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Introduction

Position particle detectors with high spatial retoh are fundamental in many
scientific fields. Tracking and particle identiftean are essential in High Energy Physics
and Astrophysics experiments, but high resolutiamsalso required by medical imaging
applications and commercial digital video cameras.

The NanoChanT (“Nano Channel Template”) projectppees to develop a
nanotechnology based radiation detector, able fwawe the present limit in the spatial
resolution of the silicon detectors (microstrip, @and APSs detectors). The novel type
of device is envisaged to exploit nanotechnologasthe frontier of knowledge,
specifically for the realization of large-area nsinoctures. This is very challenging since
it involves many nanotechnological steps that mionst compatible with the silicon
technology. The final goal is to build a prototypadiiation detector with submicron spatial
resolution.

The basic idea of the detector is to use a thioosildiode as the sensing layer of
the device. Reducing the thickness, with respetihéocurrent silicon detectors, limits the
effects that degrade the spatial resolution, nartieyspreading of the charges produced by
the incident radiation and the probability of highergy secondary electrons, which can
push off the centroid of the produced charge. Tiheoa active layer is segmented into a
regular array of submicrometric pixels, while thgnsl charges are brought to the read-out
electronics through nanometric charge collectors, order to preserve the spatial
resolution.

As nanometric charge collectors, Carbon Nanotul@$T€) have been produced.
They are obtained within an insulating templateafoporous Anodic Aluminium Oxide
(AAO), made of a highly regular array of verticaligned nanochannels. In order to
achieve a high signal-to-noise ratio, the electricterface between CNTs and the silicon
layer, which is a key-point of the design, is dgegtldied.




Introduction

The research work of this thesis focussed on twn apics: the synthesis of a
highly regular nanochannels template of Anodic Ahiom Oxide (AAO) and the
synthesis of Carbon Nanotubes (CNTs). The growiiNTs has been investigated both in
a free standing and in a confined configuratione Thnfined synthesis has been studied
aiming at a uniform growth of CNTSs inside the nami@s of the AAO template.

In order to examine the electrical interface betw€&Ts and a silicon substrate, a
field emission characterization of the CNTs-siligystem has been performed on the free
standing CNTs configuration. The field emissiondabur of CNTs is interesting in itself,
since devices based on this phenomenon can be wedpés cold electron sources. For
instance, such structures are investigated asrehecources for electron cyclotron
resonance ion sources to be used as injectorslimgar accelerators, Van de Graaff
generators or cyclotrons in nuclear and elemergariicle physics.

The thesis is organized as follows:

In Chapter 1 the basics of radiation detection ilitam devices and, in
particular, the limitations to the spatial resaduatiare discussed. A detector
with a thin active layer would improve the spatidolution. This approach
has been adopted in the design of the NanoCharéctdet whose basic
idea is described.

In Chapter 2 the nanotechnologies involved in théri€ation of the
NanoChanT detector are reviewed. The synthesisadstand the structural
properties of both CNTs and nanoporous AAO arertde=tt. The electrical
properties of CNTs, and in particular their fieltiission characteristics, are
discussed.

In Chapter 3 the growth of free standing CNTs byanseof the Catalyst-
assisted Chemical Vapour Deposition (C-CVD) metisadvestigated, both
on insulating and conductive substrates. The op#tion of the CNT
quality is studied by varying the parameters of @€VD process. The
proper interface between CNTs and the silicon,sasl in the final design of
the detector, is studied by means of field emissiloaracterization of the
CNTs.

In Chapter 4 both the fabrication of the nanopor&A® and the synthesis
of confined CNTs within alumina nanopores are stddiThe C-CVD
process is investigated aiming at a highly unifditimg of the template
nanopores with CNTs and at the optimization ofrte&ctural quality.
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Chapter 1  The NanoChanT Project

1.1  Position particle detectors

The general working principle is common to all ttiéferent kind of position
particle detectors. The incident radiation intesaafth the active part of the detector,
involving an energy transfer. This energy has thoisbe revealed by the read-out
electronics of the detector. The energy depositbmitocated within a specific volume of
the detector by segmenting the geometry and thd-aet electronics of the device,
allowing to determine the position of the impingipgrticle with a spatial resolution that
scales with the segmentation density.

Up to now, silicon is the preferred material foghiprecision tracking detectors.
Different reasons support this choice. Firstly,aatMC technology has been developed for
silicon, mainly boosted by the mass market indusivigh billions of dollars annually
invested. It is possible to grow high quality cafstf silicon, to perform n- and p-type
doping, to selectively grow highly insulating lag€iSiQ and SiN4). Moreover, all these
processes can be performed using micro-lithograpdgbniques, allowing feature sizes
below 1 um. Secondly, a condensed medium is easénfioint measurements precision
below 10 um is required. Gaseous tracking deteet@simited by diffusive spreading of
the released electron cloud to precision of typycabme tens of microns. The problems
related to liquid detectors stay in the difficultymaintaining purity in their composition.
On the contrary, condensed media of high puritell@an be exposed to the atmosphere
and assembled in complex geometries with no deticedaf their bulk electron lifetime
characteristics.

Among the other solid state detection media, silibas a band gap (1.1 eV) low
enough to ensure copious production of free ch&@® a minimume-ionizing particle,
about 80 electron-hole pairs per micron of traakgth, but high enough to avoid very
large leakage current generation at room tempexdtiir= 26 meV). Moreover, having a
low atomic number (Z = 14) it is less exposed toltiple scattering. The energy loss
processes in a silicon medium allow in principlerecision (much better than 1 um) that is
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definitely better even with respect to the one ecdble in a nuclear emulsion (which
typically requires a 400 eV single electron to klta grain).

The active layer of a silicon detector consistsaalepleted p-n junction. Indeed,
intrinsic silicon would have a too low resistivitiye. a too large amount of free charges,
except at extremely low temperatures. This woulddoto a large leakage current, due to
thermal or optical excitation, which in detectarads to a high signal noise.

Applying a reversal polarization at a diode, itpsssible to generate a region
depleted of free charge carriers, both electrond laoles, thus reducing the leakage
current. An internal electrical field exists alsothis region induced by the fixed ions of
the silicon lattice. Electron-hole pairs generdteside depleted region are promptly swept
to the surface where they are collected [1].

1.1.1 Energy loss mechanisms

In High Energy Physics, the measurement of thezaimn by charged particles in a
medium is fundamental since, together with the mmesmsent of their momentum or
energy, it allows particles identification andckang. The understanding of the energy
loss mechanisms of a radiation inside a mediunmus essential and it has been deeply
investigated. A brief description of the basic piotes is given here restricted to the
silicon medium case. More detailed reviews candod in the literature [2].

While traversing a crystalline silicon layer, highergy charged particles loose
energy by means of two main mechanisms. The firdtm@incipal one is the ionization of
atomic electrons. The second one (the so-calledamning energy loss or NIEL) consists
of displacement of silicon atoms from the cryssdiite, mostly by the process of Coulomb
nuclear scattering. This latter phenomenon is actwmly if the energy transfer to the
nucleus exceeds approximately 25 eV. For instaiocen incident electrons radiation, the
effective threshold energy for displacement damagaround 250 keV. Below that, the
energy is dissipated by harmless lattice vibrati@asising thermal heating. Displacement
of silicon atoms to interstitial positions, and tb@nsequent creation of a vacancy in the
lattice, is one of the main radiation damage meishas For a high-energy particle, the
fraction of energy loss involved in the NIEL mecisam is relatively small, but the
cumulative effects on the detector performancebeasevere.

lonization of atomic electrons by means of an ianidradiation mainly occurs by
means of Coulomb scattering collisions. The ioniratnergy loss and the number of
ionizing collisions per unit path length can belaated from the differential cross-section
Z—E that is related to the energy of the incident aidh and to the properties of the
detector medium. Generally, distant collisions,akhinvolve small energy transfer, are the
most probable, whereas close collisions are gaite Ibut result in large energy transfers.
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The greater probability of the former collisionssas from the greater volume of material
available for collisions with a given impact pardereange.

The simplest treatment of this Coulomb interactisndescribed by Rutherford
cross-section, which defines the probability oflis@n imparting an energ to unbound
atomic electrons [3]. That is,

dop _  2m,
dE  mc®B°E?

(1.1)

wherem, and g. are the mass and the charge of the electronseaisgly. The same
formula holds also for the interaction between theiation and the silicon nuclei. Being
the mass of the medium atoms at the denomina®enkrgy loss due to these interactions
can be neglected. On the contrary, these partitilmsss nuclei collisions determine an
angular deviation of the incident particle trajegidy means of multiple nuclear Coulomb
scattering. Also, for sufficiently large momenturartsfers, these collisions contribute to
the NIEL mechanism.

In a first simplified approach, the energy lossaofadiation in a given thickness
detector, can be determined by integrating oveeradirgies the Rutherford formula, taking
into account some cautions. In fact, the integaal wot be from 0 to infinite, but some cut-
offs have to be imposed (also for keeping the malegcpnvergent). An upper limit is set by
the maximum transferable energy in a collision psscby the relativistic kinematics. If the
mass of the incident radiation particle is much atgge than the electron one,

thenE,,,, =2m.c>B%y*. The lower limit is imposed by the fact that eteas are bound in

atoms, and thus they require a minimum energy tivdsel. A semi-empirical cut-ofy,
which depends on the atomic numBesf the material, is then established. The Rutmdrfo
formula is especially useful as regards the cladksons, which are important in defining
the fluctuations in energy loss in thick samplesferme “thick” means approximately
thicker than 50 um of silicon. In fact, for thesggthenergy collisions, all atomic electrons
can be considered as free and the above apprormsdiold.

Another mechanism is associated at these closesioal, when energy transfers
approximately above 10 keV are involved. They gateshigh energy secondary electrons
of significant range, named-electrons. These high energy electrons are péatlgu
important in tracking detector because they mayltesdegradation effect on the precision,
being themselves able to induce a further ionimatiocally on the track of the incident
radiation, or distributed, in the case of signifité-electron range.

Keeping into account the effect of the Poissonsies on energy transfers in the
energy range where the Rutherford cross-sectiamigisificantly different from zero, the
final form of the energy loss distribution, or sfgéing distribution, results to be described
by the Landau distribution. This consists of anragpnately Gaussian core and a high
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tail, populated by the large energy transfer eventshich a few close collisions occurred.
In silicon, the energy loss for more than 90 % lbfcallisions is below 200 eV, almost
independent on th@ value of the incident radiation.

Since the ultimate products of the ionization atecteons promoted into the
conduction band of the material and vacancies enviidence band (or holes), the energy
loss can be also described by means of the enexqyired for the generation of each
electron-hole pair. The mean value for such creatinamed ionization rate, is
approximately 3.6 eV. Since the silicon band gagréaind 1.1 eV, it results that about two
thirds of the energy transferred from the primadec&ons give rise to phonon generation,
eventually appearing as heating in the detector.
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Figure 1.1.Energy loss cross-section for minimum ionizingtiokes in silicon versus
energy loss in primary collision. Rutherford cresstionor, is also plotted [5].

The previous discussion on the energy loss cradgseseholds for thick silicon
layers, but it is no more valid for thin siliconnsples. Indeed, in the latter the main
contribution at the energy loss arises from lowrgpdransfer collisions. In this energy
range, the binding energy of the atomic electroas to be considered in detail and the
actual energy loss cross-section has to be modified

More detailed theoretical models with respect toRutherford approach have been
traced using the Fermi virtual photon (FVP) andBe¢he-Fano (B—F) methods. A precise
determination of the minimum ionizing particle egpeloss cross-section for silicon has
been experimentally obtained by means of combingigto-adsorption and EELS
(electron energy loss spectroscopy) data [4]. Aibptesentation of these methods can be
found in [2]. Qualitatively, it turns out that regnce-like enhancements in the energy loss
cross-section are generated. Three peaks ariseerdies of about 17, 150 and 1840 eV,

10
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corresponding at the M-, L- and K-shells of silicdine related energy loss cross-section
for a minimum ionizing particlesy = 5) is shown in Figure 1.1. It exceeds the Rudndr
cross-section in the range 10 eV — 5 keV. Abové&d\d the difference is quite small.

The larger effect is related to the M-shell eleet,owhich produces electron-hole
pairs. These electrons behave as a dense eledasma embedded in a fixed positive
charge distribution. The real or virtual photonsugle to this plasma by generating
longitudinal density oscillations, whose quantumc@éled a plasmon, and has a mean
energy of 17 eV. These plasmons de-excite almdsebnby electron-hole pair creation,
enhancing the cross-section in the UV region.

By integrating the different components of the sresction, the total mean
collision rate is determined to be 3.8 collisioms micron, being mainly due to interaction
with M-shell electrons, about 3.2, and then L-sh@l63. The probability per micron of
interactions with the K-shell electron is quite 8.8 « 15).

In conclusion, although on average a 1 um thickail layer yields 80 electron-
hole pairs, the Poisson statistics on the primaoggss (3.8 collisions per micron) implies
a broad distribution and, in particular, a not-igigle probability of zero collisions, which
means no signal at all. It is thus clear that thergy loss fluctuations associated with the
primary process variability can not be properly mltetl by the Landau distribution, since
their shapes are strongly dependent on the saimpleness.

Despite these considerations, for tracking detedtas clear that keeping the active
layer of the silicon detector as thin as possiBkults in highly enhancing the precision.
Firstly, the multiple scattering would be limitedloreover, a minimum thickness should
be optimal as regards point measurement precifotwo reasons.

The first one involves tracks incident normally ttee active layer. The concern
arises becausé-electrons pull the centroid of the charge depdsgignificantly off the
track. Figure 1.2 depicts an integral distributminthe number of primary electrons per
micron of energy above a certain value (a) anddhge of electrons of the corresponding
energy in silicon (b). The range becomes signitidan high precision tracking detectors
for energies above 10 keV, for which the generapoobability is less than 0.1 % per
micron. For energies above 100 keV the range bes@mommparable with typical detectors
thickness of few hundreds microns. Consequenti/thimner is the detector thickness, the
smaller is the probability of obtaining a shiftedocdinate. If the detector allows the
measurement of the released energy, some of tlegbedordinates can be identified by
abnormally large associated energy. Imposing aoocuthe energy deposit, it generally
results in unacceptable inefficiency and thus itraely implemented. Figure 1.3
summarizes the situation, depicting the probabdityhe charge centroid associated with a
track being pulled by more than a given value asation of a detector thickness.

11
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Figure 1.2. The number of electrons per Figure 1.3. The limits of the detector
micron of MIP track above a given energy (a), precision due taj-electrons for normal
and the range in silicon corresponding to the incident tracks, as function of detector
same energy (b) are shown as a function of thickness [5].

the ejected electron energy [5].

The second reason for preferring thinner detectorscerns angled tracks. The
normally adopted approach to determine the postiothe track traversing is to measure
the centroid of the elongated charge distributiod # assign this position at the active
layer mid-plane. In this case, large fluctuatiamshie energy loss (due to ejection of K- and
L-shell electrons and especially éfelectrons) may be sufficient to seriously bias the
centroid (Figure 1.4). Again in a thin detectoe 8maller probability of generation of high
energy primary electrons limits this bias.

45°
15
Hm ‘ 300um

Peak E loss = 3.6 keV Peak E loss = 72 keV Figure 1.4. Effect of energy loss
10% prob of SkeV &. 10% prob of 100keV 3. . )
Puils trk by up o 4um Pulls trk by up to 87jm fluctuations on detector precision

for angled tracks [5].

Naturally, the thickness of the active layer cart he reduced indefinitely. A
minimum thickness exists determined by the achi@rdrof a sufficiently high efficiency
per layer. For very thin silicon detectors the mlisition of the probability of losing an
energy E is completely different from the theoretical Landdistribution. As already
discussed, this can be expected in thin detecbh@wsause the shape of the energy loss
spectra, or straggling functions, are dominatedth®sy Poisson distribution of the small
number of collisionsThe actual energy loss distribution turns out ¢osbrongly affected

12
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by plasmons excitations. Even at 10 um siliconkiméss the true distribution is much
broader than the Landau and has a dangerous Ib{iiire 1.5).

Consequently, to fully exploit the superior poddiles in tracking precision
provided by thin detectors, it is necessary to eahia sufficiently low threshold energy
level and hence the detector has to assure a Ist@raynoise.

Another factor that can affect the resolution limitthe detector is related to the
diffusive spreading of the charges created by dnézing radiation. While the charges are
driven by the internal field in the detector towattie electrode, the process of diffusion
spreads out the original charge cloud, which ddfusadially. The RMS radius of the

charge distribution increases with tirtag with standard deviatiom = /2Dt . Thus, half

of the total charge is contained within a radiusoms\/D_tD. For a typical 1 kV/cm drift

field in depleted silicon, if the drift time is I the drift distance will be 135 pm and the
charge radius 6 pum. This diffusive spreading carused to improve spatial precision

beyond the limit of the detector granularity bydiing the centroid of the charge collected
in the different elements. An analogic read-outttmic is then required. On the contrary,
if a binary logic read-out electronic is used, oaly the information whether the channel

has been hit or missed is stored, the charge sSpgeadn contribute to reduce the detector
spatial precision.

Probability of energy loss E
Probability of energy loss E

300um

——
e
—

Probability of enargy loss E
Probability of energy loss E

———— e

Figure 1.5 Energy loss distributions for various silicon etgor thicknesses. A
Landau distribution is reported on each graph fampgarison. The peaks
corresponding to plasmon excitation merge for thédses larger than 10 um [6].
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1.1.2 Tracking silicon detectors

Tracking silicon detectors can assume differenfigarations. Microstrip and pixel
segmentations are the most commonly employed araeqgts in High Energy Physics
detectors until now. New structures have been megan the last years, but are still in
development.

Microstrip detectors have essentially &-rpn” structure. They are generally
composed by an n-type substrate, 300 um thick, Wgh resistivity (3 — 5 ®.cm) and of
some cm size. On one side,*trips are implanted with aluminium back contamt t
provide low resistance path and connected to readectronics. On the other side, an n
layer is implanted (Figure 1.6). Commonly also théger is segmented in strips,
perpendicular to the ‘pones. In this way, a double-sided microstrip detecan be
obtained, which provides two coordinates of thekrdhe diode is depleted by applying a
positive voltage to the'rstrips and grounding the pnes. Depletion voltages between 50
and 150 V are commonly used.

