, 16, H,
2 overni
c
Step 5 >y 750 700> R.T. 200, Ar 200, Ar
® ght
m
Table 2.6 Flowchart of different steps and values of the ddmm parameters of

process 1 and 2.
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Deposition parameters: micropatterned growth Proces 3| Process 4
Heater
System Pressure Time
Process step Temperature gas flow [sccm]
state [torr] . [s]
[°C]
Stand
by A B 760 R.T. 600 1000, Ar, 1000, Ar
Step 0 0 :‘§>
-4 T
Step 1 GZ) % 750 R.T. 600 200p,H| 200, H
Step 2 750 R.T.=> 860 3600 200, H | 200, H
Step 3 | ANNEALING 750 860 1200 16, H 16, H
140, CH,
Step 4 | DEPOSITION 750 860 (900) 600 16, b, 140, CH,
=z overni
Step 5 >y 750 700> R.T. 200, K 200, H
® ght
m
Table 2.7 Flowchart of different steps and values of the d&d@mm parameters of

process 3 and 4.

In the process 4 we left all parameters as setenptocess 3 only switching
off the H, during the growth step. This procedure was aineedvbid the observed
damaging of Si substrates following a &ksisted deposition process as we will show
in the following section (Par.2.3.3).

After an overnight cooling in the tube-chamber shenples were unloaded and

their morphology analyzed with the SEM.

2.3.3 SEM characterization of as-grown samples

The first sample presented is the M26C1. It is a®® substrate where two
nanometers of iron have been evaporated. Carboptuiz@s synthesis has been
performed by using Hand CH during the deposition. In fig. 2.3.2 a SEM micragin
of this sample is reported.
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Fig. 2.3.2 SEM micrograph of CNTs grown on OxPS substrate wiffe layer 2 nm thick
(M26C1).

The micrograph shows a single nanotube bridgingosacrtwo stripes of
catalyst separated of about . This kind of growth is compatible with the “kite
mechanism” [4]-[5]-[7] as it has been shown in @fap.V. This mechanism proposes
the fluctuation of the Fe-NP at the tip of the gmagvtube in the flux of gases assisting
the growth. The nanotube elongation mechanism appstd when the catalyst
nanoparticle comes into contact with the substi&dene of the impurities of substrate
surface poison the Fe-NP during its skidding ongulestrate. This reduces the iron
catalytic action determining the end of nanotulbeagh. The result showed in the fig.
2.3.2 is a typical result of the growth of carboanatubes on micropatterned
substrates. This kind of growth matches well witlr purpose of control over the
nanotubes orientation, localization and densityisTis the reason why we have
implemented this kind of process varying the gastune to decrease the amount of
impurities on the patterned areas. On the micrepattl stripes of catalyst, in fact, we
can observe the nucleation of CNTs arrested inrmabrgonic phase just after the

nucleation step. To avoid the nucleation of thegerieus structures we tried to
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modify the combination of gases assisting all tapasition steps as shown in the four
tested processes summarized in table 2.5 that Wdesgicribe in the following.
Micrographs of fig. 2.3.3 compare the processeadl.Zaperformed on OxPS
and SO substrates. In fig. 2.3.3 a) and b), we shamotubes grown on OxPS
substrates by using process 1 and 2. The two sampdesimilar with CNTs of about
the same length. In fig. 2.3.3 c) and d) we shanatubes grown on SO substrates by

using process 1 and 2.

1 F = ) s - o . .
- ) 3 AL 1 X
J Accv  Spot Magn Det WD ——— b5um AccV  Spot Magn Det WD b——— Bm

£ 250KV 40 3901x  SE 69 26A 250KV 2.0 3834x  SE 76 M26A2
e g TR T e PR EATS 3

AccV SpotMagn Det WD 1 &um cV Spot Magn Det WD
25.0kvV 30 4212x SE 79 27A 0kv 28 2b14x SE 9.7

Fig. 2.3.3 SEM micrographs of CNTs grown on OxP&). Strips of catalyst with nanotube
bridge (M26C1, process 1) af) strips of catalyst whit CNTs protruding from
the islands (M26C2, process 2). Micrograph of CNfs SO ofc) process 1
(M27C1) andd) process 2 (M27C2).