Both AC and DC coupled microstrip detectors canréalized. In the former
configuration the metal read-out strips are isald®m the implanted strips by a thin
dioxide layer. The amplifier inputs sense the faghal without being affected by the DC
leakage current, which can degrade in applicationsre radiation levels are high. When
this is not the case, the DC coupling is surelypéém The strips widths are between 5 and
200 um, and are isolated from each other by alélyer of silicon dioxide. These layers of
silicon dioxide inevitably collect positive chargeghich are compensated by a thin
accumulation layer of mobile electrons in the boi&terial. On the hside, they create a
low resistance inter-strip leakage path, causimgtstbetween the strips. For this reasén p
strips are implanted between thestrips and biased negatively relative to these. fiiral
result is that a negatively charged depletion layereated which blocks the leakage path.

The spatial precision in microstrip detector is stomined by the read-out pitch of
all the existing front-end electronics, namely 58.1A reduction of a factor of two can be
achieved by attaching read-out ICs at each end ohoalule. Spatial resolution of

approximatelyé um = 7.2 um is thus a common value for microstigpedtor when

V12

read out with standard electronics is used.

ca. S0-150 pm

readout capacitances

=zl L

passivation

P

p* stlicon 300pum
m type silicon

. : Figure 1.6. Scheme of a
a= silicon V>0 i Ensray Prysics. | microstrip detector.
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For a typical arrangement in a double-side deteetoead-out of every strip on a
pitch of 50 um has been reported to allow a medsoraximum precision, for a normal
incident track, of 8.8 um. If not all the stripseaead and a charge centroid calculation is
used, the precision limit can be enhanced furtihheiFor normal incident tracks, the spatial
precision may be considered typical in the rangel® um for strip pitch less than 50 pm
and read-out pitch less than 150 um. For anglezkdréhe precision deteriorates rapidly
[5].

It has to be noted that because of their thicknesgrostrip detectors are
particularly affected bys-electrons, which, as already discussed, can caukess of
precision. A cut-off on the maximum energy is uBuahposed to exclude these events,
but this is a big disadvantage, especially forKirag detector with a limited number of
points per track. Thinner detectors are not comgnaskd since the loss of signal charge,
enhanced by the reduction in the voltage signaltdube increased capacitance from strip
to substrate, results in a poor signal-to-noiséoperance.

The other segmentation scheme that has been impleches the one related with
pixel-based detectors. The most common ones arelbege-coupled devices (CCDs)
(Figure 1.7) [6]. They have experienced a largeettgpment mainly because pushed by
commercial applications such as high definition eeas.

In this configuration a square matrix of potentalls is produced by creating a
MOS structure, where the semiconductor part cansidta reverse diode. The final
arrangement results to be Metal — Oxide — n-tylieosi — p-type silicon.

The pixel matrix is created by two perpendiculauctures. In one direction,”p
strips are implanted on the n-type silicon anddepleted in order to act as stop channels
for the ionization charge. These strips can hayp#ch of 20 um, which determines the
pixel granularity. In the other direction, a contiue poly-silicon gate structure, consisting
in a series of parallel bars, is made.

N
\
| ¢ gates Buried n %
channel
1 ::j = 1 pixel
i :;‘} = = = (20x20x20
=] ] [ e e um®)
i
= = == = = p‘channe[
: &\’{ stop
v oG ki A/ A—>polysilicon i
op el T 0 O] [ Getes Figure 1.7. Scheme of a CCD
¢, ¥ R B detector. On the upper right corner
\ ’ &iﬁ%} the principle of charge storage in a

CCD detector traversed by ionizing
sreef;‘;‘s particles. On the left, the corner
region of CCD [6].
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In scientific applications the “buried channel” laitecture is generally adopted. It
involves the creation in the n-channel of a “buradénnel”, correspondent to a minimum
potential energy for electrons. This potential €hdp achieved by means of two
contributions. The first comes from the reversalappation of the diode. The second
contribution arises from a negative polarizatioplegul between the gate voltage and the n-
channel, which brings to an increasing positivecepeharge in the silicon. Both the effects
result in a depletion of the n-channel, the formstarting from the p—n interface and the
latter from the silicon—silicon dioxide one. Thedepletion regions meet and a minimum
potential energy for electrons is created belowsilace, distant from the interface states
that can trap the signal charge. Generally, thiteduwchannel is placed at 1 um depth. The
ionization produced by an incident radiation issthaollected in this channel. Since the
trapping sites are avoided, tiny charge can belysatered and transported along the
silicon bulk. To measure the charge accumulatdtigrpixels, an arrangement of the gates
in triplets (3-phase structure) is required in ortteshift the collected charge in parallel
from a row to the next. The pixel width resultsnrehe sum of the three gates pitch. For a
typical pitch value of 7 um, the pixel width turpgt to be 3 x 7 pum = 21 um. At the
bottom row, the charge is transferred into an outmae consisting of a sensing amplifier
that sequentially reads each pixel charge. Thegaiern is thus converted in a serial train
of impulses.

A CCDs detector has many advantages in trackingcedevFirst of all, the 2-D
point measurement allows reducing the number ofsiptes combination in the
reconstruction of the tracks with respect to th® Imicrostrip detector. The high
granularity is also enhanced, and hence a higheratality in the hit element density can
be achieved. Further, most of the forms of pixeddshdetectors show a third advantage.
They have extremely low capacitance nodes for éheoflection, and thus a smaller signal
is sufficient for achieving a satisfactory signaltoise ratio. This allows a thickness
reduction with respect to microstrip configuratiadlgwn to approximately 15 um. The
measured precision for a minimum ionizing particieder typical readout conditions
(RMS noise approximately of 50)es about 3.5 pm, even if values down to 0.9 uweha
been reported [5]. CCDs detectors have also sonaevkdrcks, which make them
impractical in some situations. In particular thegve a slow read-out, and thus a long
dead time results associated. Furthermore, theypargcularly exposed to radiation
damages, and hence they can not be employed, hadion colliders, or have to be
exchanged frequently.

A new configuration for pixel-based detectors hasrbproposed in the active pixel
sensors (APSs) detectors. The charge collectioasisisual, to one electrode of a reverse
biased diode, but in APSs these diodes form a palgifixed matrix over the device area
and each one is connected to its own signal progessrcuits within the pixel. This
structure has been approached by means of two@wufThe first is a hybrid approach,
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which involves the bonding of a single sided mitnipsdetector, with the strips cut into
pads, and a CMOS readout chip. The second one fdamerk on a single monolith. The
advantages of APSs are a high speed gating, thebgitg to transfer the hit information
into a pipeline memory and an enhanced radiatiodrness.

As already stated, silicon pixel and microstripedédrs are widely used in the
currently working High Energy Physics experimemst instance, the CMS experiment at
the Large Hadron Collider (LHC) of Geneva employsacker system formed of three
main sub-detectors, two of which are based onasilicertex detector, the third being a
microstrip gas sensor [7]. A pixel detector sysismlaced in the innermost region. Pixels
are 250 pum thick and have a size of 150 x 156. Without charge sharing, this allows a
spatial resolution of 45 um. The actual configunatof the pixels and an analogue read-
out system permits to calculate the charge cenamdito improve the precision up to 10 —
20 um, depending on the geometrical allocatiorhendetector. A second shell consists of
a silicon microstrip detector. AC-coupled singldesip strips have been used, with a
thickness of 300 um and the pitch between 60 pm2tdpum. The maximum spatial
resolution achievable is about 15 um. It has toded that these precisions also depend
on configuration requirements for sustaining a highiation environment.

The same choice of silicon pixel and microstripedatrs has been made for the
ATLAS experiment, with also similar spatial preoiss [8]. The track detector system of
the Babar detector at SLAC PEP-II experiment isedasn a silicon vertex tracker and a
drift chamber. The former detector is placed in itheermost shell, because it allows the
most precise track reconstruction, and it consisidouble-sides siliconpstrips 300 pum
thick. The related spatial resolution achieves maitliof 10 — 15 um [9]. Also space
experiments, such as AMS, employ 300 um thick ailienicrostrip detectors for high
resolution tracking, achieving a 10 um spatial hetsan [10].

Also other applications, different from High EnerByysics ones, employ silicon
based detectors. For instance, high precision rakdiaging utilizes silicon microstrip
detectors for achieving high resolutions [11].
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1.2 The NanoChanT project

In 2001, the NanoChanT project has proposed tolde\e novel type of position
particle detector, based on nanotechnologies, wlachieves a submicron spatial
resolution.

The NanoChanT (“Nano Channel Template”) project ais INFN (Istituto
Nazionale di Fisica Nucleare) project, which hasrbaccepted in the INFN Group V
section, which is devoted to the development of teshnologies, application devices and
software. It involves the collaboration of diffetgmartners, namely the INFN, Section of
Bologna, the Department of Physics of the UnivgrsitBologna and the IMM (Istituto di
Microelettronica e Microsistemi), Section of Bol@gnof the CNR Institute (Consiglio
Nazionale delle Ricerche).

The basic idea of the NanoChanT detector consfsiisteégrating the well known
silicon IC technology with some innovative nanotealogies in order to improve the
actual spatial resolution limit of silicon-basedliegion detectors [12]. The central idea for
achieving this goal is related with the possibitibyadopt a thin silicon diode as the active
layer of the detector. As already discussed, redutie thickness results in a smaller
charge spreading and in a minor sensibilitytelectrons. Due to the reduced thickness,
the small amount of produced charge must be pickety an appropriate system. This
task is done by using nanostructured conductotsatbek as charge collectors and allow to
place the read-out electronics at a proper disténooe the detector, thus reducing the total
capacitance of the device.

The goals of the NanoChanT project are to devehaptéchnologies required to
implement the proposed position particle detectat t verify the feasibility of device.
The realization of a prototype of such a detectdhe final scope.

The proposed configuration is schematically comgdsg a three layer structure
(Figure 1.8). An ordered array of nanoconductorgased between an active medium and
the read-out electronics. The enhanced spatiaigioecis related to the employment of a
thin active layer, which is thought to be realizedh a reverse polarized silicon diode.
When an ionizing particle traverses the active datfee produced charge is driven, via the
nanoconductors, to the read-out electronics.
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Thin Silicon

il

For optimizing the charge collection, nanocondwustoave to be highly uniform in
size and spacing, and electrically insulated froacheother. Nanoconductors having
diameter in the range 10 — 100 nm and metal etatfproperties are required.

A layer of porous Anodic Aluminium Oxide (AAO), 50100 pm thick, will act as
mechanical framework, with suitable dielectric prdpes, for the separation of such 1-D
structures. These thicknesses are required in aodaliow the handling of the AAO, or
alumina, layer. Highly ordered arrays of parallehachannels in alumina can be obtained,
with size and pitch in the range 10 — 200 nm and—4@00 nm, respectively. The
mechanical stiffness of the device is guaranteedhbyAAO template and the read-out
silicon substrate. The active layer may be kept 8o that the space resolution of the
detector can, in principle, scale as the pitchhefrtanopores.

Figure 1.8. Basic idea for the novel
detector proposed by the NanoChanT
project.

Inside the pores, nanoconductors have to be grdWway could be either Carbon
Nanotubes (CNTs) or metal nanowires. They both shbe conductive electrical
properties that are required for the realizatiothef device. However, CNTs exhibit some
particularly intriguing properties that make thenorms appealing, especially for possible
further developments of the detector. Indeed, tbssipility of doping CNTs has been
reported [13-15]. They could so be used as diofleamometric size, acting themselves as
the active material of the detector. Moreover, tlewyld be used in future as charge
amplifiers, given their application as field effédnsistors. In particular, CNT-based field
effect transistors in a vertical configuration awith high density have been realized
employing the synthesis of CNTs inside the porearo&nodic aluminium oxide template
[16]. Mainly, for this reason the research has beencipally directed toward the
employment of CNTs rather than metal nanowires.

For growing CNTs inside the alumina template, sraalbunts of cobalt have been
electrodeposited at the bottom of the alumina nlaaels to act as a catalyst for the
synthesis of CNTs. Finally, CNTs synthesis is ai#di via Catalyst-assisted Chemical
Vapour Deposition (C-CVD) of hydrocarbons.
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metal pad
Pt

-~ nt+ & metal pixels
pitch 500 nm

Carbon nanotubes:
\ diameter 40 nin;

pitch 100 nm.

Metallic strips:
pitch 500 nm;

length 10 mm;
area 5-10° um?

1Same area

R/O electronics:
50 x 100 pm?;
area 5-10° um?

Thin CMOS electronics

Figure 1.9. Possible geometry for the detector proposed by NlaeoChanT
project.

A possible 3-D design of the detector is shown iguFe 1.9. The sensing layer,
which extends over an area of 1 x 1°wmize, is a thin reverse biased silicon diode with
implantations segmented in form of pixels with sidnon pitch. Pitches down to 500 nm
can be obtained by means of the currently availitlegraphic technology. Electrons
collected at the pixels are driven by groups of GN@ metallic strips having the same
pitch of the pixels and length of 1 cm. These strggwe connected to the read-out
electronics through a thin insulating silicon deilayer by short vias. The read-out layer
is made of CMOS electronics embedded in a siliedyssate, with each channel covering
an area of 5 « fount. The present scale of integration of CMOS eledo®fimits the
read-out to only one spatial coordinate and thageaity to values much larger than the
expected alumina and nanoconductor pitch. Futuveldpments in the CMOS electronics
might fully benefit of this nanometric scale.

Several milestones have to be overcome for th&zet@n of the device:

e The fabrication of anodic aluminium oxide templategh an ordered
structure of nanopores having suitable diameterpated;

* A uniform deposition of metal catalyst for the camnanotubes synthesis at
the bottom of the aluminium oxide pores;

* A uniform synthesis of the carbon nanotubes indiggemplate;

* The bonding of the aluminium oxide template andditieon layers;
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* A reliable low ohmic resistance electrical bondibgtween the carbon
nanotubes matrix and the metal pixels on the silidiode electrode;

» The verification of the working principle of a potypal detector with
ionizing patrticles.

Each step represents the state of the art of théweresearch field, and hence to
be successfully applied in a unique device thevireca deep and dedicated investigation.

The current design plans to use binary read-out Ity every channel. A hit or
miss signal is produced by the front-end electrmnithe minimal design is planned to
consist of a CMOS charge-sensitive preamplifier arttireshold comparator, in order to
detect the gathering of a charge above a givestibid.

The thickness of the reversely-biased silicon dibde not been determined so far.
Its value will be tuned by imposing the conditiomat a minimum ionizing particle
produces a signal detectable by the read-out eldcs. An efficient charge transport
through the interfaces and along the CNTs must gianezed in order to achieve high
charge collection efficiency. To measure and opénthis efficiency, some intermediate
structures are foreseen to be tested by meanseopdbsage of ionizing particles with
known energy through the active layer. Prelimiyarthot confined but free-standing
configurations of CNTs films will be used for tegjithe quality of the electrical bondings.

For obtaining a large efficiency in the detectidinis necessary to achieve high
signal-to-noise ratios. The noise of a signal igidglly expressed as Equivalent Noise
Charge (ENC) and, among other parameters, depentisecdetector capacitance and the
input gate capacitance of the front-end electrofild§. Also the leakage current of the
detector, which depends on the volume of the sgné&yer and on the working
temperature, contributes to the signal noise.

In the proposed configuration, a CMOS preamplifiecuit will process the signal
directly on the detector before transmitting itnigher level circuitry. Keeping as short as
possible the connections between the active laper the preamplifier contributes at
reducing the total capacitance. Recent advanc&MES technology reported that low
gate capacitance of charge-sensitive preamplifi@nsbe achieved, approximately down to
15 — 40 fF [18]. In order to maximize the signalAmise ratio the condition of matching
the sum of the detector capacitance and the fekdtsaacitance of the preamplifier with
the capacitance of the CMOS gate must be fulfilfé8]. On a side, the feedback
capacitance is a parameter that can be easilydvavith the geometry design of the
feedback element. On the other side, the detecapaaitance consists of different
contributes, that can not be reliably evaluateth@tmoment, since they depend also on the
properties of the interfaces between the diffetagers. As an example, if active layer
thicknesses of 5 — 10 um are used in the configurgbroposed in Figure 1.9, the
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capacitance seen by a single strip can be appreedynevaluated as 15 — 25 fF for a fully
depleted diode. In similar conditions, where theagitance of the detector and of the input
gate of the front-end electronics have values of ¥ fF, the Equivalent Noise Charge
(ENC) has been reported to be approximately asde®0 — 40 ‘€18]. For the supposed
thicknesses of 5 — 10 um, being the average geoerate of electron-hole pairs in silicon
approximately 80 pairs per micron, 400 — 800 paitsbe produced. The leakage current
is very low already at room temperature for thdsekhesses and, for typical sampling
frequencies, its contribution in terms of ENC camieglected [20].

The signal-to-noise ratio turns out to be betwe@radd 40. It is clear that this is
only an indicative value and that a more realistitculation of the signal-to-noise ratio
will have to be done on prototypal devices.

Since a binary read-out CMOS electronics will bedjst is necessary to limit the
charge spreading in the silicon layer. The changeading depends on the depletion
voltage applied at the p-n junction. In fact, aseadly discussed, half the charge is
contained within a radius

2
O = 095/Dt, = 095 /%xsV = 0955 K_eTxvl (1.2)

whereyu is the carrier mobilityD the diffusion constant the drift Iength,ﬂ =0.026V
€

andV is the applied voltage.

Generally, high resistivity (1 — 20¢kcm) silicon substrates are employed for the
fabrication of silicon detectors. However, suchhhgurity may be degraded by the high
temperatures of the technological steps requirediffe NanoChanT detector. A lower
resistivity has thus been foreseen for the apptinator a 50@2.cm silicon resistivity, the
minimum voltage to deplete the junction is approadety 1 V and 0.20 V for a junction
thickness of 10 and 5 pum respectively.

In order to contain as much as possible the chgwgeEading, higher depletion fields
can be applied, provided that the breakdown limitage of the device is not exceeded.
Generally, voltages up to 500 — 800 V can be agmiedetector thicknesses of 250 — 300
pm before the junction undergoes a breakdown etemtthicknesses of 5 um and 10 um,
depletion voltages of 2.5 V and 10 V are respebtiemough to gather half the charge
cloud inside the 500 nm pitch of the read-out eteuts.
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The overall precision of the detector will thusdbe rj/liﬁzh. For the supposed pitch

value of 500 nm, this finally turns out to be 150,rapproximately an order of magnitude
lower than the precisions achievable in the commaskd detectors. The high signal-to-
noise ratio evaluated, between 10 and 40, for thalyaed configuration is largely
satisfactory, so to justify the investigation oe ffroposed novel detector.
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Chapter 2  Nanotechnologies involved in the project

Nanotechnology is the topic that deals with physied devices in the hanometric
scale. Nanostructures are defined as having at ée@sdimension between 1 and 100 nm.
They can have three, two or only one dimensionuchsa scale, being referred as O-
dimensional, 1-dimensional or 2-dimensional namnmstires, respectively. Quantum dots
and quantum wells are other adopted names for-thed2-D nanostructures. Nanowires,
nanotubes and many other objects populate the arAdstructure family.

In the last decades they have gathered growingesttdecause of their peculiar
properties, which can be largely different fromitHaulk counterparts. This has opened
new technological possibilities and new physicalerpgmena to be developed and
investigated. The number of publications relatedh® Nano-World followed an almost
exponential growth since the mid-80s (Figure 2ii yarticular, the miniaturization trend
of microelectronics leads the group of all thedgeWwhere nanostructures promise to create
new opportunities. The properties of such objeessilt to be ruled by a “new” physics, as
guantized (or ballistic) conductance, Coulomb bémk (or SET, Single Electron
Tunnelling), size-dependent excitation or emissiod metal-insulator transition [21]. The
high surface-to-volume ratio and the quantum camfiant of electrons by the potential
wells of nanometre-sized structures are the caol#ss deviation from the well-known
bulk material properties.
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Controlling the size of these nanostructures mayide a powerful and versatile
method to control the electrical, optical, magneiicl thermoelectric properties of a solid-
state functional material. Nanostructures are aqunesietly expected to play a crucial role as
both interconnects and functional units in the ifairon of nanodevices, following a
“bottom-up” approach. The applications of such naized objects (nanodots or
nanowires), are investigated for a variety of elauts, optoelectronics, thermal and
mechanical devices [21, 22]. To make this sceractaal, some problems have still to be
overcome. That is, synthesis and fabrication ofos#@mctures with well-controlled
dimensions, morphology, phase purity and chemicaiposition are far to be successfully
achieved. In particular, for synthesizing 1-D ndnagures different methods have been
developed, all based on an anisotropic growth, sedceither by external constraints, like
in catalyst-driven synthesis or in templated one, ly intrinsically anisotropic
crystallographic structure of the solid.

The NanoChanT project idea rests on three nanastascin particular, that is
anodic aluminium oxide, metal nanowires and canbamotubes. As discussed before, the
feasibility of the carbon nanotubes solution hasnbevestigated in this thesis.

2.1 Carbon nanotubes

Carbon Nanotubes (CNTs) were firstly observed bgdm the mid-1970s [23],
but only in 1991 lijima reported clearly about thexistence [24]. Because of their
peculiar electronic and mechanical properties, thaye gathered a wide interest in
materials science research and many other fieldscamrently looking at them for new
intriguing applications. An almost exponential gtbwof the number of publications on
CNTs per year has thus been established (Figuje @ many reviews refer about their
properties and possible applications [25-28]. A albembracing list includes robust and
lightweight composites, gas storage devices, gasosg, vacuum microelectronic and
electronic devices.
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CNT-based composites are investigated mainly becdahe high aspect ratio
(length to radius ratio) and high conductivity makese materials excellent for conducting
applications. Electrostatic applications of sucmposites have been used in car painting.
Furthermore, CNTs are used to strength the mechlamind thermal properties of
composite materials and are especially intriguiog lbw weight structural composites.
Carbon nanotubes are also employed as templatecréating composite nanowires
structures, for instance, by means of direct vapwaporation of other metals on the tubes
surface [21]. If open CNTs are used, also metgasrfilling can be achieved by means of
capillarity or high pressure injection. The formarrangement is again utilized to
synthesize 1-D structures, whereas the latter @amuded for gas storage, of, Hor
example. Because of their mechanical stiffnessrembmetric dimensions they have been
investigated as alternative tips in scanning protieroscope. These applications are
already on the market. CNTs are efficient sensarsnfany gases, such as N@®Hs, H.0,

CO and CQ. The basic mechanism involves modifications ircteie transport features
along the tubes, when exposed even at low condemiseof the external gas. The presence
of gases can be revealed by monitoring changessaftance or capacitance [27, 29]. Other
promising or already developed fields of applicasidor CNTs are electrochemistry {Li
batteries, supercapacitors, fuel cells and actspfar, 28], and bio-medicine [30].

Generally speaking, it is worth noting that the lguaf the carbon structure can be
tuned depending on demands of the final applicatiot always a defect-free CNT is
indeed necessary. An optimum control of the stmattproperties is required in electronic
applications, where CNT chirality, location and g@ece of defects strongly affect the
electronic properties. For composites or thermaldoator applications, such a structural
perfection is not needed. Also constraints on theedsion change in a similar way.

In the following, a brief description of the CNTrsttural and electrical properties
is given, and some electronic applications aretghdescribed. Then, the different CNT
synthesis techniques are discussed. Finally, antlemg@ther possible applications, CNT-
based field emission applications are discussed.

2.1.1 Structures and properties

Carbon belongs to the IVA group of the elementdahbhving four electrons in its
outer valence shell; the ground state configurasa€2p’. Due to the similar energies of
these electrons, hybridization normally occurs. eBhpossible hybridizations exist for
carbon, that is sp, §pand sp. The first one gives rise to chain structurespedcone to
planar structures and the third to tetrahedralkctires. In diamond, carbon atoms exhibit
sp’ hybridization, in which four bonds are directedvénd the corners of a regular
tetrahedron, with a bond length betweer’ sarbons of 1.56 A. The resulting 3-
dimensional network is extremely rigid, which iseoreason for diamond hardness. Since
all electrons are localized in the bonds, diamoehaes as an insulator. In graphité sp
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hybridization occurs. Each atom is connected tedghrarbons (bond angle = 120°) in the
XY plane, and a weak bond is present in the Z axis. The C—€ Ispnd length is 1.42 A.
A hexagonal (honeycomb) lattice, typical of a shektgraphite, results from the sp
framework. The spacing between the carbon laye835 A. Electrons of thezporbital
are weakly bound, namely by a Van der Waals bond tlaus they result delocalized. That
is, electrons of thezorbital are free to move within this cloud and acelonger local to a
single carbon atom. This phenomenon explains whplgte can conduct electricity.

Carbon nanotubes (CNTSs), considered as a new fdrpuce carbon, can be
visualized as rolled hexagonal carbon networks #rat capped by pentagonal carbon
rings. There are two types of carbon tubes: simgl#- (SWNTs) and multi-walls
(MWNTSs). Ideally, the former structure results I trolling of a single carbon network,
whereas the latter consists of many nested coawxiay of single-wall CNTs. Both $pnd
sp’ hybridizations exist in the CNT structure, thetdatinduced by the curvature of the
graphene sheets.

The structure of a single-wall CNT can be describederms of its 1-D cell,
defined by the chiral vectd€, and the translational vectdr (Figure 2.3). The former
determines the direction of rolling a graphene tshed the tube diameter. It is defined as
the vector that connects two crystallographicatiyiealent sites in the starting graphene
sheet. Namedy and a, the unit vectors of the hexagonal honeycomb ktoé the
graphene plane, it can be expresse@@as na; + may, where (n, m) are the coordinates
of the lattice point superimposed with the origiefined as (0, 0). The vector T is defined
by the first intersection of the direction perpendar toCy, with the graphene lattice.

2 2
. Jm° +mn+n
Consequently, the diameter of the tube resultsetd 'sa , Wherea,
Vg

equal t0142x+/3 A, corresponds to the lattice constant in the lgeap sheet. A typical

SWNT diameter can be approximately 1.4 nm, wheMd&8NTs can achieve also a
hundred of nanometres.

Three different types of SWNT can be generated niipg on the different chiral
angled, defined as the angle between the (0, m) dire@madCy, (or equivalently (n, m)).

Armchair tubes are defined by chiral vector asplp,zigzag one by (p, 0), and the
remaining are called chiral. The respective elextrproperties changed from metallic to
semiconductor. Theoretical studies indicate thataamchair tubules, i.e. (p, p), are
metallic, as well as zigzag ones for whic%—m;nis an integer. All the others are
semiconductors, with band gaps that depend onutie ¢hirality and diameter. It is worth
noting that this difference does not come fromeadtdéht chemical bonding between carbon
atoms. The exceptional electronic properties of €Ndre caused by the quantum
confinement of electrons normal to the nanotubs.dri the radial direction electrons are
confined on the graphene sheet and thus electemmpropagate only along the nanotube
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axis. The resulting density of the states (DOSEfimm depends on the standing waves that
are thus allowed (Figure 2.3).

Armchair tube (5,5)
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Figure 2.3.0n the left, the definition of the 1-D cell of &8IT by means of its chiral
vector C, = na; + ma, (a; and a, are the unit vectors on the honeycomb lattice of
carbon atoms) and its chiral anglgmeasured with respect to the zigzag axis). The
translation vectofl is also depicted [25]. On the right, density aftes (DOS) for a
metallic armchair SWNT (a) and for a semiconducigrag SWNT (b). Spikes in the
DOS result from the 1-D quantum confinement ofdtractures [27].

The resulting properties of single-wall and mulaiis CNTs have been widely
investigated, ranging from electronic to mechanaa thermal ones [25-28]. Generally, it
is worth noting that the CNT properties depend ba &ctual geometrical structure
(defects, chirality, diameter, etc) of the tubesl am degree of crystallinity. Therefore,
CNT physical properties are determined by the erpartally measured tubes or bundles
and thus they also depend on the utilized synthesimique.

The ability of synthesize CNTs with a given chinalis fundamental in electronic
applications since the electrical properties of tiwbes depend on their chirality.
Furthermore, it is highly desirable to be abletovgCNTSs in a particular location and in a
specified direction on a substrate. The latterasseems to have been achieved so far, even
if partially. The former is still a challenging kein the CNT researches.

If low ohmic contact resistance between the tula the metal leads is achieved,
the intrinsic electrical properties of the CNTs cha studied. MWNT conductivity
measurements have demonstrated both metallic and@aducting behaviours. At 300 K
resistivity has been measured between 1.2%dl 5.1 — 5.8 « 10Q.cm. Band gap for
semiconductor SWNTs varies between 10 and 500 neMn if they have similar
diameters. For same-—chirality semiconductor narestulithe band gap is inversely
proportional to the diameter.
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At room temperature, both SWNTs and MWNTs exhibitfudive transport
behaviour, if metallic. Resistances on the ordetesfs to hundreds of(k have been
measured in metallic SWNTs with several micronglenAt low temperatures SWNTs
can behave as quantum wires. Electron conducti@nsimgle perfect CNT occurs through
discrete electron states over large distances, Igam&ny hundreds of nanometres. This
behaviour is referred to as ballistic transportd anvolves a conduction mechanism

without electron scattering. It has been experiagntrevealed, since the conductivity
2
approaches the theoretical quantum conductance bhdG, =4%, l.e. 6.45 K in

resistance. For metallic SWNTs the coherence leisgtittremely long and the presence of
defects does not alter the situation. For semicciaduones, the coherence length is
considerably shorter.

On the other side, MWNTs show a similar behaviaarspite of their larger
diameter and multiple shells. In fact, it has beefact reported that the current transport is
dominated by the outer metallic shell [31]. Onlygktly differences occur because of
additional coupling between nested shells. Theee taus some evidences that, under
certain circumstances, the transport in MWNTs cabdilistic too [25, 26].

Quantum phenomena as single electron charging gatoéhb blockade) occur on
CNTs that are poorly contacted with the metal leadss phenomenon occurs if two
conditions are met by a small metallic dot (heteltze) connected to two electrodes. The

first condition is that the contact resistanceargiér than the resistance quanﬂsgn:F.
e

The second is that the dot is sufficiently smaéinte the capacitance small, so that the
2
: . e .
energy needed for adding an electron to the system_—, is larger than the thermal

C
energy KT. The capacitance of a CNT scales linearly with itiverse of its length. For a
micron long CNT, the single electron energy is hegltough for the Coulomb blockade to
be observed at about 4 K. Electron transport odtwrs via individual electrons.

Besides to allow investigating the intrinsic eleaic properties of CNTs, to
establish reliable low ohmic contacts is one ofrthikestones in the integration of CNTs in
the IC technology. Generally, contact resistancegsvéen CNTs and leads can be of the
order of several decades of2kup to MQ. Titanium-based contacts seem to allow the
achievement of the best results [32].

Carbon nanotubes can carry extremely high currensitly before failing as a result
of electromigration. The maximum achievable currensities, 19— 10° A/cm? [28] are
largely higher with respect to the one of any mdtalk three orders of magnitude larger
than the Cu one. Consequently, CNT-based vertioctdraonnects, or vias, seem to
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represent an optimum solution in replacing metasn silicon ICs, where the reducing of
the features sizes forces interconnects to witlistager current densities [33].

Figure 2.4.Field effect transistor behaviour for an individ@NNT. On the left, I-V
curves for a semiconducting SWNT under various gateges Vg. The gate voltage
is applied to the sample substrate illustratechenright part. On the right, the | vs4 V
characteristic for the nanotube is also shown [29].

Semiconducting SWNTs exhibit Field Effect TransistET) behaviour (Figure
2.4) at room temperature [29]. That is, their cartdnoce can be changed dramatically (by
orders of magnitude) by gate voltages. As-grownisenducting SWNTs have been
proved to be hole-doped p-type FETSs, with holedaligm and diminished conductance
(from typically 100 K to 1 MQ) by positive gate voltages. The natural-occurohthe p-
type has been associated with molecular oxygenrptiso by the SWNTs. Removal of,O
leads to recover nearly intrinsic semiconductinigas&our. Furthermore, it is also possible
to dope CNTs with the intention of creating a pdndtion [13]. In analogy with bulk
semiconductors as Si, N and B dopants can be osgltange the majority carrier from p-
type to n-type in a CNT. MWNTSs have been used asd-p-type material so that novel p-
n junctions and transistors can be created. Ibkas shown that N-doped CNTs behave as
n-type nanowires [14], whereas B-doped tubes apttgpe conductors [15]. Other species
have been used for CNTs doping, such asIBas hole-dopants and K and Cs as electron-
dopants. A progressive K-doping has been repomedhake a semiconductor SWNT
evolve from p-type to intrinsic and then to n-tyggmiconducting states [34].

Additionally, the existence of SWNT metal-semicoctdu junctions, created by
the presence of a defective pair heptagon—pentagtime tube, has been revealed. This
structure behaves like a rectifying diode.

Semiconducting CNTs have thus been intensively agggl in recent years for
nanoelectronics devices, including transistors, lagit devices. Large on-off ratio, high
gain (> 10) and room temperature operation has Ipgewed in real CNT-based FET
devices. Many digital logic devices have thus bpmduced, namely an inverter, a logic
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NOR, a static random-access memory and an AC soijator. Also OR, AND, NOR and
NAND logic-gate structures have been developed rpleying crossed nanotubes p-n
junctions and junctions arrays [13, 35].

Besides horizontal configurations with respect e substrate, CNT-based field
effect transistors have been proposed also in icakarrangement, in order to achieve a
higher integration density in real devices [16,.38] particular, a high CNT-based FET
density have been reached employing the synth&é€ifNds inside the pores of an anodic
aluminium oxide template [16].

2.1.2 Synthesis of carbon nanotubes

Many groups are focused on the definition of aat#é synthesis model for
describing the CNT growth and many mechanisms Hheaen proposed. However, it is
very difficult to control actual experimental cotidns and to monitor the CNT nucleation.
In-situ characterizations seem to be needed foifyugy theoretical models and thus
advancing in this field.

Hence, a unique synthesis model has not been issiadhlso far. Some models had
been developed for accounting the growth of carblaments by means of pyrolytic
approaches. Namely they involve carbon diffusioroulgh the catalyst nanoparticles or
carbon diffusion on the catalyst nanoparticles.ides the former situation is separated in
two sub-cases depending on the position of thdysatduring the growth, at the top of the
carbon filament (“tip-growth”) or at the bottom @be-growth”). These models have been
considered also to describe, under some adaptattemgrowth of CNTs [36, 37]. It has to
be stressed that they all agree in predicting ttmatdimension of the synthesized CNT is
strongly correlated to the dimension of the catalymnoparticle. Hence, metal
nanoparticles of controlled size can be used tovg@NTs of controlled diameter,
determining the formation of SWNTs or MWNTs [38,].3Broadly speaking, when the
particle size is a few nanometres, SWNTs form, wagra few tens of nanometres wide
particles favour MWNTSs formation. Thin films of edyst coated onto various substrates
have also proved successful in achieving unifornT @Eposits [40].

The bulk carbon diffusion models involve the deposition of the carbon
feedstock gas on the top surfaces of the metalysatand the creation of Hand G
species. The carbon fragments then diffuse throtlgh catalyst nanoparticle and
precipitate at the other side of the filament, fe tolder zone of the particle, thereby
allowing the filament to grow. This process conéswntil the catalytic activity of the
nanoparticles is neutralized or the carbon spestgs reacting with the exposed end. This
model, known as Vapour — Liquid — Solid (VLS) madehs firstly developed by Wagner
first [41] and then Baker [42] and it involves tloeeation of a liquid metal carbide
compound which, when a super-saturation is reagiredjpitates out in the solid form of a
fullerene cap extending into a carbon cylinder,hwito dangling bonds and, hence,
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minimum energy. The achievement of conditions undgch the carbon-containing metal
nanoparticles is melted results favoured by theomaatric size of the clusters and by the
presence of a carbide solution [43, 44].
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Figure 2.5. Bulk diffusion growth model. The metal particle (Mpatalyzes the
pyrolysis of the carbon-containing gas (hegglg. Carbon diffuses through the metal
and then precipitates at the other end in the fafrgraphite. Above, the metal particle
remains at the top of the tubule (“tip-growth”). |8, it remains attached at the
substrate (“base-growth”) [27]. The process comsuntil the catalytic activity of the
particle is deactivated.

Depending on the adhesion of the catalyst at thstsate, the nanoparticle can be
lifted up during the CNT growth, and hence a “tio;ngth” occurs, or it can stay rooted at
the substrates, having a “base-growth” (Figure.2t5% not rare to find as results of the
same synthesis process, both the kinds of growtlihensame sample. Moreover, the
graphene sheets tensile strength can split pdeofiquid particle, which is thus included
inside the tube length.

A different model involves the diffusion of carbam the catalyst nanoparticle
surfaces rather than in its bulk, and hence thbaraprecipitation at the other end of the
particle (Figure 2.6) [23, 45].
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carbon

carbon

carbon

Figure 2.6. Surface diffusion growth model. Differently frometiprevious case, after
the pyrolysis of the carbon feedstock gas, carbifusgés on the surface of the particle
and then precipitates in the form of graphitic domed27].