Process 1 and 2 differ for the annealing gas. Thaddd in the annealing step
of process 2 leads to a quite cleaner surfacetagmthances the nanotubes nucleation

on SO where no nanotubes grow when argon is usedggs 1).
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In fig. 2.3.4 and 2.3.5 we collect SEM micrograpifsdifferent substrates
undergone to the deposition process 3. This prodiéfess from the first two for the
presence of KHassisting all the process steps. The SEM micrdgrap OxPS sample
undergone to the deposition process 3 are shovig.i2.3.4. The hydrogen here is
used during the annealing step instead of argawbtain a better fractioning of the

catalyst.

Ml 2o = 3 »
Rt T e

T . Dra® ¥
T S o v

« " AccV SpotMagn Det WD 1 &um Acc¥ Spot Magn Det WD —— 10pm
25.0KkV 8.4 4189x SE 83 M26A4 150kv 1.7 2069x SE 8.3 M26A4

Fig. 2.3.4 SEM micrographs of CNTs grown on OxPS (M26C3) withqass 3 i) stripes
of 2 nm of Fe with nanotube bridging acroB}.image of the electrons comir
from the CNTSs collected at a frequency of 50 scan/s

Process 3 is completely carried out ipaimosphere. HereHs used both as
a carrier gas as well as a co-deposition gas. Tdia difference among this process
and the processes 1 and 2 is in the higher deos$ityanotubes nucleation from
catalytic sites on the strips. CNTs are long enotmbridge across adjacent strips
separated of several microns. The CNTs grown ia tlsise are thinner than that
shown in the previous processes. Fig. 2.3.4 b)oleated focusing on electrons
backscattered from the sample. The dark areasfapisethe contribution of electrons
from metal patterned stripes and nanotubes.

One of the main characteristic of hydrogen is ithér thermal conductivity
with respect to argon and other gases. It is redse to consider that because of this
property, hydrogen can lead to a higher fractionofgthe metal catalyst layer.
Moreover, hydrogen also determines a reductiorceftey forming several hydrides.
These two observations explain the double roldefitydrogen during the growth. In

fact thinnest nanotubes are a consequence of thre mifective fractioning of
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nanoparticles, while a decrease of carbon impsriser the strips is connected with
the reduction effect of the hydrogen.
In fig. 2.3.5 we have reported a SEM micrograplthef S substrate undergone

to the deposition process 3.

Fig. 2.3.5 SEM micrograph of the surface of a Si substrate hgadédmaged by th
CHs-H, treatment at high temperatures (M28C3).

(D

No nanotubes are grown on silicon and the surfppears hardly damaged
from the process. Hydrogen is responsible of anam&d etching process occurring
during the deposition step. This etching proceswihedamages the silicon surface,
opening sub-micrometric holes that arise from arbgdn induced wash.

We suppose that this anomalous etching of Si is tuehydrogen in
combination with methane during the deposition pssc To verify this hypothesis,
the last process (process 4) was performed in winehane. In order to preserve its
fractioning and reducing effects, avoiding the unted etching of silicon, the Hs
used in the annealing, ramp-up and ramp-down st&pspt for the deposition. A
typical result of carbon nanotubes grown with thecpss 4 on SO substrate is shown
in fig. 2.3.6.

74



Chemical vapor deposition of carbon nanotubes on-patterned substrates: towards a control of thsifioning and structure

AccV  Spot Magn  Det WL Exp I—-I

250kV]3 3W2m8 1 M27Ei‘
| 5y S M

Fig. 2.3.6 SEM micrographs of CNTs grown across the strip§ afn of evaporated Fe @
SO substrate (M27A4). Carbonaceous deposits atdesizn the top of the strips.

The sample M27A4 shows very thin carbon nanotubedging across Fe
stripes and carbonaceous deposits such as nanefitarand nanoparticles on the top
of the stripes where a larger amount of iron igpevated. This result shows as all the
steps toward a more controllable nanotube growtte eeen preserved passing from
process 1 up to process 4. In process 4 all thesikggn parameters have been
optimized to obtain the best conditions of growthparticular we have maintained
the nanotubes bridging property and the reducedhetier size. In the inset of fig.
2.3.6 a magnification of a Y-type of nanotube bidgacross the strips is reported.
Moreover the positive effect ofHreatment on particles fractioning is still valid.