Other different mechanisms have been proposed,lvimgp solid state of the
nanoparticles during growth [37] or preferentiabwth at mono-atomic step edge in
catalyst clusters [46]. The issue is still far ®oresolved. It has to be noted that there may
be not a unique mechanism for the production di@afilaments and nanotubes using the
hydrocarbon decomposition at elevated temperatByeshanging parameters such as type
of hydrocarbon, metal catalysts, nanoparticles, siagier gases and temperature, different
filaments having various morphologies and degrégsaphitization can result.

CNTs (single- or multi-walls) can be produced usittifferent methods, which
mainly involve gas phase processes. The main tgobhaiare nowadays the electric arc-
discharge, the laser ablation and the chemicalwageposition (CVD) ones [25, 47].

The optimal conditions for CNT generation using thkectric arc-discharge
technique involve the passage of a direct curr80+100 A) through two high-purity
graphite electrodes separated by ~1-2 mm, in Hesgthawe (500 Torr) (Figure 2.7, left).
Also CH,; and B have been successfully employed in the produatfdngh quality CNTs.

During arcing, a deposit forms on the cathode, eh&the anode is consumed. The
deposit consists of curved and dense grapheneslayet of bundle-like structures, which
exhibit randomly arranged MWNTs and graphitic paes. In addition to MWNTS,
SWNTSs can also be produced if a metal catalystided in the graphite anode rod. The arc
method usually involves high purity graphite eled&s, metal powders (for producing
SWNTSs), and high purity He and Ar gases; thus tietscassociated with the production of
SWNTs and MWNTSs are high. Although the crystaliinitf the material is high and the
yield per unit time is also larger than the otheetmods, due to the higher growth
temperature involved in the arc-discharge methbdret is no control over dimensions
(length and diameter) and alignment of the tubesredver, by-products such as
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polyhedral graphite particles (in case of MWNTshcapsulated metal particles (for
SWNTs) and amorphous carbon are also formed.

A different method of producing MWNTSs is a high-pemdaser vaporization of
pure graphite targets, inside a furnace at 1200irf@&yr atmosphere. The laser furnace
consists of a furnace, a quartz tube with a windmwgrget carbon composite (doped with
catalytic metals if SWNTs have to be produced),adewcooled trap, a flow systems for
the buffer gas to maintain constant pressures kvd fates (Figure 2.7, right). A laser
beam (typically a YAG or a CQaser) is introduced through the window and foduseto
the target located inside the furnace. The Ar ftate and pressure are typically 1 cm/s and
500 Torr, respectively. The produced CNTs are cpedeby the buffer gas to the trap,
where they are collected.

High crystallinity has been reported to originatehigh-power laser vaporization
and homogenous annealing conditions, but also thithtechnique a purification process
is necessary to remove low quality by-products. édoer, a better control in the CNT
morphology is achievable. Actually, it was notiabdt the diameter of the tubes depends
upon the laser power. Increasing the laser pulseepdhe diameter of the tubes becomes
narrower. Also furnace temperature, catalytic mgtpé and flow rates affect the SWNT
diameter. However, the laser technique is not ewocally advantageous because it
involves high-purity graphite rods and high lasewprs are required.

b
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Figure 2.7.Schematialiagrams of the arc-discharge (left) and the labdation (right)
apparatus for the CNT synthesis [47].
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Catalyst-assisted Chemical Vapour Deposition (C-CMB one of the most
promising methods for producing CNTSs. It involvetharmal decomposition of a carbon-
containing vapour (generally a hydrocarbon) inghesence of a metal catalyst.

Compared with arc-discharge and laser methods, @V® simple and economic
technique for synthesizing CNTs at low temperatarel ambient pressure. This is
fundamental for the integration of CNTs synthes@cpss in the IC technology, even if a
price to pay for this integrability is a lower ctgiinity of the CNTs. Another advantage of
this technique is the versatility. It can use aiatgrof hydrocarbons in any state (solid,
liquid or gas), it is ideally suited for growingighied CNTs on desired substrates for
specific applications, which is not feasible by ard laser methods, and it allows CNT
growing also in desired architectures of nanotubegpredefined sites on a patterned
substrate. Finally, it also offers better contreéogrowth parameters.

A diagram of the setup of a basic CVD system forTCitowth is displayed in
Figure 2.8. The process involves passing a hydbocarvapour (typically for 15-60
minutes) through a tube furnace in which a catatyaterial is placed at sufficiently high
temperature (600-1200 °C) to decompose the hydvonalCNTs grow over the catalyst
and are collected upon cooling the system to roemperature. In case of a liquid
(benzene, alcohol, etc.) or solid hydrocarbon (daonpnaphthalene, etc.), a vaporization
of the carbon-containing precursor is performeémother furnace at lower temperature,
and after an inert gas purged through it, to creyvapour into the reaction furnace. The
catalyst material may also be solid, liquid or gasl can be placed inside the furnace or
fed in from outside. Pyrolysis of the catalyst vapat a suitable temperature liberates
metal nanopatrticleis situ. Alternatively, catalyst-plated substrates camplaeed in the hot
zone of the furnace to catalyze CNT growth.
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Figure 2.8.Schematic
diagrams of the CVD
apparatus for the CNT
synthesis.
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In addition, the material, morphology, and textupabperties of the substrate
greatly affect the yield and quality of the resudtiCNTs. Strong metal-support interactions
allow high metal dispersion and, thus, a high dgnsi catalytic sites and prevent metal
species from aggregating and forming unwanted lasigsters that lead to graphite
particles or defective MWNTSs [48]. Silicon, silicodioxide, graphite are commonly
employed substrates. Alumina materials are repdddie good catalyst supports because
of their strong metal-support interaction.

The three main parameters for CNT growth in CVD thie carbon feedstock and
catalyst type and the growth temperature. MWNTsgareerally produced by CVD at low-
temperature (600 — 900 °C), whereas higher temp@s{900 — 1200 °C) are required for
SWNT growth. This indicates that SWNTs have a higireergy of formation, owing to
their small diameter, which results in high curvatand high strain energy. Consequently,
MWNTs are more easily grown from most hydrocarbons.

For obtaining high yields of pure CNTs it is fundamtal to achieve hydrocarbon
decomposition on catalyst sites alone, avoidinghspeeous pyrolysis, which can result in
the deposition of amorphous carbon or defectivectiires. Common efficient precursors
of MWNTSs (e.g. GH,, C¢He, etc.) are unstable at higher temperatures arslldad to the
deposition of carbonaceous by-products. On therapntSWNTs can only be grown from
selected hydrocarbons (e.g. CO, L£Htc.) that have a reasonable stability in the
temperature range of 900 — 1200 °C.

Transition metals (Fe, Co, Ni) are the most commarded catalysts for CNT
growth [36, 49], since phase diagrams suggestfsolubility of carbon in these transition
metals at high temperatures. The fact that thesalsnare efficiently used also in arc-
discharge and laser methods indicates that therdiff methods might have common
growth mechanisms for CNTs, which are not yet cl@drey exhibit similar catalytic
behaviour, but the relative CNT syntheses slightiffer in terms of graphitization and
dimension of the products and the growth rate [A®o bi-metallic catalysts, such as Fe-
Mo, have been recently triggered new interest fefding high purity CNT growth. A
detailed overview over the catalyst role in the Csfithesis can be found in [36].

Microwave plasma-enhanced chemical vapour depasfi&-CVD) systems have
been widely used to grow continuous carpets ofhaligcarbon MWNTS, using different
substrates, carbon sources and metal catalystsvat temperatures with respect to the
ones employed in a standard CVD process [50]. @p@oach is also advantageous for
depositing vertically aligned CNTs and it allowsetlsynthesis at temperatures more
compatible with the ones commonly adopted in theiliCon technology. However, it has
been reported that the quality of the PE-CVD sysitteel CNTs is considerably lower with
respect to that of the CNTs produced by meanseoC¥D process [51].
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Another technique is based on template growth $2%, Usually a highly ordered
nanoporous alumina is adopted as a template. Codtaltyst is electro-deposited inside the
template channels. Large arrays of parallel andlasd CNTs can be produced at 650 °C,
with geometrical features (diameters, length andsiyg) tuneable by varying the pore
dimensions. High periodicity and uniformity can &ehieved, but the structural quality of
the CNTs is not satisfactory so far (Figure 2.9), [53].

Figure 2.9 (a) SEM image showing
20 40 60 tiited view of a highly ordered carbon

Diametermm) | npanotubes array grown in a
nanoporous alumina template. The
inset at the left is an enlarged view of
the tubes. The inset at the right is a
histogram of the nanotube diameter
showing a narrow size distribution
around 47 nm. (b) Schematic of
fabrication process [52].

NCA template Cobalt catalyst Carbon nanotubes ( b)
Al anodization Co deposition i
- position = C H, pyrolysis

2.1.3 Field emission from carbon nanotubes

The interest in field emission and field emissi@vides has largely grown in the
last decade due to prospects of the introductiofietdf emission electronics (i.e. displays
and microwave tubes) and the development of nelel émission materials, among which
carbon nanotubes collected wide interest for tperuliar features. The covalent bonds
between carbon atoms result in an activation enfenggurface migration much larger than
the one of the usual metallic emitter materials @d Mo tips, for example).
Electromigration is indeed the main reason of thet fdegradation of the conventional
metal sources. On the contrary, the CNT tip carhsténd the extremely strong fields
(several V/nm) required for field emission. CNTscgustain large current density and
exhibit a large aspect ratio and a good conduct@2®f They are also chemically inert
and react only under extreme conditions or at éghperature with oxygen or hydrogen.
Therefore, they are promising for working at relatiow vacuum, allowing a wider usage
in commercial applications. Displays (Figure 2.16Y%] and lighting elements [55]
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employing CNT-based field emitters were firstly ggated. Cathode-ray lamps [56], X-
ray-tube sources [57], electron sources for higioltgion electron-beam instruments such
as electron-beam lithography machines and electmicroscopes [58] are currently

investigated.

Figure 2.1Q Carbon nanotubes field emitters display, devaldpe Samsung (right).
SEM cross-section of the carbon nanotubes, growmnmbgns of the arc-discharge
method and then dispersed on the metal electreti® [84].

Electron sources can be fabricated by means of G&SEd devices in two different
configurations. The first one employs a single Cé#itter and it is used in applications
where a highly coherent electron beam is requii@dexample in electron microscopy. It
generally involves the mounting on a metal suppbi single CNT, synthesized by arc-
discharge or laser ablation methods [58].

The second setup utilizes a CNTs emitters arraig dfenerally employed in flat-
panel displays and it needs post-growth techniqsash as the dispersion of CNT-
containing suspensions or the application of CNifitaming epoxy matrix on a support
[54, 56]. A common drawback of this simple techmgis that the obtained cathode
morphology can not be controlled. On the contraryan ideal field emission device all
emitters should have exactly the same dimensiogiglfh diameter and spacing). For this
reason, a direct synthesis of CNTs on patternegstgp by means of the CVD method is
deeply investigated. The density of the emitterd toeir diameters can be controlled by
tuning the amount of the catalyst delivered to sbbstrate and the catalyst nanoparticles
dimension respectively [59]. Obviously, the intetation of the field emission
experimental data is largely more problematic f@NiT-based emitter array with respect
to a single CNT emitter device.

Field emission consists of a tunnelling currenotigh a potential barrier between a
metal surface and vacuum. It is theoretically dbsd by the Fowler—Nordheim (FN)
equation [58, 60] which relates locally defined wjittees such as the electric fied
applied to the emitter and the emitted current iieds That is,
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2 Bg?
AE e E (2.1)

J(E) =

whereA =154+ 1F AeV V% B=6.83+18eV*?V m* and¢ is the work function of

the emitter. It has to be noted that the equatioldshexactly only for 0 K, but it was
demonstrated to be also valid up to several hundegdees Celsius. At higher temperature
(above 1000 K) other mechanisms are also involvedlectron emission, that is to say
Schottky emission and thermionic emission [58].alrso-called Fowler-Nordheim plot,

where In(éj Is plotted agains%, the field emission behaviour is represented by a

straight line.

The local electric fielcE at the emitter surface has to be around 2 — 3 kVipr
activating the field emission phenomenon. On astigace, the local fiel& results larger
than the applied macroscopic external fiElgr. For emitters supported on a flat surface
their relationship can be expressed as

E = fEo = fa (22)

whered is the inter-electrodes distandéthe applied voltage angithe field enhancement
factor. Different expressions are reported for tieédd enhancement factor, which is a
function of the geometrical features of the emiti®pproximately, can be evaluated

asﬂz? [59], whereh andr are the height and radius of the emitter, respelgti More

complex formulas exist that take into account d@lsoinfluence of the counter electrode,
particularly of the inter-electrodes distandg61]. These theoretical models hold for a
hemisphere on a cylinder, but in actual emitters tdonfiguration is commonly missed.
For CNTs in particular, the tip can be taperedi, flgpened or can also have some
protrusions. These differences can produce anaserén thes value up to a factor two,
which can easily lead to a factor of 10 increasimthe emitted current. For emitter arrays,
another effect that has been proved to alter ther#tical value of the field enhancement
factor is the emitter density. An electrostaticesering effect occurs if the emitters are too
closely packed, resulting in a decreases.oSince for field emission device a high total
current is usually required, the emitter densitg cat be too low. The optimum density
corresponds to a spacing between emitters twicerttiters height (Figure 2.11) [59, 62].
It is worth noting that the effective number of &ing site is lower than the film density.
Typically, the CNTs density in a film is approxiregt 1G—10° cm?, whereas emitter
densities of 18-10* cm? have been reported. However, other measurementke in the
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higher value of 16-1¢° cm? [63]. Together with density, also CNT orientatiom the film
affects the emission.

0 2 4 B8 8 10
(a) Distance between emitters | [um]

Figure 2.11. The field enhancement factor of a film of emittéssreduced by the
reciprocal screening effect of the emitters. Thénogpm solution is achieved for a
distance between the emitterstwice the height of the single emittbs,[59].

In order to characterize different field emissioevides the commonly adopted
figure-of-merit is the macroscopic electric fieldquired for extracting some reference
current densities. A “threshold field” is definesl the applied field required for extracting
10 mA/cnf, which is the current density necessary to aaigaphosphor pixel. A “turn-on
field” is achieved when the current density is [#&/cm?. This figure-of-merit has some
drawbacks, but is nevertheless the most commordg us comparing different devices.
Indeed, it has to be stressed that such an appfoeds to interpret the field enhancement
factor f as a parameter which characterizes the entireelelbeing a mean value if many
tips compose the cathade

Threshold and turn-on fields as low as 1 V/um andjbom respectively have been
reported for CNT films [63]. As a reference, hothzale field emitters, based on Mo or W
tips in gated configuration, commonly work at 5Q60 V/um (Table 2.1). Nanotube films
are able of emitting current densities up to a felem? at field below 10 V/pum. Single
CNT can withstand an emission current up to 0.2 Awdother relevant feature of the CNT
emitters is the narrow energy spread of 0.2-0.3kthe emitted electron beam. This is
particularly critical in applications to electroawsces where the beam has to be focused in
a fine spot, as in electron microscopes and eledisam lithography machines, since this
limits chromatic aberrations [58].
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Table 2.1
Material Threshold electrical field (V/pum
Mo-W tips 50 -100
Si tips 50 — 100
Undoped, detective diamond 30-120
Amorphous diamond 20 -40
Graphite powder (< 1 mm size) 17
Nanostructured diamond 3-5
Carbon Nanotubes (SWNT films) 1 — 3 (stable at dni)

Table 2.1. Comparison between different materials as fieldttens. The threshold
electrical field is defined as the electrical figlelquired for the extraction of a 10
mA/cn? current density [25].

The exponential dependence of the emitted currernh® electric field makes the
field emission phenomenon much unstable, beingacitewized by step-like fluctuations,
especially at low emitted currents [64]. In factee small variations in the field result in
huge difference in the emitted current. A variapibf less than 2.5 % in the electric field
distribution can cause current fluctuations of 80P6ssible causes of such variations can
be the presence on the CNT surface of adsorbatéztules (probably water) that enhance
the emission [65], but that can be desorbed whenQNT temperature grows above a
threshold due to Joule effect. The presence of suslorbates can also affect the actual
emitter work function. Another drawback of this exgntial relationship exists. The
emission current is dominated by few CNTs, whossgarical features give them a larger
field enhancement factor. Most of the current pagheough few CNTs, whose lifetime
results shortened. This gives rise to fluctuationthe emitted current, consisting in large
current jumps. Several ways have been proposeediace current fluctuations. An initial
cleaning of the CNT emitter by means of a thernedtimg up to 1000 K in ultra-high
vacuum [65], to remove adsorbates and impuritias, been reported. The stability results
largely increased if the temperature is maintaiae00-900 K during the emission, so
that the molecules desorption continues. Anothethatk involves a thermal heating,
induced by Joule effect obtained forcing a curremtission of over 1 YA for several
minutes [66]. This approach requires long CNTs amgbod electrical contact of the CNTs
with the substrate.

The interpretation of the field emission phenomeisofurther complicated by the
different experimental setup (i.e. planar or spta@rtip anodes, different inter-electrodes
distances...). Moreover, some incompatibilities ipexmental results arise from different
experimental objectives. Some authors are intet@stphysical insights of field emission,
some others in practical applications. Zhirnov aatlleagues [67] clearly stressed the
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necessity of a “standardization” of the field enoasmeasurements. This is a general
necessity for field emission devices of every kinok only for CNT-based ones.

The main cause of problems with the interpretatibfield emission results comes
from a misleading application of the Fowler—NordahgFN) equation (2.1). This equation
links physical quantities that are locally definétkvertheless, an adapted equation which
involves the physical quantities experimentally swgable, that is to say the total collected
currentl and the externally applied voltageis commonly adopted. That is,

(V) = avze'VE (2.3)

These quantities are the ones technologically esterg, but they are not suitable
for directly verifying if the current emission ismtrolled by the field emission mechanism
rather than by other mechanisms such as thermo-iemission or internal secondary
emission [58].

Experimental results are commonly interpreted bggiequation (2.3) and a link to
the FN equation (2.1) is established by convertitog) andV to E by linear factors:

J =
S

(2.4)

E=p” (2.5)

whereSis the emission area, d is the “planar” anode ama cathode distance.

The current density is the main physical quantiyoived in comparing different
devices, and so the evaluation of the parangienvery important. As illustrated in Figure
2.12, which refers to the case of a single emittevice, different definitions of the
“emission area’Scan be given, which strongly affect the derivetligafJ.

A first approach consists in extracting the emissaoea from the intercept of the
FN plot. Typically, this method gives a value fdreteffective area size @&y (the
subscript refers to the FN plot, which is used tfo¥ estimation) about 1 — 10 % of the
physical tip radius in the range 10 — 100 nm [@Te relation betweeS:\ and the actual
emission site is still debated, but it is cleart tbach small values always result in large
current density. Another possibility is to use fiteysical area of the emitting tip, which
also results in high current density. Since suclpr@gch can be hardly useful to
characterize actual devices, better definitions lameed to the cathode geometry. The
emission areas practically useful are the emissitenarea (and the emission site density)
and the total cathode area (independent of the aumbemission sites). The figure-of-

43



Chapter 2 Nanotechnologies involved in the project

merit for device applications is the integral cuatréensity, i.e. the total current emitted
divided by the entire cathode area. It is worthingpthat these problems exist both for
single-tip and for multi-tips devices, if one scathe problem to the number of emitters.

I=10 pA, J=? 'FNemission area’
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Figure 2.12.For the same emitted current, the evaluation ofctiveent density of the
field emitter strongly depends on the adopted déafimof the emitting area [67].

These considerations have to be applied to therdiit experimental setups. A
plane-to-plane capacitor is a common configuratiainere both the electrodes are
macroscopic with respect to the emitter sites aedrter-electrodes separation. The main
disadvantage of this setup comes from the possitialignment between the two
electrodes, resulting in electric field non-unifaiyn Another experimental setup is the
sphere-to-plane configuration, where the anodeescribed as a macroscopic spherical
electrode. Misalignments here do not reflect ircqwaacy in the gap distance evaluation.
However, it is not simple to estimate the effeciission area because it depends on the
anode-to-cathode distance. Other configurationg laégso been used in literature.

With regards to the stability of the CNT field etars, the lifetime of individual
CNT is long, up to several hundred hours. An emissturrent of 10 mA/chwas
maintained for 8000 hours requiring only an 11 %rease of the applied field [56]. The
failure mechanisms are not fully understood so agh currents are mainly supposed to
limit the CNT emitter lifetime. A gradual decreasefield enhancement factor has been
observed due to field evaporation of a SWNT bey8dd nA-1 pA, and to damaging of
the tube walls of a MWNT. MWNTSs can sustain curreptto 10 pA, but above 1 pA the
emission is unstable and the lifetime reduced [B8fupt failures have been also reported,
supposedly due to mechanical failure caused bystresiheating at the contact or by
tensile loading of the emitter under the applieeceic field [58, 68]. A sudden failure
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mechanism is also arcing, i.e. an arc betweenribdeaand the cathode that is initiated by
field emission [69]. Such events can be causedidpy field emission current, anode out-
gassing or local evaporation of cathode material theate a conducting channel between
the electrodes.

2.2  Anodic aluminium oxide

One of the key nanotechnologies for the detectoeldpment is the fabrication of
an insulating template that has a high regularitg aubmicron porous structure. The
template has also to allow the growth, inside @mathannels, of 1-D nanoconductors,
being carbon nanotubes or metal nanowires. Temgplatiesis of nanostructures, such as
nanodots or nanowires, has been widely investigsiteck it is a simple, high-throughput
and cheap alternative to the electron beam lithggratechnique. Moreover, template
driven synthesis allows a highly uniform growthstfuctures with similar dimensions. Its
main drawback is that the produced nanostructueesféen polycrystalline.

Many template materials exist. For instance, polyfiheas containing track-etched
channels can be used. This technique involvesyarolfilm which is irradiated by means
of heavy-ions to generate damaged spots in thasudf the film. A subsequent chemical
etching amplifies these spots generating uniform eylindrical pores through the film
[71]. However, pores obtained with this method aften randomly distributed over the
surface. On another side, mesoporous materials;hwtnntains channels much smaller
(1.5 — 30 nm in diameter), are not suitable for tgrewth of high aspect ratio 1-
dimensional nanostructures, such the one requirédtki NanoChanT project.

Anodic Aluminium Oxide (AAO), or alumina, preserdsself organized structure
which can achieve, under particular synthesis d¢ardi, a high level of regularity that
makes it a proper choice for many applications.iha presents also insulating properties
[70]. Many materials have been employed in the alantemplate driven synthesis, such
as metals, semiconductors, ceramics and organymeos [21]. Also the synthesis of
CNTs has been reported inside the alumina nanoetaifit6, 52]. Therefore, the anodic
aluminium oxide fulfils all constraints imposed thye project.

2.2.1 General properties

Oxidation is the reaction of a material with oxygenth subsequent formation of
an oxygen-compound, or oxide. The way in which @amexidizes can be influenced by
changing the reaction environment. Normally, atexiposure a thin layer of oxide forms.
This layer separates the deeper metal from ther@mwient and prevents the oxidation
from continuing. A thicker oxide layer can be obtad by using different processes, as the
anodic oxidation.

Anodic oxidation, or anodization, of aluminium ca@ts in submerging the
aluminium in a solution containing ionic oxygen-gooands, i.e. an acid, and applying a
voltage between the aluminium and a counter eldetrdhe aluminium is used as anode,
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hence the name anodization. The resulting produdalled Anodic Aluminium Oxide
(AAO), or alumina.

Anodic aluminium oxide coatings can be classifiedoading to whether or not the
electrolyte applies appreciable solvent action ba btxide. Three situations can be
distinguished [72].

When acids with weak etching activity are used, fbemed oxides will be
dissolved very slowly. Initially, high current fl@vin the system and oxide is formed
rapidly, but after a relatively short time, currdloiw decreases to a relatively low steady
value, and the coating is completely formed. Tha&lexayer will be a thin non-porous
layer, whose thickness depends linearly on the ieghploltage, with a rate of
approximately 1.4 nm/V. The formed oxide layer agsa protective wall between the acid
and the remaining aluminium. Boric acid is a pdssadectrolyte for this kind of anodic
oxidation.

The reverse situation will occur when a highly-agggive acid is used. In this case
the acid etches the oxide away about as fastiasreated by the oxidation reaction. The
final product will be a very thin layer of oxideu&h a procedure tends to even out the
irregularities of the starting aluminium surfacaldahus produces a bright highly reflective
surface. This polishing of the surface, usuallyenefd as electropolishing, is commonly
carried out as a pre-treatment of the aluminiumpdambefore the anodization process.
Fluoboric acid can be used in this case.

The third situation is the one of interest for téag applications. Making use of
moderately strong acids, as oxalic, phosphoricuiphairic acid, a porous oxide growth
occurs.

Submitting aluminium to porous oxidation resultsaidayer of aluminium oxide
whose geometry can be schematically representachaseycomb structure, characterized
by a close-packed array of columnar hexagonal,esdish containing a central pore normal
to the surface (Figure 2.13). These pores propatatewards as long as the anodization
is continued. Between the pores and the remainlmgrinium a “barrier layer” of non-
porous aluminium oxide exists. The thickness of thyer is thin enough to let current pass
and let the process continue. Meanwhile, the las/atso etched away from the above so
that the pores can grow deeper and deeper intoalin@inium. Eventually all the
aluminium can be oxidized. The resulting array ofgs can achieve high aspect ratio:
typical values are 50 nm for the diameter and 50fpmthe length (but thicknesses up to
100 — 200 um have been produced [73]), which yael@spect ratio of £0Densities from
10° to 10" pores/cr can be controllably achieved varying the anodarationditions.
Often the pattern consists of several areas of heghlarity separated by borders, where
the pattern direction changes abruptly. The sizeshese areas are of the order of
magnitude of microns. The pores are cylindricakirape with a scalloped bottom. The
barrier layer follows this spherical shape too,ihg\a scalloped base also at the side of the
aluminium.
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Figure 2.13. Schematic model of
ideal porous structure of anodic
alumina [81].

2.2.2 Porous growth

The growth process of the porous aluminium canibeled in four stages, which
can be followed monitoring the time evolution ofrr@nt (or voltage) in a potentiostatic
condition (or respectively, galvanostatic) [74].€Ble stages, referred to a condition of
constant applied voltage, are schematically preseint Figure 2.14.

During the first stage a barrier oxide layer staotggrow, exactly as in the non-
porous anodization with low potency acids. The entrrstarts at a high value, because it
passes easily through the metallic aluminium, loginsafter it falls rapidly because of the
oxide layer growth (stage 1).

The second stage begins with the initiation of ploees. Many small pores start
growing due to the etching action of the acid, anty spread over the surface. The cracks
into the oxide give the current the possibilityfioding lower resistance paths and thus not
falling to zero. The current density will be theglhest through the pores, and consequently
the oxidation and etching reactions are higheshatpore bottom, propagating the pores
further into aluminium. This growth has been dentated to preferentially occur at metal
grain boundaries or at the defects inside eachtathy® grain [72, 75]. For obtaining pore
regularity it is very important to have a high dafne order of the starting aluminium
layer, i.e. large grain sizes and as few defecfmasible inside the grains (stage Il).

The third stage consists of the pore selection ggecOnly some of the starting
pores continue to grow through the oxide, assuraipgar-like shape, whereas the others
remain small and are engulfed by their strongegm®urs. The pore density at the bottom
of the aluminium oxide has been reported to be 8P0Wo lower than at the upper surface
[76]. The pear-like shape can be explained bypbre engulfing, thus becoming broader
on their way down, and secondly because of thel logaent increase along the lower
resistance paths opened by the cracks in the daygEr. During this pores selection
process, the current raises because of the formatia thin oxide layer (stage Ill).
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Eventually, a steady state pore structure is rehcA# the pores present in this
stage grow downwards as long as the anodizatiocepsois continued. This honeycomb
array achieves better regularity as the pore grayois deeper [76]. The current remains
stable, having reached a balance between the ox&dgion and oxide dissolution (stage
V).

The four stages are not distinctly divided but gty flow into each other. The
timescale of the process depends on the anodininditions; generally speaking, the first
phase takes just one or two seconds, the poratioitiand selection about fifteen minutes
to half an hour and the steady state can be catiag long as desired.

I

current

I

v I i i1 i

" time

Figure 2.14.The evolution of the process of anodic oxidatiolfofeed on the sample
(left) and on the current evolution (right). Theifetages are described in the text.

The porous growth of aluminium oxide is therefdre tesult of two main reactions,
one being the oxidation of aluminium and the otbhemg the oxide dissolution. The
complication of a porous structure formation resutom particular initial conditions.
These and the other reactions involved in the gigsbcess are analysed in the following.

The oxidation of aluminium occurs by the reactidrAt®* ions with OH ions, but
also other reactions involving?Oor acid oxyanions (for example g0in the case of

sulphuric acid) are possible. Thé @nd OH ions come from the water of the anodizing
solution. Traces of water have been reported asssacy for anodizing in non-aqueous
solution. The relative occurrence of the differegdctions depends on the relative ease of
discharge of ions under local conditions and upencharge and size of the ions [75].
Because of the applied voltage, these anions egrata through the oxide layer to
the aluminium where they meet>Alions to create the ADs. Meanwhile, Af* ions drift
from the metal to the solution. The oxide layerckiniess is proportional to the applied
voltage, with a rate limited by the value correggiag to the non-porous growth, i.e. about
1.4 nm/V. That is because higher voltages resuibms with higher energies, which can

48



Chapter 2

cross greater distances through the oxide [72].oMi@ation will be stronger at the places
where the resistance is lower and the current tiehigher.

Generally speaking, it could be possible to havedexgrowth at both the
electrolyte-oxide interface and the oxide-metal.oft@s situation normally occurs in the
case of a non-porous growth. However, it has béews that a mandatory condition for
the porous growth is that the oxide growth at thexteolyte interface does not occur.
Actually, during the porous anodization process®Abns are directly ejected into the
solution under the action of the electric field.igbirect loss of Al" ions is related to a
non-uniform thickening of the initial oxide barrikyer, which eventually results in pore
initiation. Because of the cations loss, the volwhéhe oxide formed at the metal-oxide
interface results to be smaller than the volumehef metal consumed. This forces the
oxide barrier layer to thicken under tensile steesand to be unstable with respect to
perturbations. Local cracking of the film consedgilyenccurs during the first stages of the
oxide growth, preferentially located at surfaceedés or pre-existing metal ridges [77].
Also the effect of field-enhanced chemical dissolutis strongly considered as a cause of
the initial local cracks. Actually, when a modehatgtrong acid is used, the solvent action
of the acid solution is not active over the ensiteface, but it is preferentially located at
aluminium grain boundaries or at defects insidegttaén of the pure metal [72].

Whichever the mechanism these local cracks areddiny, they act as “nuclei” for
the pore formation, since a healing mechanism tesullocal thickening of the damaged
oxide, according to the oxide kinetic growth. Treerker layer is forced to be of uniform
thickness in a direction perpendicular to the Iddad surface, where the current for film
formation flows. This local film surface resultslte the oxide-electrolyte interface, as no
oxide is formed there. The local geometries ofrtietal-oxide interface are consequently
determined by those of the corresponding oxidet@te interface [77].

After the pore initiation, the dissolution of theide is preferentially located at the
pore bottom, resulting in the pore formation andady state growth. Initially the
dissolution was supposed to be mainly due to chaneiching. The self promoting pore
growth was explained by a higher temperature aptre bottom which promotes higher
etching rates [72]. Following experiments provedttlocal Joule heating can not be the
major factor in pore formation. On the contraryssdilution, like oxidation, is strongly
dependent on the electric field, being strongethwse places where the electric field is
stronger, i.e. the pores [75, 74]. This hypothesisonfirmed by the fact that changing the
voltage critically influences the speed of oxidehatg and that the pore walls are hardly
attacked by the acid, since practically all therent flows through the pore bottoms. The
contribution of the pure chemical etching at thesdlution process is therefore negligible.
The steady growth of the pores is therefore largelyermined by an equilibrium between
film growth and film dissolution under the field thie pore base.
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Figure 2.15.Model for the field-enhanced dissolution. For saksimplicity the oxide
has been represented as a simple cubic type. apdli@ituation of AIOs;. b) The
applied electric field polarizes the oxide and weakthe electrical bonds between the
atoms c) dissolution of Al by water molecules through the activated compleat a
removal of G by H;O" ions d) Remaining oxide and resulting solution.

A model for the AJO3 dissolution is presented in Figure 2.15, wheredkide is
schematically represented with a simple cubic stinec The model involves the breaking

of the Al-O bonds in the lattice, with the prodoatiof Al(H,0)3" ions and probably 0.

Any process that can weaken the Al-O bonds in #igeopromotes the dissolution at the
kink sites by lowering the effective activation eme for this process. In this, two
processes are acting: hydrogen bonding at the cegen of barrier layer and, much more
important, polarization by electric field [75]. ThHE—O bonds increase in length at the
barrier layer surface because of the field, whighsgthe G ions into the oxide and pushes
the AP* ions into solution. Solvation of Al ions by water molecules, via the activated
complex, and the removal of?Oons by HO" ions, producing water, are thus greatly
facilitated. The oxide dissolution is thereforeostyer where the electric field is stronger.
The model explains also the already mentioned séged, at least, traces of water in the
electrolyte solution for the dissolution process.

Another important reaction active during oxide fatran is the incorporation of
some anionic impurities, which can deeply influetioe structural and electrical properties
of the resulting oxide [78, 75]. The oxide consistginly of microcrystalline material, but
all around the pores is amorphous and containsehigbncentrations of water, hydroxyl
groups and acid anions. It has been reported thiahs incorporation inside the film
depends on the type of acid used in the anodizatiocess.

The reason why the self-organized growth of nanmyp®roxide results in a
honeycomb structure of hexagonal patterns isrstilcompletely understood. A model by
Keller et al. [72] proposes a geometrical explamgtibased on arguments of symmetry.
The growth of an individual pore is a cylindricalgymmetrical process. The pore is
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surrounded by an oxide layer of a certain thickroesgsending, as already stated, on the
applied voltage. Both the barrier layer and the siglls can not be thicker than this limit.
The aluminium surface will be filled with many pereat such a distance that all
aluminium will be oxidized. Pores at a greateratise from each other than the possible
oxide thickness, would still have some aluminiurit letween them. But this cannot be
the case since new pores will develop in the layfeoxide on top of the aluminium
between the pores. Thus the entire aluminium serfaidl be oxidized and filled with
pores, while the structure evolves to reach thalidgindrical symmetry of the individual
pore. The resulting hexagonal pattern is the requdtern closest to the ideal structure.

2.2.3 Process parameters

Besides the general growth process, the actualactemistics of the anodic
aluminium oxide are dependent on the parametergruwtiich the anodization occurs.
Pore diameter, cell size and array regularity aopgrties to be optimized on the base of
the final application requirements.

The duration of the anodization process affecth bfwd thickness and the regularity
of the aluminium oxide. Indeed, the latter improweish a deeper growth. The oxide
growth rate depends on different process paramdiatswill normally be of the order of
magnitude of microns per hour. The initial poreleation is random over the surface, and
only when the pores grow downward a better regylarnore similar to the ideal
hexagonal distribution, is reached [76]. A perfeader cannot be achieved: the structure
consists of “defect-free” neighbouring domains, fewcrons in size and with different
lattice orientation, separated by grain bounddii@s 79]. However, the size of these areas
grows with time [80] to a certain order.

The voltage is the most influent parameter on thedaation process: cell size,
pore diameter, barrier layer thickness and alsalagegy of the array depend on it. Thicker
oxide barrier layer can be created at higher veltagcause of higher ions energies. This
thickness is directly related to the other geornatparameters, such as the wall thickness.
The dependence of oxide thickness on voltage ®btrrier layer is about 1 nm/V, while
for the pore wall is a bit less, about 0.7 nm/Vicsi the electric field is stronger at the pore
bottom due to the curvature radius [75, 72]. Thesgportionality factors slightly depend
also on other anodizing parameters, such as elgetrcomposition and process
temperature. It has been found that also the pameter is directly proportional to the
applied voltage, but the factor of proportionalitgported to be 1.29 nm/V, is not well
established since many other parameters, such ide exching conditions, have to be
taken into account [75]. The cell size is the suimpore diameter and of the oxide
thickness between two pores, i.e. the total thiskrna two pore walls, so it is itself linearly
dependent on voltage.
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As a result, the oxide porosity is a characteristdependent on the voltage. As
both the amount of oxide and the amount of pore<pe linearly depend on the voltage,
their relative values will not change [75]. Porgsitalues of about 10% are usually
reported [73].