In fig. 2.3.7 we show SEM micrographs of CNTs groam SO substrates

where a film of 2 nm of Fe has been deposited auegrto the process 4.
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Fig. 2.3.7 SEM micrographs of CNTs grown on SO substragsstrips (M27C4),b)
squares (M27C4) ang) rectangles (R338A4) with a Fe film of 1 nm. Thenes
in the picture of c) micrograph doesn’'t correspoted the nomenclatur

D

established in this paragraph.

These micrographs show as carbon nanotubes bretgeeén nearest catalyst
islands independently from the pattern shape éstrigquares, rectangles). On the
R338A4 sample we observed very long and sometimigsdcCNTs nucleating on the
catalyst rectangles and starting from there towaedrest patterned areas. Large
distances between catalyst islands don’t represeoblem for growing nanotubes
that are able to overcome distances up to seveiaons before stopping their
elongation according to the “kite-mechanism” (séa€V).

The SEM images reported in fig. 2.3.7 a) and bwsieany carbonaceous
deposits on the top of patterned stripes and sgu@tese results, compared with the
nanotubes grown on the corresponding SO substfdig.d.3.6 with 1 nm of Fe,
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evidence two main differences. The impurities com@ion on the patterned catalyst
islands is higher for 2 nm thick Fe films than fobrnm films as can be clearly
distinguished comparing fig. 2.3.7 a) and c). Nim t#nd bridging carbon nanotubes
are clearly visible on SO with 2 nm of Fe. Thioals concluding that films of Fe of 1
nm of thickness are closer to the best conditiothiof and bridging nanotubes.

In fig. 2.3.8 SEM micrographs of carbon nanotubed aanofilaments grown

on OxPS with both iron thickness of 1 nm and 2 are,reported.
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Fig. 2.3.8 SEM micrographs of CNTs grown with process 4 on Ox#8 & Fe film ofa)
2 nm (M26C4) andb) 1 nm (M26A4).

The process on OxPS substrates with 1 and 2 nmaterped films results
both in long CNTs bridging across the strips anc ihigh density of carbonaceous
material as tubes or filaments on the strips. THaaments and deposits could be
something similar to the carbon fibers or otherdkirof carbon based materials
(glassy-carbon, carbon blacks or amorphous caraeil)ustrated in the Appendix D.
The nature of these carbonaceous residuals couwthbied only by means of further
characterization analysis.

In fig. 2.3.9 we show SEM micrograph of M28A4, asBbstrate with a 1 nm

of evaporated Fe on the stripes (process 4).
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Fig. 2.3.9 SEM micrograph of CNTs grown on Si substrate (M2B#ith 1 nm of Fe.

The picture shown in fig. 2.3.9 illustrates as llypothesis that the unwanted
Si etching was due to the combination of methamkhgulrogen during the deposition
step, was correct. The sample in fig. 2.3.9 is \different from the silicon sample
shown in fig. 2.3.5. Process 4 in pure methanes do¢ damage the S substrate by an
unwanted H etching, leading at the same time, to site selectanotube nucleation.
This means that the hydrogen erosion effect istdube methane-Hcombination at
900 °C. For the general purpose of the implementaidf industrial scalable processes

it is fundamental to achieve good deposition groartsilicon substrates.

2.3.4 Summary

In the following we point out some differences atmg for the CNTs growth
on these types of substrates with respect to tbeitgr processes reviewed in the
paragraph 2.2 (dots of silicon and porous silicon).

The main difference between tiferest-like growthand the resispatterned

growth results is connected with the substitution of Weee with methane. This gas
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decomposes at higher temperatures compatibly wWith donditions for SWNTs

nucleation and growth. The higher decompositionperature of methane along with

the use of hydrogen reduces the probability of dijpg amorphous carbon with

respect to the case of acetylene. In this respaethane can be considered as a

cleaner hydrocarbon for the deposition processesidifon nanotubes. This is clearly

a gaining factor in order to achieve the controtieowth of CNTs on microelectronic

devices.