Voltage has a deep influence on the pore arraylaaty related to the kind of acid
used. Ordered porous growth occurs only in padicwoltage conditions, strongly
dependent on the type of electrolyte used, i.e¢hertype of acid. Only certain acids result
in porous growth of the oxide. Oxalic, sulphuriddgrhosphoric acids are often used, but
experiments with chromic, glycolic, tartaric anchets are also reported in literature.
Depending on the kind of electrolyte, a specifiodination voltage range exists for
optimizing the self-ordering process (Table 2.4)tle or no ordering is observed without
fulfilling this condition [79-82]. The choice of ffierent acid type has consequently a large
influence on both the cell size and the pore diaméts a particular acid requires a certain
anodizing voltage, the geometrical features ofgbeus oxide are also fixed. In fact, the
changing in chemical properties causes differechiety of the oxide at the electrolyte
interface, so changing the barrier layer thickress the pore diameters. Cell size results
larger for milder electrolyte. Between the most coonly used acids, the larger pores and
cell sizes are created with phosphoric acid, foddvay chromic, oxalic and sulphuric acid
[72, 79]. No differences in pattern regularity hdween reported with respect to different
acids, when working at the proper voltage. A clegrlanation of the relation between the
type of acid and the applied voltage needed fargailar pattern formation is still missing
in the literature, even if the ions migration meadbkan inside the oxide is generally thought
to be related to the issue.

Table 2.2
Electrolyte (acid)l Concentration| Voltage range pef Cell size | Reference
regularity (V) (nm)
Sulphuric 0.3 M 20-25 60 [79]
Oxalic 0.3 M 40 -50 90 - 100 [79]
Phosphoric 0.3 M 160 — 195 420 - 500 [79, 83]

Table 2.2.Condition on the anodization voltage for obtainabighly regular alumina
template, using different electrolyte solution. Med are only indicative, as many other
parameters (temperature, pre-processing steps egt dlffe anodization process.
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Related to the different acids is also the oxidenfttion speed. The different rate of
spread of pores depends on the dissolving abilitieelectrolyte under the field [75]. The
composition of the oxide seems to be strongly dépenhon the formation speed. The
oxide consists of microcrystalline, pure oxide aread more amorphous, contaminated
areas. Anion contamination has been reported tarjer when the formation rate is faster.
The fastest and consequently most contaminatedtign@sults when using sulphuric acid,
and then the growth rate and contamination decriasexalic, phosphoric and chromic
acid [78].

Other parameters such as temperature and condemtodtthe acid in the solution
seem to have only minor influence on the proce#$, Kespect to the previous ones [75,
81]. Lower pH values produce thinner barrier lagad have only little influence on the
pore diameters. Higher temperatures result in ggomrchemical etching of the acid and
thus in thinner barrier layer and larger pore ditersee[75]. A more evident effect of the
temperature increase can be found at the alumiride surface, where the oxide
dissolution is only a chemical process and notlafenhanced one.

The porous anodization is very much affected byupkations in the process, so
lower growth rates, i.e. long interaction times gelf organizing process, are preferable for
achieving a better structure regularity. Furthemmexperimental conditions favourable for
the self ordering process should be maintained ey anodization times. Therefore,
parameters which lead to strongly time-dependetttirg conditions are not suitable for
the formation of ordered structures. Low procesgpratures and proper voltages are thus
usually chosen to avoid high etching rates [76, 81]

The regularity of the honeycomb structure is relatéth the existence of a smooth
etching front and with the absence of defects dker surface. For this reason proper
preliminary treatments of the aluminium are mandato

For increasing the aluminium grain size, and thokrging the areas of lattice
regularity, an annealing is often performed for sohours at about 500 °C in nitrogen
atmosphere to smooth aluminium foils and obtainingizes in the 100 pum range.
However, the ordered domains in the hexagonal ipattee also related to the dislocation
defects distributed over the surface inside théngsaundaries [76], so that ordered areas
larger than 5 um are not achievable without takiifigrent approaches.

A more effective treatment is the electropolishaighe aluminium sample. Pores
tend to be created more easily at irregularitissaleeady seen. The surface roughness is
reduced to some tens of nanometres by polishirsgltieg in a different evolution of the
anodization process with respect to the non-palisteample. The high surface roughness
leads to a faster formation of the barrier oxidd pares at depressions of the surface than
at other locations. The pores that nucleated atetrgy stage will grow in front of the
others, so that the surface roughness is trandféor¢he etching front at the metal-oxide
interface, preventing self organization in a reghl@neycomb structure [76].
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Moreover, stirring of the solution during the argation is mandatory for obtaining
ordered structures. It is necessary to keep aadlyationstant temperature throughout the
liquid, preventing localized temperature increased bubbles formation that can alter the
stability of the process and consequently the siracregularity [76, 82]. Stirring is also
important in maintaining stable the electrolyte @amtration at pore bottom. The hydrated
aluminium ions, product of the dissolution reactadrthe oxide at the pore bottom, move
through the solution by diffusion, so their concatibn results to be high at the pore
mouth if the solution is not stirred. The concetitragradient inside the pore is thus lower
and a higher equilibrium concentration at the gm#om results with respect to the stirred
solution case [76].

An interesting observation has been recently médetaa condition for obtaining
an ordered pore pattern in different anodizatioomcesses. Although the oxidation
parameters, such as voltage, temperature, eleralgd concentration, can be quite
different, the volume expansion ratio, i.e. thelordbetween the volume of the final
aluminium oxide and the volume of the starting rtietaluminium, has to be very close to
1.4 in order to obtain ordered pore arrangememsth® contrary, with volume contraction
or very strong expansion, no ordered structuresbeaformed [79]. When aluminium is
oxidized, the volume expands roughly of a factor2pfsince the atomic density of
aluminium in aluminium oxide is a factor of 2 lowtaian in metallic aluminium. A volume
expansion ratio of 1.4 corresponds to a moderapareston of aluminium during oxide
growth, which is related to a particular conditimmthe loss of AT ions in solution during
the anodization. It is thus suggested that the am@chl stress associated to a moderate
volume expansion during oxide growth is the caubdhe repulsive forces between
neighbour pores that lead to the self organizesh&bion of hexagonal pore arrays [73].

Two modifications at the process have been devdldpe Masuda with the
intention of enhancing the template regularity. ifsstf method consists in employing a
mechanical molding process [83]. A master of herallg arranged array of SiC convex
shapes is fabricated by means of electron beawgligphy. The master, when pressed on
the aluminium layer, creates a concave shapesréegtuthe surface that acts as initiation
points during the subsequent anodization. The fooaé pattern regularity result strongly
enhanced. The second method is more viable aseg dot require the availability of the
expensive electron beam lithography facility. Inhssts of a two-step anodization process
[84]. The basic idea is the same than the prevames but now the indentation on the
aluminium surface is produced by means of an amatidiz and an aluminium oxide
removal. The first anodization generally produceeie pattern that is strongly affected by
the regularity of the starting surface. Higher ortbvels are achieved as the pores grow
deeper. A complete removal of the alumina layedpeoed by the first anodization thus
results in a textured surface with an improved la&gy with respect to the starting
situation (Figure 2.16).
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(a) (b)

(c) (d)

Figure 2.16.Schematic for the fabrication of an alumina sanfygleneans of the two-

step anodization process: (a) porous alumina fifstranodization; (b) removal of the
porous alumina layer; (c) initiation of hole forneet in second anodizing; (d) porous
alumina after second anodization [84].

2.2.4 Templated synthesis of nanowires

Nanowires have been widely investigated over th& kdecades since their
nanometric dimension gives them peculiar propedassiderably different with respect to
those of the corresponding bulk materials. Manyengs report on the peculiar features of
such structures and their potential and presenlicappns, especially in nanoelectronic
and optoelectronic devices [21, 22]. Many materfase been successfully synthesized
with nanowires shape. Metal, oxides and semicomducidimensional objects have been
created by means of different methods, from catalgisen syntheses to templated ones.
In particular, the latter method allows producingnowires with similar dimensions.
Porous anodic alumina is one of the most commontpleyed templates for such a
fabrication.

Different methods are reported in the literaturedéposit a material inside the pores
of aluminium oxide template [21]. The electrocheamhideposition, both at direct and
alternate current, is by far the most popular metfg8b, 86]. It consists in applying a
voltage between the sample back-contact and a eowlectrode, while the liquid
electrolyte contains the ions of the metal to beodéed. Both direct and alternate voltage
can be used, depending on the presence of a doatdct between the metal back-contact
and the electrolyte (Figure 2.17). During depositithe positive ions will travel to the
negatively charged back contact and precipitatanlfsolating barrier layer exists, an AC
deposition is needed. The barrier layer acts agpadaitor which allows a current to pass if
a sufficiently high frequency is applied.

The voltage has to be high enough to enable tlotreles needed for recombination
to overcome the barrier layer. A proper voltage ttabe at least 0.4 times the voltage
employed during anodization [86]. Because anodiamalium oxide conducts
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preferentially in only one direction, the cathodite (i.e. from the anode to the cathode),
metal ions are reduced without being re-oxidized.[8

I I ce” I !
2e

Figure 2.17.Electrochemical deposition with AC (left) and Di@yft) processes. The
DC process allows standard recombination at thhodit interface. With the AC

process all electrons and ions will change directontinually. Some electrons are
able to overcome the oxide barrier layer and redoenlith cobalt ions.

The electrolyte solution is generally composed diplsates of the respective metals
to be deposited: NiSO 6 HO, FeSQ « 7 H,O, CoSQ « 7 H,0. Boric acid can be added
to control the solution pH [88]. It is reported thmaetal deposition is easier for lower pH
values [89]. Other components can be added depgdirthe different specific functions
of the desired metal nanowires. In particular, AL depositions also magnesium or
aluminium ions have to be added in the solutiooriter to prevent the breakdown of the
alumina barrier layer, thus allowing a longer défims [85, 89]. The presence of Klg
ions is considered to strongly inhibit hydrogen lation at the metal-oxide interface,
which damages the barrier layer [90].
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nanotubes

Carbon Nanotubes (CNTs) are the main topic of thissis. Their peculiar
characteristics have had a breakthrough impact avevide area of applications. In
particular they are able to sustain large curr@msdies without being degraded. In fact,
since their structure is very stable, they do notes electromigration, which conversely
affects commonly used metal wires, bringing ababeirtfailure. In this sense, CNTs have
catalyzed a large interest also for applicationsuolear and subnuclear physics.

In the NanoChanT project, they are employed asgehaollectors between the
active layer of the detector and the read-out edaats. They have to be electrically
insulated from each other, in order to avoid anyrdéation in the spatial resolution gained
by reducing the thickness of the silicon diode. yrhave been investigated together with
metal nanowires for filling the nanoporous alumbecause they seemed promising in a
further development of the detector. CNTs couldobee themselves the active layer of the
detector, since CNTs doping has already been mgoirt literature [13-15]. Their
employment as nanometric diodes could enhance ¢hectdr spatial resolution as the
charge produced by the ionizing radiation coulddiectly created in nano-sized areas.
Furthermore, some researches indicated that CNiisbeaused as transistor, allowing
signal amplification extremely near to the charggation [16].

Carbon nanotubes can be successfully employediralsther devices suitable for
applications in High Energy Physics and electranicgarticular, they are very appealing
due to their 1-dimensional shape and their chensizddility, which make them suitable for
applications in field emission devices as stabld etectron sources.

In this chapter, the research on the catalyticstesichemical vapour deposition (C-
CVD) synthesis of CNTs in a free-standing configiara is reported. This investigation
has been developed in order to achieve a bettepmdransion on some aspects related to
the final accomplishment of the project. In Chaplethe investigation on CNTs confined
structures is discussed.
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Insulating substrates have been initially employedjain some insights on the
growth process. Furthermore, the CNT film on insntasubstrates (SiJor SgNy) is also
interesting for the development of a CNT-based gessor device. After the most
appropriate parameters for the CVD process on teabstrates have been inferred, the
research has been focused on the synthesis of @N3 &n conductive substrates. This
step has been needed for defining the proper substramong those used in
microelectronic technology and deliverable with thellities of the IMM — CNR Institute,
to allow electrical characterization of the synihed CNTs. A simplified version of the
detector, consisting of an unconfined CNT chardkector layer, has been designed and is
under construction. This simplified arrangement wérmit to test the collection through
CNTs of the charge produced by a test radiationmbgsaich asx particles) in the active
layer, and thus to determine the actual thickné#iseoactive silicon diode layer.

The definition of the most appropriate conductiagelr has involved field emission
characterizations of the free-standing CNT samplasse investigations not only allowed
us to determine the actual conductive substratetliey also paved the way to some
applications of the CNT samples as electron sources

3.1 Deposition system and characterization

facilities
3.1.1 Chemical Vapour Deposition system

Carbon Nanotubes (CNTs) have been produced by mefaascatalyst-assisted
chemical vapour deposition (C-CVD) technique. Thaction system is located inside a
class 100.000 (FED-STD-209D classification) cleaom environment of the IMM — CNR
Institute in Bologna.

The system consists of a hot wall tubular CVD chamB. synoptic representation
is shown in Figure 3.1. A quartz tube chamber, witdiameter of 4 cm, is inserted in a
resistively heated furnace, which guarantees aotmifheating over a 6 cm long section.
The maximum temperature achievable by the systeh2@® °C. A K-type thermocouple
supervises the actual temperature in the hot zbtieedurnace. The heater is controlled by
means of a PID driver. The samples are located agrartz sample holder to be inserted
in the furnace. A maximum of four samples, withesz x 1 crf, can be simultaneously
loaded in the uniformly heated zone. Generally,|tlaeling occurs at room temperature by
means of a quartz bar. Consequently, substratesrgmdot only the desired annealing
step but also the heating ramp process. Differeatihg profiles can be designed, fixing
up to 4 intermediate temperatures, the relativatiturs of the heating ramp and of the set
temperature plateau. This solution permits to lithérmal overshoots, but it involves a
long heating procedure, namely of 100 minutes. Qtise, if a short heating process is
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required, an uncontrolled ramp can be performetwith larger thermal overshoots. For
temperatures set in the range 700 — 900 °C, ovetsliave a typical value of 100 °C and
are usually recovered within 10 — 15 minutes. Tdtaltduration of this kind of heating
ramp is 50 — 70 minutes, depending on the finalpenature. For some applications, the
heating process has to be kept as short and clectiad possible. In these cases, a different
loading approach has been followed, which allovesrittovement of the sample holder also
during the process. A short quartz bar is linkedhat sample holder on one side and
includes two ferromagnetic rods on the other siiefore starting the process, at room
temperature, they are both inserted in the regidheoquartz tube outside the heated zone.
The quartz bar can be moved inside the tube dibyea magnet. In this way, the samples
can be kept in the cold zone during the heatingoramd inserted in the hot zone of the
tube once the deposition temperature has beeneggadisually, 5 minutes are required for
the insertion and for the temperature stabilization

A computer controlled gas system manages the fipwirthe gases inside the tube.
Available gases are carbon-containingH&and CH), reactive (H and NH) and inert
(N2 and Ar). Each gas line is driven by a dedicatedsrfiow controller. The gases are
directly injected in the reaction chamber. The sues in the chamber is usually
maintained at 750 Torr. The system is also equippéad a pumping system, based on a
rotary pump, that allows reaching a moderate vac(approximately 18 Torr) to purge
the chamber. By means of a needle valve regulatios also possible to maintain a
reduced intermediate range pressure during the §MNihesis process.

CHY HZ mH2

Monifold 1 1 l‘rn Ratary

Fumj

Figure 3.1.Synoptic representation of the CVD system of M&ICNR institute. On
the left, the gas system is depicted, on the tightreaction chamber.
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3.1.2 Characterization facilities

The quality and morphological features of CNT deysosave been characterized
by means of Scanning Electron Microscopy (SEM), HHResolution Transmission
Electron Microscopy (HR-TEM) and Raman spectrosctgmhniques. SEM observations
have also been used for the investigations onltheiaa template.

Electron microscopy techniques, as SEM and TEMpased on the interaction of
a high energy electron beam (> keV) with a specimdany secondary signals are
produced which can be analyzed and provide integeshformation about the sample
(Figure 3.2). In a scanning electron microscopyM$Ehe signals that usually can be
analyzed are the secondary electrons (SE or Inldrakscattered electrons (BSE or
RBSD) and characteristic X-rays (EDX). If the saenpé thin enough the elastically
scattered electrons can be investigated in a trigsgm electron microscopy (TEM).

Incident g |
. f hagas Secondary
Backscatered high-KV beam k
‘ electrons (SE)
electrons (BSE)
f Characteristic
/ X-rays
Auger ¢lectrons /
. / Visible
/ r 1
. / _ light
.". ." ”//
A\Nv/
*Absorbed” ' _ Electron-hole
electrons | g airs
p

"

Bremsstrahlung

P X-rays
Elastically

scattered electrons Y

Inelastically
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Figure 3.2.Signal generated in the interaction between a bigdrgy electron beam
and a thin sample. Most signals can be detected3M or a TEM.

In a SEM, the electron beam is scanned over theirapa. The electron beam can
be generated by a field- or thermo emission.

Part of the incident electrons are scattered itietdly at the electrons of the target
material, and lose their energy through theseact@ns. The energy loss per unit distance
can be described by the Bethe-Bloch equation. Autgamulation of it can be
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where N is the number of atomg, is the atomic number of the target materiakthe
ionization energy of the target akdhe energy of the incident beam [91].

Through these scattering events, the primary eledisam effectively spreads and
fills a teardrop-shaped volume, known as the ictéya volume, extending from less than
100 nm to around 5 um into the surface, dependinghb beam energy. The spatial
resolution of the SEM depends on the size of theraation volume or, equivalently, on
the extent to which the material interacts with ¢tectron beam.

The excited secondary electrons gain an energyadlh@avs them to escape the
outermost layer of the specimen. Only secondargtreles generated within a few
nanometers from the surface can indeed be detected.

Other incident electrons are backscattered eldlstican the target nuclei.
Considering the screening effect of the nucleargdhdy the electron shells, the angular
scattering of electrons by the Coulomb field of #hemic nucleus can be described by the
screened Rutherford scattering cross-section:

do_ & Z° 1
do - 167E 2 g2 2
(1672, {sinz(ij + sinz(ﬁzoﬂ

whered is the scattering angl€) is the solid angle ang the screening angle given by the

(3.2)

ratio of the reduced wave length of the electreglqs and the radius of the nucleus. The
T

probability for a scattering at a small angle iscimtarger than for big angles.

SEM microscopy takes advantage of the different gmogs of the secondary and
backscattered electrons. Since the energy of thendary electrons is low, they are
attracted with a positively charged grid on thed&fector. The energy of the backscattered
electrons is high enough to create electron-holespga a semiconductor detector (the
RBSD or BSE detector). They give information of tiremical composition of the target
material because of t# dependence of the cross-section.

It is worth noting that if the sample is insulatirige adsorbed electrons generate a
high charged area on the specimen surface, whitlaitact the interaction of the incident
electron beam with the sample surface.

During the different steps of the research, vari@BEM systems have been
employed, namely a SEM Philips XL-30, a SEM Phii$% and a FE-SEM LEO 1530.
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A Transmission Electron Microscopy (TEM) is the equivdl of an optical
microscope for an electron beam. An electron witkireetic energy of 100 keV has a
wavelengtht of 3.7 pm, which permits to reach sub-nanomegsolution.

Samples to be observed with TEM have to be thin eémonidet part of the electron
beam pass through. Some of the transmitted electresult diffracted by the crystalline
lattice of the specimen, some others traverse ihomt being deviated. A system of
intermediate lenses can be set in order to imaberea diffraction pattern or the image of
the specimen on the viewing screen (Figure 3.3).dljjective lens allows the imaging of
the object in the corresponding image plane, busow of electrons starting with different
directions from individual object points to the @sponding image points. The diffraction
pattern can be obtained by focusing in the samet adii those electrons that started in the
same direction from any point in the object. Infatran about the correspondent lattice
structure of the specimen can be derived by thégadlion patterns.

It is worth noting that TEM investigations requireesffically prepared specimens,
since very low thicknesses are necessary. Only saintee samples synthesized in our
research were appropriate or were arranged foiptimgose. The HR-TEM employed was
a FEI Tecnai F20 with a FEG source.
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Figure 3.3. The two basic operations of a TEM: projecting diffraction pattern on
the viewing screen (left) or projecting the imagetloe screen (right). The intermediate
lens selects the back focal- or the image plarieebbjective lens as its objects.
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The Raman spectroscopy is a commonly used non-désaunethod that can give
information about the crystallographic quality of GNTs deposit. Raman scattering
consists of an inelastic scattering of a high feeguy radiation as a consequence of an
indirect coupling of the impinging photons with theternal motions (vibrations or
rotations) that occur in a molecule or crystal. Anfin scattering can be interpreted as a
consequence of a perturbation of the molecularrzalaility (the easy of distortion of the
electron cloud of the molecule) induced by the teledield of the radiation. In a classical
framework, the electron cloud of a molecule (criystplaced in a high frequency
oscillating radiation, distorts and tends to folltdve oscillating electric fieldE, because of
the coupling of the electrons with the radiatiom @e other hand, because of the
oscillations of the electron cloud, a subsequemidrae-irradiation occurs in every
direction, determining a scattering of the beantaBse of the internal motions (vibrations
and rotations) of the molecule, the frequencieshef scattered radiation can vary of a
quantity corresponding to the characteristic freguyeof the vibration or rotation, with
respect to the frequency of the incident beam. Ehike case of an inelastic scattering or
Raman scattering.

Raman spectra have been acquired by using a sthntgiaro-Raman Renishaw
1000 spectrometer and a laser source in the visdnlge (He-Ne laser at 632.8 nm,
maximum output power about 15 mW). The micro-Ran@etsometer is connected to a
microscope, which allows the choice of the portioh sample to investigate. The
microscope is equipped with a stage for the XYZldisement of the sample. The laser
spot passes through different optical elements ag@pot change elements, beam splitters
and deviators, filters and polarizing elements. Ehattered light is then collected by a
CCDs detector. Raman spectra have been collectedigih a 50x objective. At the
maximum laser output power, the maximum power dgrisipinging on the sample is
about 0.25 « 10W/cn¥ for the red laser.

When the laser beam impinges on carbon nanotutesilating bonds vibrations,
typical Raman signal peaks in the range 100 — 2980 are observed. Particularly,
SWNTs have a clear footprint in the Raman spectrwhgse information can also be
efficiently used to determine the tube diameter].[RRegarding MWNTSs, the typical
spectrum exhibits two main peaks, named G and Bspekhe former one appears near
1580 cm® wave number shift, and it is related to the vilorzdl modes of the C — C 5p
bond in the graphene lattice (G stands for Graphéergential to the tube surface. The
latter, between 1330 — 1360 ¢nis related to the vibrational modes of the C sptbond,
which characterizes the diamond lattice (D stamd$iamond) but in CNTs is related to
the presence of defects in the crystalline lattice.

The ratio of the D and G peaks intensitiggld, is a commonly adopted mark for
characterizing the quality of a CNTs sample. Thellemé the ratio, the higher is the
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CNTs quality. Moreover, the width of the peak isoailseful in determining the quality,
since a highly graphitized CNT produces a sharp &k pe

The second-order overtone of the D peak, indicaseGais also included at 2660
— 2720 cnit. This peak is another footprint of the quality bé tdeposit. In graphite the
intensities of the G and Goeaks are similar. Hence, low, Beaks are related with poor
graphitization of the structures. Also the ratighdp and &/lco, are thus quality marks.

3.2  Synthesis on insulating substrates

The carbon nanotubes growth process has been linitslestigated in order to
calibrate our CVD deposition system with respecexperimental results reported in the
literature.

In the case of CNT growth on Si substrates, a bdayeer is often deposited prior
to catalyst evaporation in order to prevent catalggfusion towards the substrate.
Insulating substrates, such as S#nd SiNg4 films on silicon, are common barrier layers
for CNT growth [27, 93]. On htype, 1Q.cm, silicon substrates, Si@r SgN, layers were
grown, by thermal oxidation and by reduced pres€\¥® deposition in SikCl, and NH
atmosphere at 800 °C, respectively.

A catalyst film is deposited by means of an elettbeam evaporator in patterned
or un-patterned areas. Film thicknesses can vary frery thin, 1 — 5 nm thick, to larger
ones, 30 nm, depending on the sample requiremdis. choice of starting from a
continuous film as catalyst nanoparticles precuhss been based on two considerations.
First of all, the facilities and the long, solidpexience available at the CNR-IMM institute
have been considered. Secondly, the depositionaainéinuous film by evaporation is a
feasible and cheap process for industrial prodocfldis solution sets strict constraints on
the smallest achievable dimension for the nanapesti Layers such as silicon oxide and
silicon nitride have good barrier properties agamstal diffusion through the layer, so
almost all the catalyst deposited will be found resoparticles on the substrate. The
dimension of the nanopatrticles depends on catllysthickness, which has to be as small
as possible. Our metal evaporation system allowgeaing controlled thickness of 2 nm,
thus adopted. Among the most common catalysts NiF@and Co) for CNT production,
nickel has been chosen for the free standing cordtgpn synthesis. Nickel is reported to
produce good quality CNTs at moderately high tentpegaand it is more compatible with
the silicon technology with respect to iron. Cobat commonly used where low
temperature CNT syntheses and compatibility withtéghnology are required, but the
related CNT quality is slightly lower [49]

The usually adopted CVD process, referred to asgdmeral process in the
following, consists of many steps (Table 3.1). Thpad#ion system is warmed up to the
synthesis temperature in flowing gas. The heatioglprcan vary, depending on the actual
investigation, among the controlled ramp, the utradled ramp or the “hot-insertion”
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procedure. A 20 minutes annealing process is tleefopned in a flowing annealing gas
atmosphere in order to fragment the catalyst filto & randomly distributed population of
nanoparticles. It has to be noted that this fragatem already starts during the ramp up.
The synthesis of CNTs is then carried out by flowiing carbon feedstock gas,tg) in
the furnace, together with a carrier gas, for 3@utés. Eventually, the heating is stopped
and the furnace is cooled down to room temperaturdowing inert gas. The general
process is performed at atmospheric pressure.

Table 3.1
Process Step Temperature Presspre Tinje Process Gas
Gas Type Flow
(°C) (Torr) | (minutes (sccm)
Intro RT 750 - - -
Purge RT 750 10 Ar 1000
Ramp up 750
Controlled RTPT (650-900)] 750 100 Ar/NH/H, 200
Uncontrolled RTPT (650-900)] 750 30-40 Ar/NH3/H, 200
Hot-introduction PT 750 5 Ar/NH/H, 200
Annealing PT (650-900) 750 20 Ar/NH, 200
Deposition PT (650-900) 750 30 SMG+Ar/NHL/H, 200
Cooling down PHRT 750 - Ar 200

Table 3.1.Synoptic description of the general process empldgethe investigation
on the synthesis of CNTs on insulating substrdbifferent GH, percentages in the
mixture with carrier gas (5 — 30 %) have been used.

(RT = Room Temperature; PT = Process Temperature).

Catalyst nanoparticles formation

All the theoretical models developed for the CNTthgsis stress the importance of
the nanoparticle dimensions in controlling the CNihnteters. For this reason, the
parameters influencing dimensions and site de$ity catalytic nanoparticles distribution
obtained by fragmentation of a continuous nickkhfhave been investigated. A narrow
distribution of dimensions can help in understagdhre synthesis process, since it reduces
the differences of the growth mechanism due toemBfit seed dimensions. Moreover, a
distribution of nanoparticles in the range 1 — 5 allows the synthesis of single-wall
carbon nanotubes, which are still one of the hpictin the research.

A 2 nm thick nickel film was deposited on Si@nd SiNg barrier layers, as
precursor of the nickel nanoparticles. The catdiyrst thickness was kept constant for all
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samples. These, approximately of 2 x 1°csize, are placed inside the hot wall CVD
furnace. To investigate the possibilities of the C84Btem in the nanoparticles formation,
the general process described before has beenigtbtif replacing the deposition with a
“pseudo-deposition” step of the same duration bitihaut injection of carbon feedstock

gas in the furnace. The 100 minutes long contraliedp has been adopted in order to
work in more reproducible conditions (Table 3.2).tWihis process, three different

temperatures and three different process gases Ibese investigated to achieve the
smallest nanopatrticle dimensions on the two insw\gatubstrates. Different thicknesses of
these barrier layers have also been studied.

Table 3.2
Process Step Temperature Timg Process Gas
Gas Type Flow
(°C) (minutes) (sccm
Intro RT - - -
Purge RT 10 Ar 1000
Ramp up RTPT (700-900) 100 Ar/NkIH, 200
Annealing PT (700-900) 20 Ar/N#H, 200
Pseudo-Deposition PT (700-900) 30 Ar/MiH, 200
Cooling down PHRT - Ar 200

Table 3.2. Synoptic description of the process employed inittwestigation on the
nanoparticles formation. Pressure is maintained5& Torr during all steps (RT =
Room Temperature; PT = Process Temperature).

The samples have been characterized by means atfisgaglectron microscopy
(FE-SEM LEO 1530) at low voltage (5 kV). A set of noigraphs has been taken for
collecting an appropriate population of nanopag8clA total number of 150 clusters has
been taken into account for every sample. Becalwsm® manoparticles present an oblate
shape, an ideal oval shape has been assumed and«dhmain diameters have been
measured. Since CNT oblate section has never lepemnted, it seems likely that only the
minimum diameter can influence the nanotube dinmendrurthermore, preliminary CNT
growths have indicated that, on these nanoparti€lBd's have an average diameter close
to the minimum nanopatrticle size. ConsequentlyGase of nanoparticle with oval-shape,
only the minimum diameter has been considered titistical calculations, whereas an
aspect ratio indicator has been additionally cal@d as the ratio between maximum and
minimum nanopatrticle size.
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Four kinds of sample have been initially prepargutee layers of silicon oxide of
different thicknesses (9, 70 and 350 nm) have kgremvn in order to control if this
parameter can have some influence in the nanofesrfiormation. On the fourth sample a
silicon nitride barrier layer 70 nm thick have belposited.

The investigation has been firstly focused on tHecefof different substrates on
nanoparticles formation, by comparing the poputsticobtained on the three SiO
substrates and on thesSi one. The pseudo-synthesis prodeas been performed at 700
°C, using H as annealing gas. Figure 3.4 shows SEM imagesok8ulting nanoparticles
distributions on the 70 nm 4B, (Figure 3.4a) and on the 70 nm Si(rigure 3.4b)
substrates. SEM results and imaging analysis of rteoparticles on various SiO
substrates show negligible differences in morphplagd distribution when varying oxide
thickness. This indicates that heat dissipatiormeflayer is not a crucial parameter, at least
in the investigated thickness range between 9 &0chénh. Therefore, further investigations
concerning the Sigsubstrates have been carried out only on 70 nrk fitnas.

Figure 3.4 clearly indicates that on $ifBe nanoparticles are smaller than ofNgi
(about 20 nm compared with 40 nm), with a narrodistribution of their dimensions, as
can be seen in Figure 3.4.c. These consideratienalsw supported by density analysis: on
SiO,, the nanoparticles (NPs) density is an order ajmitade larger than on $Bi, (about
10" NPs/cniand 18° NPs/cnf respectively). All the nanoparticles show a ratterical
planar section. It is also worth to note that nambgles on SN, substrate exhibit a halo
surrounding a massive core, whereas this featuretisbserved on the Si@nes (Figures
3.4.a and 3.4b).

I 70 nm Si0,

40 170 nm SN, Figure 3.4. SEM plan views (same
magnification) of nickel nanoparticles (NPs)
on 70 nm thick SN; (@) and SiQ (b)
substrates, annealed at 700 °C in Hize
distributions of nickel nanoparticles (NPs)

O’c, 20 40 0 80 on the two barrier layers (c).
NP minimum size {(nm)
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The effect of temperature on the nanoparticles ftondas been then studied. The
pseudo-synthesis process has been performed usiag Hnnealing gas, in the range of
temperatures commonly employed in the CVD synthes{SNT, i.e. at 700, 800 and 900
°C. SEM plan views of nanoparticles produced ated#iht temperatures on the 70 nm
SisN4 substrate are shown in Figure 3.4a (700 °C) agdr€i3.5 (800 °C and 900 °C).
Imaging analyses for bothg8i; and SiQ substrates are summarized in Figure 3.6, where
the nanoparticles minimum dimension and aspecb raénds are reported. On $jO
nanoparticles minimum dimension remains almost teoni®s temperature increases, while
the aspect ratio slightly increases. On the otterdh on SN, the nanoparticles size
distribution becomes narrower and shifts towardghgly lower values with increasing
temperature. As shown in Figure 3.5, the halo sumdong the nanoparticles core,
previously described, gets smaller with increademperature. At 900 °C it completely
disappears and can be reasonably considered tbsoebad in the core; correspondingly
the nanoparticles shape tends to become more saheri

Figure 3.5. SEM plan views of nickel
nanoparticles on 70 nm8l, substrate after
the standard annealing process inatl 800

°C (a) and 900 °C (b).
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Figure 3.6. Ni nanoparticles minimum dimensions (left) and aspatios (right) on
SiO, and SiN4 as a function of annealing temperature. Error laaesrelated to the
width of the nanopatrticles distributions.

Finally the dependence of nanoparticles morpholggyn process atmosphere has
been studied, being the pseudo-synthesis processdcaut at 700 °C using Ar, Nyor Hy
atmospheres. Hand NH are commonly used as reducing gas, whereas Aamasert
nature. NH has been reported to behave also as an etchingeative gas, playing
different roles as far as the nanopatrticles foromais concerned [39, 94, 95]. It is currently
under discussion in the literature if BHs efficient or not in etching the catalyst
nanoparticles [39, 94]. Furthermore, Nkt claimed to chemically react with nickel
nanoparticles on Sgforming compounds such aszNj which are thought to preserve the
catalytic activity during the CNT synthesis. In aduh, a not significant amount of
nitrogen is incorporated in Sj&ubstrate when nickel is not used [95]. Preliminéray
Photoelectron Spectroscopy (XPS) investigationsoan SiQ samples confirm these
results. Differently from [95], it is believed thethemical modifications strongly occur also
in the substrate when nickel is used. Nickel isviimao be an efficient catalyst for
ammonia dissociation [96], which results in an emdea oxinitrides formation on the SIO
substrate.

The SEM image of the Hannealed sample has been already shown in Figdioe 3
Figure 3.7 shows the SEM images of the nickel namigpes formed on the 70 nm thick
Si0O, sample in Ar (@) and NH(b) flow. The minimum and maximum dimensions
measured for each nanoparticle, deduced from the Biging analysis, are also shown
in Figure 3.7c. On the Sg&ubstrate, the minimum diameter of the nanopagiotmains
the same independently of the annealing gas, whehea clusters morphology abruptly
changes. Argon produces very elongated and curgpeticles, with a mean aspect ratio
twice larger if compared with the nanoparticlesanid in H and NH3; atmospheres.
Furthermore, in the case of Nlnnealing (Figure 3.7b) nanoparticles appearefidtian
in the case of K (Figure 3.4b), as the different surface contrasSEM observations
indicates. This result seems to confirm that ar Mtthosphere can etch the nanopatrticles
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[39]. The same trend has been found on th@&lSibut in that case the nanoparticles
distributions exhibit larger dimensions and broadligiths.
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Figure 3.7. SEM images (same magnification) of Ni nanopartidesSiQ resulting
from a 700 °C annealing in Ar (a) and in Nf). Shape distributions (maximum and
minimum diameters) of Ni nanoparticles on 70 nm ,SGbstrates resulting from 700
°C annealing in different gases(HNHs; and Ar) are summarized in (c).

Nanoparticles formation from a thin film is knoww strongly depend upon
catalyst-substrate wettability, coalescence of mlamoparticles and chemical reactions
between the catalyst and the substrate. The exps@ahresults we obtained show that the
barrier layer placed between silicon and the catdiym is an important factor affecting
the nanoparticles formation. It plays a fundamerdbd not only as a diffusion barrier but
also as an active element for controlling the naniges. It seems reasonable that the
different behaviour of Si©@and SiNs has to be ascribed to their different chemical
properties. Stronger chemical bonds between niakdl the barrier layer should enlarge
the flat cluster size, preventing film fragmentatioand should also enhance the
nanoparticle-substrate wettability. This eventuddlgds to nanopatrticles distributions with
larger dimensions and lower site density. On theewotand, weaker chemical bonds
should enhance the film cracking, resulting in leighite density and smaller dimensions
of the nanoparticles. Since 38i gives nanoparticles with site density one order of
magnitude smaller compared with Sj@nd nanoparticles dimensions about a factor of

70



Chapter 3

two larger, we can conclude that the interactiotwben nickel and the barrier layer is
stronger for SiN4 with respect to Si@ Also the temperature evolution of the nanopagticl
halo characterizing the silicon nitride samples ficors this interpretation: at lower
temperature there is not enough thermal energydoraplish the conglomeration of the
nanoparticles, whereas at higher temperature a owrgact shape of the nanoparticles
can be achieved. On SiGhe chemical binding energy is easily overcomehgythermal
energy and at low temperature the conglomeratiep ks already been completed; at
higher temperature the nanoparticles are affecyed more intense surface mobility and
coalescence. Then, in the investigated temperatmger the minimum nanoparticle
dimension can be obtained at low temperature on, it at high temperature onsi$y
substrates respectively. The site density conselyueas an opposite trend, since higher
densities are related to smaller nanoparticles.