Another difference is connected with the reductainthe thickness of the
catalyst layer as well as of the amount of catatyaterial in each island. We
reduced the Fe thickness to 1 and 2 nm thick filfiss thickness reduction
enables the formation of smaller nanoparticles andhigher density of
nucleation sites, thus leading to the nucleationnahotubes of smaller
diameters. In fact, there’s a correlation betwebr size of the metal
nanoparticles and the nanotubes nucleation protbsssmaller the size of the
nanoparticle the higher is the probability to héve nucleation of the carbon
nanotube. Moreover, there’'s also a correlation betwthe diameters of the
grown nanotubes and the diameter of the nanopssticlThe smallest
nanotubes can be grown from very small catalysbparticles [6].

The third difference is the localization of theadgst in small patterned areas
(strips, squares..ym wide. CNTSs resulting in this case are well |aoadi on
Fe islands, eventually protruding from them to fedacross the strips and
squares. This is a property that can be very helpforder to achieve our
goal: the localized growth of single nanotubes.

In the growth performed using methane atmospherm micropatterned
islands, we observe a shift from a vertical, higiténse growth to a horizontal
and sparse CNTs growth. In this case the CNTs atfe $hort and located on
the strips or long and bridging between adjacettep@ed islands. This is an
interesting point to be further investigated.

In conclusion, we defined a standard depositiorcgss working well with all

the substrates of interest (e.g. Si, SIOxPS), leading to thin nanotubes nucleated in

well defined positions on the wafer and formingliges across strips and squares.
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2.4 Growth of Carbon Nanotubes on trench patterned substrates:
Self - bridging of CNTs

Until now we have demonstrated as a set of mictepestd strips of a catalyst
can localize the growth of carbon nanotubes ontosthips giving rise to a bridging
effect between adjacent strips. Because of theresteconnected with such a
phenomenon it is worth to investigate the existeniceubstrates or conditions that
can determine an enhancement of the bridging effiedact, the integration of carbon
nanotubes in electronic devices requires the |patdin of the growth and the control
of the orientation in order to make easier thelleation of the electrodes.

In this section, we will investigate how the suasgrmorphology can influence
the growth of carbon nanotubes. We show that bygusi particular pattern it is
possible to orient the growth and align the carb@motubes. We are mainly
interested in the study of self bridging properte@#snanotubes across spaced 3D
structures and in the correlation between subspaiperties and CNTs nucleation
and growth.

In particular, three different kinds of substratsnsisting of silicon (S),
silicon oxide (SO) and poly silicon (poly-Si) wepatterned by using a standard
lithographic and anisotropic etching process withet of parallel trench structures.
The trenches have sub-micrometric dimensions aeg #re used to test if the
horizontal, well located CNTs growth, already obé&al in the group of samples with
patterned catalyst, is still preserved. As a fdbg patterned trench-structures
introduce a periodic set of physical embossed sthat the growing nanotubes have
to overcome. As a result, we expect that suspehdede structures of CNTs can
connect adjacent rows. Moreover we also testedeffects of standard surface
chemical treatments, in use in the microelectrondustry, on the nucleation and
growth steps.

Si, SO and poly-Si patterned trench substrates we@rered with thin Fe films,
both by e-gun evaporation as well as by dip or spiating technique starting from a
salt solution containing the metal catalyst precurd-e(NQ)©QH,0O). The second
method was used in order to gain a finest contndhe size and dispersion of the iron
nanoparticles (Fe-NPs).
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2.4.1 Substrates selection and metal catalyst coating

As stated above three types of substrates weretsdlén order to study the
influence of the morphology of the substrates angltowth of carbon nanotubes: they
were Si, SO and Poly Silicon (Polyl and Poly2) wh&ench patterns defined by
standard optical lithographic techniques were ol Moreover, the S and SO wafers
received different surface treatments to test tfeeeof a chemical surface handling on
CNTs growth. A simple scheme of SO preparationssiefsketched in fig. 2.4.1. The
number on the top of each column is the wafer ifleation number corresponding to

a particular surface treatment.

NO TES
0031 044z 0171 025¢

I S S I
Oxidation Thickness = 9000 A
Resist spin coatir

Photolithograph ﬂ ﬁ ﬁ
SiC, dry etching
6000 A
Dry and we! r—-—.—w r—.—.—w r—.—.—w r—.—.—w Treatment i
Resist removal H>SQOy/H,0, solution
. . Diluted HF:
SIC, ‘é"gc‘) itchlw r_l_l_w r_l_l_w r_l_l_w B e e
Etch Rate = 150 A/min, t = 4min
Wet cleaning: ozor E
Soft etch cleanir Dry treatmen

Fig.2.4.1 Scheme of different photolithographic and surfaeatments of SO wafers.

In particular, all the SO substrates underwenteaintial oxidation step aimed
to obtain a layer of thermal silicon oxide 9000hck. Then a resist layer is deposited
on the top of the SO substrate and windows, gitiregdesired trench pattern, were
opened and transferred on the wafer after a caabrmpbotolithographic step.
Subsequently, a dry etching is performed on thistreatterned Si@surface in order
to remove an oxide layer of about 6000 A, leavings@ surface with a high
roughness. This gives rise to the trench-struciline.following step implies the resist
removal that is further followed by a wet etchimga diluted HF solution which is
intended to remove 500 A of SO and smooth the sarfihe 0031 SO wafer didn't
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undergo to this HF smoothing step. After this stepdubstrates differ each other for
the cleaning treatment. The 0071 and 00253 wafeterwent, respectively, to a wet
cleaning treatment in ozone and a soft etching treattnm order to modify the
substrate roughness.

A similar procedure is used to obtain the trencitepas on Si wafers (the main
steps are reported in fig 2.4.2). The set of masks used is the same as for SO
samples, but a further group of steps is introducedfatt, in the case of Si, a
supplementary sacrificial oxide layer is introdu¢edbtain an anisotropic etching of
the silicon surface that leaves well defined tresghavoiding the rounding up of the

trenches sides (see fig. 2.4.3).

0453 0194 0205 0044 0039 NOTES
Oxidation Thickness = 9000 A
Resist spin coatir | 1| | [ I ] |
Photolithography [ | | | | { | | |
sio,dryechingeooo A [ B §f B EREEE REEEBAEES
Dry and we! [ ] [ | [ | | [ | Treatment i
Re);ist removal r 1 r 1 r 1 r 1 r 1 H,SO/H,0, solution
Si dry etcl EEEEENEEN|EEEEEN
Wet Oxide remov ] [l [l [l Rl
Sacrificial oxide r 17 —|r 17l —”' 7] —||' 17 —| Oxide Thickness: 650 A
Diluted HF:

Wet Sacrifical oxic remova (] [l [l [l 1.6 | HF + 25 | HO

Etch Rate = 150 A/min, t = 4min
Wet cleaning: ozol |
Wet cleaning SPI LA
Soft etch cleanir i Dry treatment

Fig.2.4.2 Scheme of different photolithographic and surfaeatments for the Si wafers
patterning.

In particular, the steps for the Si and the SO patig remain unchanged up to
the dry and wet resist removal. After these steps/atbhing is performed, followed
by the oxide layer removal that leaves the Si sarfaxposed to the etching process.
The next step is the formation of a sacrificialduxilayer to obtain the anisotropic S
etching. SO layer formed of about 65 nm is then reedowith a wet process in a
diluted HF solution. As previously, the wafers atistidguished by their code that
marks a different subsequent treatment of the serftn particular, the 0453 wafer
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doesn’t undergo to the oxide sacrificial layer dg@pon, whereas the 0194 wafer is
obtained after the sacrificial oxide removal. Th#edence between 0205, 0044 and
0039 is in the cleaning process of the surface.

Poly-Si substrates Polyl and Poly2 show the samehrgaometries but with
different dimensions of the trenches. They have bebtained using the same
lithographic steps used for S39 wafers.

The patterned trenches of SO are aboufuinswvide, 0.5um high and spaced of
about O0.7um. The corresponding dimensions of Si trenches are
1.3um x 0.7um x 0.9um. The spacing, width and height of Si and Si@nches have
been determined during the SEM image acquisitiahtha precise values are reported
on the cross section images of these samples .irR#g3 a) and b). S¥Js usually
etched by Reactive lon Etching (RIE) usings8HF/He etch gas mixture. This
process results in the squared profile of the owidb vertical sidewalls. The fluorine
atoms from Sgquickly etch the oxide, while the ChlEoncurrently creates sidewall
polymers. The profile angle is determined by thenjisaof CHF;. On the other hand,
Si is usually etched by RIE using a different attlture, solely Sk This results in an
isotropic etching. A GIHBr mixture would be necessary to obtain anisatrgpching,
with the possibility of obtaining quite verticaldswalls (profile angle = 88°/90°).
However, this facility is not present in the devetgmt line of STMicroelectronics in

Catania.
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Fig.2.4.3 SEM micrographs patterns with trenches height, regijon and width o) SO and

b) S,c) scheme of poly-Si substrates.

In fig. 2.4.3 c¢) a sketch of the poly-Si substrateseigorted. The trenches
patterned on poly-Si have been produced with twfediht spacing, one aboutpy®n
wide (Polyl broader trenches) and the other onaitabqum wide (Poly2 narrower
trenches). The use of substrates commonly adoptttk imicroelectronic industry is a
key feature in order to gain a rapid integrationnefv materials in the flowchart
process of the traditional semiconductor ultra dasgale integration. Therefore, all
these patterned substrates have been here emptmyest the ability of nanotubes to
self-arrange by bridging across two or more trenches.

We will report the remarkable examples of CNTs gfoan Si, Silicon oxide
and poly silicon trench patterned structures, afegalyst deposition. The effect of
surface treatment has been also analyzed.

In the previous section we considered extensivedy dhaporation method in
order to deposit the iron catalyst on the substsatdace. In this section we will

continue to use the evaporated films as a sourcetiHe metal nanoparticles.
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Nevertheless, because of the intrinsic limit ofékr@poration an accurate control of the
catalyst thickness below 1nm is not possible. A®m@sequence, we considered other
methods. We implemented the use of iron nitrate sdiition in isopropyl alcohol in
order to have a very accurate control on the amount of sataly

The salt used is a iron nitrate 9-hydrate (Fe{NOH,O (403.9 as a molecular
mass). It is a metal precursor containing the cstabctive for the nanotubes
synthesis. The salt is dissolved in isopropyl al¢dbmbtain a solution of the desired
concentration (0.4 mM). After adding the isoproplgiohol to the salt, the solution is
magnetically stirred for a long time to enhancenhaoparticles formation. We start
our experiments with highly diluted salt solutiobscause one of the aims of this
work is the control over CNTs density, alignment ahameter size. The ability to
control metal-NPs size yields to the growth of nahetuof the desired diameters. The
chemical procedure allows to obtain an efficientalyest fractioning and spreading
providing synthesized nanotubes with small size dispersi

The liquid isopropyl alcohol solution of iron nitea determines a certain
solubility of the iron salt that, as a general fastlower than that of water (the iron
solution must be maintained stirred for a long dintieis likely that, this liquid solution
produces suspended small clusters of iron nithetedould give easily rise to small Fe-
NPs once the solution is deposited on the substhatéact, the isopropyl alcohol
quickly evaporates leaving dispersed Fe-NPs on thistsate. During the growth
process the high temperatures involved guaranteaithate evaporation thus leaving
pure metal Fe nanoparticles distributed on the tsatles The deposition can be
achieved by using two methods: the spin (SC) aadlip coating (DC) procedure. The
spin coating consists in a quite homogeneous apafithe sample with a well defined
quantity of salt solution, dispersed by means opia soater. After the dispersion,
samples are annealed in air at 80 °C for 10 mindtes.dip coating consists in the
immersion of the samples on the bottom of a beadetaming a defined amount of the
solution. After this immersion, samples are left drying rmuaider a hood.

The e-gun evaporation (A), spin coating (B) andabpting (E) processes for
the catalyst coating are summarized in the table2.8nd B processes only differ for
the number of spinning cycles.
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Deposition N
Name Deposition Parameters Samples
Process
S39A
. SO253A
e-gun evaporatio A 1nm, 5A/s,2s
PolylA
Poly2A
Solution Quantity
B 500l of sol. S308
Repetition time
1 Spinner settings S453B
500 rpm,t=5s SO31B
Spin Coating S0253B
Poly1B
D
o Oven Settings Poly2B
Repetition time
T=80°Ct=600s
2
Features of the SO253E
Dip Coating E immersion PolylE
200 ml of sol. for t = 4H Poly2E
Table 2.8: Catalyst deposition processes used for the trenalctgres: main

deposition parameters of the three catalyst depogirocesses and type

of samples used for treelf - bridgingCNTs growth.

The substrates coated with 1 nm of evaporated Feitbr metal-NPs from

solution, undergo the deposition processes describéeé iimllowing section.

2.4.2 Chemical Vapor Deposition of Carbon Nanotubes on trench-patterned
substrates
In the previous section we argued that the besbgigpn process was that
labeled as process number 4 (see table 2.7), pedobyeusing hydrogen in the
ramp-up and ramp-down as well as in the annealinus stéth the exception of the

deposition process, that is pursued in a purg &khosphere. Therefore, process 4 of
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table 2.7, optimized on the substrates used up to waw,also used on the trench
patterned substrates. The synthesis step is castedh pure methane in the tube
quartz furnace (for the deposition steps to refertie table 2.7). The process
flowchart described in this table will be used ke tfollowing also in the device

growth section because this is actually the bestgss we developed in the tube
quartz furnace compatible with CNTs growth on skgies commonly used in the
microelectronic industry. The samples were unloaaiedl their morphology analyzed
by the SEM.

2.4.3 SEM characterization of as-grown samples

Samples inspection and structural analysis wasegeti by using the SEM
technique. In fig. 2.4.4 the SEM micrograph of the S3@%Anple with 1 nm of
evaporated Fe is shown. This sample is a silicontaibs particularly interesting for
the surprising preferential orientation of carb@motubes bridging across trenches. In
fig. 2.4.5 a magnification of the well defined areluébdashed rectangle) of the S39A
SEM image of fig. 2.4.4 is displayed.
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- 3 lpm o
WD= 3mm Date :27 Oct 2004
STMicroslectronics EHT = 10.00 KV Stageat T= 159° Signal A = InLens Time :17:40:13

Fig.2.4.4 SEM micrographs of S39A sample with CNTs bridgirmjoas trenches. The

selected area (blue rectangle) has been magnififig.i2.4.5.

Using the Fe evaporation process A on silicon satest, a sparse network of
suspended CNTs with a well defined direction hadnbachieved. The nanotubes
nucleation occurs at the edges of trenches, as shofign 2.4.5. The nanotubes grow
horizontally, perpendicularly to the trench sideghwalmost no nanotubes on the
bottom and on the top of trenches. The catalysplisagl everywhere on the surface
but no carbonaceous deposits are visible. This tresuriginal with respect to the
kind of nanotube growths achieved in the previous section.
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Fig. 2.4.5 Magnification of the selected area in the SEM ntcaph of fig. 2.4.4.

This growth process provides better results wiipeet to the group of carbon
nanotubes grown on micropatterned substrates. icplar, we can observe that the
substrate surface is clean from deposits and tiggibg carbon nanotubes are very
thin, showing a low density. The mean number of bniggnanotubes is about
32/119um? meaning that a concentration of about 1 CNT fid* has been
achieved. The round drops visible on the top artleabottom of trenches are the Fe-
NPs arising from the 1 nm thick Fe film. The CNTs bis tsample appear starting
forming bridges from the top of the upper part of the trenclidbeir edges.

In order to see if this deposition process provittes same good results on
different substrates, we show the SEM micrograpksntan sample SO253A (fig.
2.4.6 and fig. 2.4.7). This sample is the oxide subsapeared following the higher
number of surface treatments before the depospiamtess, as well as the S39A
sample (see figs. 2.4.1 and 2.4.2). This allows makingnaparison between S and

SO substrates undergone to the same catalyst and dmppsitcesses.
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Date :28 Oct 2004

Fig. 2.4.6 SEM micrographs of SO253A sample with CNTs bridgaegoss trenches.

The dark rows of figs. 2.4.4 - 2.4.6 are the bottom patheftrenches while
the bright strips are the upper part. We can sem fRBEM image as very thin
nanotubes appear bridging across trenches stdrong their sides such as for the
S39A sample. The SO253A sample shows that many uma@®tin an embryonic
phase started to nucleate on the top and at thenbatt trenches. They appear to have
larger diameters and a twisted and coiled morpholeigile bridging CNTs are long,
very thin and sparse. The mean number of bridgimptodoes for this sample is about
29 / 67um?, meaning that a concentration of about 1 CNTuh# has been achieved.
The density of carbon nanotubes bridging acrosshenfor the SO253A sample is
higher than that of S39A sample. This different CNiéssity in S and SO substrates
is related to the iron silicides and silicates fation. These silicides-silicate iron
compounds form when a metal layer is depositedopnof silicon substrates. The
phenomenon consists in a chemical reaction betiwee®-O leading to the formation

of Fe stable compounds that disable the catalgteaf Fe. The event of formation of
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these stable Fe-Si-O compounds is enhanced by igie tamperatures of CVD
process and this is the reason why the numbertalytia Fe sites may be reduced on
Si with respect to that on SO

The silicidation of iron catalyst occurs especidtly small nanoparticles and it
is proved that such effect is typical of Si sulissavhile it is not observed for SiIO
substrates [3]. Fig. 2.4.7 is a SEM micrograph shoveirggoss section of SO253A

sample.

BevvBvB 7.8 kV X48. 8K

Fig.2.4.7 SEM micrographs of a cross section of SO253A samjitle CNTs on the

trenches.

On SO substrate with evaporated Fe, it is possibtEbserve CNTs grown on
the top and at the bottom of trenches as well hsstbridging across trenches. Un-
bridging nanotubes strongly interact with the stdist stopping their elongation
before reaching the opposite edge of the trencls [Eads to the formation of short

vertical nanotubes on the top and at the bottormesiches. The nanotubes bridging
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across the trenches are thinner and weakly intagaavith substrate during the
growth, as suggested by the “kite mechanism” (see Chap.V).

In fig. 2.4.8 we have reported a SEM micrograph of sample. This
sample represents an extraordinary example of tenyand long nanotubes bridging
across the trenches. The Fe-NPs have been disperdbd trenches by means of dip-
coating of a suitable amount of Fe-salt solution.

WD= 1mm L Date :5Nov 2004
STMieroelectronics EHT = 4.70 kV StageatT= 50.1° Signal A =1InLens Time:16:22:54

Fig.2.4.8 SEM micrographs of SO253E sample with CNTs bridgingpss trenches.

The SEM micrograph in fig. 2.4.8 shows as the dipamatample of silicon
oxide leads to the nucleation of nanotubes witfeceiht morphology with respect to
the evaporated samples. With this type of Fe ddpasibnger and thinner nanotubes
on the top of trenches are produced. CNTs appehave very small diameters and
they are so long to bridge various close trenctiege Ikeep attention we can observe
as round patches of catalyst are clearly visiblehentop of trenches. These islands
contain Fe-NPs arising from the fast solvent evajan. This could be explained

supposing that, with this procedure, uniform andlsf@NPs are formed and, as a
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consequence, long nanotubes with a small dispensisize are grown. In fig. 2.4.9 a
high magnification SEM image of the same SO253E sample@dstesl.

— 200nm i
WD= 2mm Date :28 Oct 2004

STMicroels citondcs EHT = 1000 kV Stage at T= 63.3° Signal A =InLens Time :17:52:38

Fig. 2.4.9 SEM micrographs at high magnification of SO253E plam with CNTs

bridging across trenches.

Carbon nanotubes in this sample appear similacatidn thread”, lay down
on the substrate. We can distinguish as the abardgiomed patches are composed of
Fe-NPs located also on the bottom of the trenchess adge angles. Therefore, we
can conclude that Fe immersion give random bridginGNTs that are very long and
with a lower density with respect to the evaporagpoocess. This could be explained
by supposing that with a chemical procedure, unifamd small Fe-NPs are formed
and, as a consequence, long nanotubes with a srapérdion in size are grown. In
figs. 2.4.10
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