The annealing gas as well affects nanoparticlesmioa and shape. The different
performances of the various gases could be relmtetheir chemical characteristics or
thermal conductivity. An additional process using Hs annealing gas allows a
comparison between gases with comparable thernraduobivity but different chemical
nature, like H and He. The samples annealed in He atmosphere &aiwres more
similar to those annealed in Ar rather than i $b pointing out the predominant role of
the gas chemical reactivity. The annealing gas shaifect the Ni nanoparticles
distribution by means of a change in the chemitzksof either the substrate barrier layer
or the nickel. If the nanoparticles oxidize, theirrface valence bonds are saturated and
coalescence is hampered. The free energy of thengtd-and gas-substrate interfaces
enters directly in the wettability definition, armmtobably a stronger effect comes from
chemical transformations of the surfaces.

The most efficient annealing gases for obtaining #mallest nanoparticle
dimension seem to be either, br NHs;. Hydrogen produces smaller nanoparticles.
Ammonia effects on the nanoparticle dimensionsmamscribed both to its reducing and
etching features. Fibrous nanopatrticle structuoes fon SiNgat 700 °C in NH. The low
thermal budget, not sufficient for the nanoparsatenglomeration, combined with the gas
etching effect is supposed to be the cause ofah@égnalous morphology. To check this
hypothesis an additional pseudo-deposition has lpeeformed at 1000 °C. Even if the
etching effect is stronger, the nanoparticles &#te to completely conglomerate in a well
defined core. The halos observed in the case,@ntealing are not observed at 700 °C in
NHs;, probably because they are more easily etchedHathn the nanopatrticles core.
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Carbon nanotubes deposition

Following the studies on the nanoparticles, thalsgis of CNT was investigated.
In a C-CVD deposition of CNTs a carbon feedstockigakecomposed in the presence of a
catalyst. The catalyst has two functions: to enhdneearbon gas dissociation at the CVD
relatively low temperatures and, mainly, to break symmetry and hence to force the
precipitation of the carbon into ordered structured. the CNTs. The reactions of
dissociation at the catalyst surface, carbon piatipn and CNT synthesis have to be
controlled by limiting the deposition of other byeducts, such as amorphous carbon or
defective structures. It is therefore importantntaintain active the catalyst during the
synthesis otherwise the deposit would consist ohlgmorphous carbon. A proper balance
between carbon supply and carbon precipitationttbidse obtained for the catalyst. If an
excess of carbon decomposes and arrives on thgstathe nanoparticles can be poisoned
so that no more catalytic synthesis occurs. Onctirdrary, if the carbon supply at the
catalyst nanoparticles is not sufficient, the riactproceeds too slowly and other
unwanted reactions, such as thermal cracking ofiydeocarbon, can be favoured.

The CVD process consists of many steps, each cleawmard by a number of
parameters, which have to be tuned in order to fimel best condition for the CNT
synthesis. Each process parameter is related totllees and, furthermore, the entire set is
also related to the sample features, namely thstisib and the catalyst characteristics. A
unique appropriate set of parameters does not fxistl the configurations and the CVD
process has to be optimized for each different $atypology.

CNT deposits obtained by varying the process paensiéave been characterized
by SEM investigation and, on selected samples, bypdRaand TEM analyses. In the
following the parameters have not been changed mggpect to the general process (see
Table 3.1) if not explicitly stated.

The same samples analyzed in the nanoparticlestigatsn have been used in the
CVD process, with a 2 nm thick nickel film evap@@ton SiQ or SgNsbarrier layers.
Also 4 nm thick nickel films has been employed, authe deposition temperature of 750
°C such a catalyst thickness gave CNT diameterstabdactor of two larger compared
with the 2 nm thick Ni films. Consequently, the algst thickness has been maintained at
the minimum reproducible value of 2 nm.

The synthesis has been initially performed usings dring the entire process,
from the heating to the deposition. A temperaturéa® °C, reached with an uncontrolled
ramp, has been set. In these preliminary conditionainly based on the available
literature, the percentage of the carbon feedsgask i.e. acetylene, in the ammonia carrier
gas has been investigated. The total flux has bemntamed at 150 sccm. The carbon
feedstock dilution is fundamental in order to bakathe carbon supply and the amorphous
carbon etching in the synthesis reactions. Thrderdifit GH, percentages with respect to
the total flux have been used, i.e. 30 %, 10 %5fel
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At the end of the syntheses, the samples show asdepn the surface, whose
colour is related to the amount of deposited carlioe darker is the sample the larger is
the deposition. CNTs have on both substrates a gdbdrence, but the samples have to be
carefully treated as carbonaceous material carabiéyaletached from the substrate when
samples are touched with tweezers. In these expatahconditions, the typical deposit is
a carpet made of multi-walls CNT bundles. If theglgy is high enough, the CNTs grow
one parallel to each other, perpendicularly to shbstrate, due to the Van der Waals
interactions. Otherwise, the CNTs bend or grow pelrad the substrate.

The acetylene fraction of 30 % turns out to be tygd. Catalyst seeds are quickly
poisoned and therefore only thermal cracking oftydere occurs, with the subsequent
deposition of amorphous materials. On the othedhardense carpet of vertically aligned
CNTs has grown on both substrates employing a 10i%tura. On the SN, layer the
mean height is 1.7 um, with some isolated CNTs grbigher than the others, up to 4 um.
On SiQ, the mean height is 2.6 um, but an amorphous ndeyer is deposited on the top
of the carpet. The best condition is found with atome of 5 % acetylene in ammonia: on
both substrates the carpet height results reduwatidut 1 pm, but with a limited amount
of amorphous deposit. Also the CNT diameters becemaller. Since amorphous carbon
can be deposited not only on the catalyst nanabestor on the top of the CNTs, but also
on their walls, smaller diameters are related tbeaner synthesis. TEM investigations of
the SiQ sample show (Figure 3.8) that the carpet conefslWNTSs, composed by 15 —
20 walls. The observed structure evidences manydeiécts that made the tube bent.

Figure 3.8. TEM image of a MWNT grown on SiOas a substrate at 700 °C with a
deposition mixture of 5 % fEl, in NHs.
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At the same temperature of 700 °C onNgisubstrate, the total flux inside the
furnace has been also varied keeping constantat®e feedstock percentage over the
total gas mixture. With a total flux of 450 sccminarease of a factor of two in the height
of the CNT carpet is obtained, but at the same tineeCNT diameters also increase a
factor of three, up to 70 nm. This is a value muaitgé with respect to the starting
nanoparticle diameters. Thus it is supposed thagrafisant amount of amorphous carbon
has been deposited on the CNT walls. To achieve @ fiotx of 1500 sccm in the
deposition system, a dilution with an inert gas hasn necessary. The process has been
therefore performed in a mixture composed by 5 #,C25 % NH and 70 % Ar. The
carpet of vertically aligned CNTs is 1.7 um highd @ne corresponding diameters grow up
to 90 nm. The reduced percentage of the etchingvdhgespect to the total flux seems to
result in a larger amorphous carbon deposition. Thigprobably due to the shorter
“residence time” of the ammonia molecules on the@a. The amorphous carbon removal
is thus less effective and the catalyst is mordyepsisoned. The synthesis is thus stopped
in advance and more amorphous deposit grows o€@Nies walls.

Even if the quality of the deposited material hagrbémproved, at 700 °C it
remains unsatisfactory. Higher energies are reduie the synthesis of CNTs of better
crystallinity by CVD process. The process has béen studied varying the temperature
and using ammonia and hydrogen gases during tive @nbcess. The process temperature
has been investigated in the range 650 and 90W it ,uncontrolled ramp up, using NH
as process gas. The deposition step has been pedama mixture of 5 % acetylene on
SiO, substrate.

At 650 °C, only a first evidence of CNT deposit da seen in the SEM images:
since the CNT density is very low, a great numbanamoparticles has not been active as
catalysts. Otherwise, at 700 °C the typical CNTpeastarts to appear, even if the height is
only approximately 1 um. Increasing the processptrature, the height of the carpet
grows up to a limit of 6 pum at 850 °C, as can lenga Table 3.3. A similar trend can be
found in the diameter of the CNTs. At 650 °C the Ciéan diameter is quite large, i.e.
about 70 nm, but at 700 °C the diameter falls déeva 20 — 25 nm value, similar to the
dimension of the nanoparticles formed in similanditions (Figure 3.7b). A further
increase of the temperature results in a slightesse of the diameter, up to a mean value
of 30 — 35 nm.

These results on the temperature effect are in agneewith a strict correlation
between the nanoparticle dimensions and the CNTS.oAetemperature of 650 °C
associated with a short, uncontrolled ramp, lasbinly 50 minutes, is probably not enough
to let the complete fragmentation of the nickahfiéand thus the CNT diameter is large. At
700 °C the energy budget is enough to accompligh glocess and produce CNT
dimensions comparable with those obtained for tlamoparticles, in the reported
investigation.
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Table 3.3
CNTs
Temperature| Carpet heiglt Diameter
(°C) (Hm) (nm)
650 - 70
700 1 20-25
750 3.6 20-40
800 4.5 35-40
850 6 30-40
900 6 30-40

Table 3.3. A minimum temperature of 700 °C is necessary tovalthe complete
fragmentation of the catalyst film and the formatimf CNTs. Above this threshold, the
mean diameter of the CNTs increases only slighthereas the height of the CNT carpet
reaches a limit value of 6 um.

TEM investigations confirm the improvement of thestajlographic quality of the
CNTs when raising the process temperature. The carpein at 750 °C show that the
MWNTSs consists of approximately 25 — 30 walls, whgsaphitization improves when
moving from the outer walls to the inner ones. BOIC, the MWNTSs exhibit better wall
graphitization (Figure 3.9). In both the casess Nisible the nickel nanoparticles included
at the tip of the MWNT

Figure 3.9.High resolution TEM images of a MWNT grown at 90D 6n SiQ in a
process with a mixture of 5 %K, in NHz, with uncontrolled heating ramp. On the
left, the good graphitization of the walls is evitleOn the right, a Ni nanoparticle
included in the CNT tip is shown.
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The same investigation on the morphology of CNT e&rhas been carried out
using H as process gas. Two different temperatures, 75@rfeC 900 °C, have been
studied. A mixture of 1 % of acetylene in hydrodeas been determined to optimize the
synthesis. On both $i, and SiQ substrate layers, a particular edge effect is rvlese
The samples are not uniform over the entire area bBkck deposit grows only at the
edges, extending about some millimetres from thentaries. The effect occurs at 750 °C
but it is more evident at 900 °C. At 900 °C, at teatre of the sample area only few CNTs
and a population of nickel nanoparticles are ole®rihese nanoparticles do not show
any carbon shield, as indicated by the SEM imagasent with the detector of back-
scattered electrons. The few CNTs, 1 um high in ike 8ase, are of good quality: they
have few kink defects or amorphous deposit on thatier walls. The transition to the edge
zone is quite gradual. On this zone a 20 um thegodit of amorphous carbonaceous
materials is observed.

Further investigations concerning the éffects on the CNT synthesis have been
carried out at 900 °C in order to discriminate kedwthe annealing and the deposition step
which is affected by the hydrogen. A temperaturefifg which includes a controlled
heating ramp 100 minutes long has been adopted. ake nuniform the sample
preparations, a process employing a mixture of adétylene in hydrogen during the
synthesis step has been performed. The occurrertbe eflge effect has been proven also
in these conditions. As a reference, a synthesgerormed in the same conditions but
employing NH during the whole process. Finally, two mixed pssas have been carried
out keeping the same acetylene dilution percentagfee carrier gas. One involves a ramp
up and annealing in NHand deposition in FHand GH,, the other one a ramp up and
annealing in Hand deposition in NgHand GHo.

SEM observations show CNTs grown using &bk annealing and carrier gas
(Figure 3.10). On Sig) the average dimension of the nickel nanopartighegure 3.10a) is
about 20 nm. The vertically aligned CNTs forming éhgm thick dense carpet, shown in
Figure 3.10b, have diameters in the 20 — 25 nmaa@yp SiN,4, the CNT carpet (Figure
3.10d) is less dense and thick. The mean thickieesgpproximately 3 um, but some
isolated CNT grew up to 7 pum. The nickel nanopadida this substrate (Figure 3.10c)
have an average dimension of about 100 nm, whike dlkerage diameter of the
corresponding CNTSs is about 60 nm.

The process that employed a Hinnealing and an Nfdiluted deposition steps
leads to highly non-uniform CNT deposition on tlaenples area. The only difference with
respect to the sample entirely processed.istdnly a slightly larger presence of CNTs in
the centre.

On the other hand, as shown in Figure 3.11, thesesection SEM micrograph of
the sample grown using the process with an; MkRhealing and a Hdiluted deposition
steps on Si@shows a 4 um thick carpet, made up of almostaadlyi aligned multi-walls
CNTs, with diameters in the range 25 — 35 nm. QN Sithe CNT carpet is similar to the
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one produced using only NHreported in Figure 3.10d, but the mean thicknesdbout 4
pum with the extruding CNTs up to 10 um. The respecati@noparticles morphologies are
the same shown in Figure 3.10a and 3.10c.

By comparing these results, it turns out that tle&el nanoparticles formed by the
H, annealing produces a non-uniform CNT synthesis,peddently on the carrier gas,
either H or NHs, used in the deposition mixture.

Figure 3.10.Cross-section SEM micrographs of Ni nanoparticteated in NH at 900
°C, on SiQ (a) and on SN, (c). CNTs grown on these nanoparticles at 900n°®lhi;
and GH, on SiQ (b) and SiN,4 (d).

. Figure 3.11. Cross-section
., - SEM micrograph of CNT
4\ grown on SiQ substrates at
\ 900 °C in B and GH,,
Hfollowing Ni  nanopatrticles
, formation in NH (see Figure
I 3.10a).
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SEM investigations reveal nickel clusters inside@\T hollows, with dimensions
smaller than the starting nanoparticles. In a famges, these clusters are located at the
CNT tips. An high magnification image (Figure 3.D2the SgN, sample processed at 900
°C using NH as annealing and carrier gas, already shown iar&ig.10d, reports many
elongated nickel clusters (up to 300 nm long) disted along the central CNT hollow.

This result as well can be explained according éoMhS model [41]. The carbon
feedstock gas decomposes over the catalyst narcd@atirface: carbon dissolves inside
the catalyst creating a liquid metal carbide conmagbuvhich accumulates until a super-
saturation is reached. The excess carbon thenpfieges in an organized structure, the
CNT, whose graphene sheets tensile strength canpspliof the liquid nanoparticle. The
CNT internal diameter is smaller than the startiegoparticle diameter, because of the
pear-shape assumed by the liquid nanoparticle. Tiber @iameter also depends on the
amorphous carbon which can deposit on the CNT seurfac

Figure 3.12. Back scattered electrons

= (a) and secondary electrons (b) SEM

micrographs of the sample synthesized

4 at 900 °Con 3N, in NH; and GH, gas

' mixture. The Ni clusters appear brighter
in the back scattered electron image.

Raman spectra of CNTs deposited at 900 °C, usimgred process with NHas
annealing and carrier gas (curve 2), or the mixedgsses (curves 1 and 3) are shown in
Figure 3.13. The ratios of the intensities of D &doeaks, d/ls, and the normalized
intensities of the D and G peaks with respect §o(t@e second-order overtone of the G
peak) b/lco, Ic/lco, are also reported. The trend of these ratiosif@iitates that the CNTs
guality dramatically improves if nickel nanoparéislare formed in Nl rather than in b
and the deposition of CNTs is carried out in &hd GH,. However, the high D peak
intensity and the presence of a shoulder in thee@kat about 1618 ¢hin the first
spectrum prove that the multi-walls CNTs (showniguFe 3.11) are still defective.

The results agree with data reported in the liteeateonfirming that the NH
treatment of the catalyst nanoparticles is impartarpreserve the catalytic activity of the
nickel nanoparticles during the CNT growth. It liee®n reported that its effect is to keep
the catalyst surface free of amorphous carbon,regalh away [94]. Furthermore, it has
already been said that Nhs claimed to form compounds, such agN\ithat favours the
detachment of the graphitic layers from the nanages in the first stages of the synthesis
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[95]. Both mechanisms finally resulted in a bet@XT growth, by increasing the site
density of the nanopatrticles effectively activebgrprolonging their active state during the
synthesis.

CNTs / Ni / SiO, deposition at 900°C

G curve I/, 1, I,
1 092 134 145

2 113 945 835 B
3 108 800 737

G'(2xD)

Ni treatment in NH,
dep. in H#+ C_H,
T
Ni treatment in NH,
dep. in NH,+ CH,

Intensity (a.u.)

Ni treatment in H,
dep. in NH,+ C,H,
] 5 ] 1 ]

1000 1500 2000 2500 3000

Raman shift (cm'1)

Figure 3.13. Raman spectra in the range 1000-3000" @h various CNT samples
synthesized at 900 °C, on SiQubstrates, using different gases both for the Ni
nanoparticles formation and the CNT synthesis.

The origin of the edge effect related to thedtnealing is not clearly understood
yet. A non-uniform annealing treatment of the gatllnanoparticles is difficult to be
supposed, since the annealing conditions are gtatale. It is more likely that the local
differences arise during the deposition step, wingcimore critical, being enhanced by an
improper preparation treatment of the catalysthérnal gradient along the sample holder
large enough to be so effective on a 2 x ¥ sample area can be hardly supposed. A more
realistic hypothesis could be a different gas sypdtween the central and the border
zone. The amount of carbon feedstock can decreag@gniwom the borders to the centre.
This affects the CNT growth differently in the tweas. On the borders too much carbon
feedstock gas is available at the catalytic nartmbes and this leads to their quick
poisoning. After that, acetylene is dissociated/ahérmally and precipitates in amorphous
carbon. This effect should be partially opposed hyNd; annealing treatment of the
catalyst, but not from anjbne. In the centre, a limited amount of carbord$éeck gas
arrives and the conditions for the CNT growth areely fulfilled. A deeper investigation
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has to be performed to fully understand this bemayiincluding a gas fluid-dynamic
study.

The differences observed between the samples syzgdesmploying Hand NH
as carrier gas, after the annealing insNate likely due to the different equilibrium among
the chemical reactions involved in the CNT growtamely the dissociation of acetylene
and the formation of ordered or disordered carbeoas structures, the etching of the
amorphous carbon and the maintenance of the catatysmical composition. The
improvement of the CNT crystallographic quality esmploying B rather than Nkl as
indicated by the Raman investigations, is relatedifferent equilibrium in the dissociation
of the carbon feedstock in hydrogen and carbonatoing molecules. The equilibrium of
the dissociation reactid®,H, - 2C + 2H is shifted back by the high concentration of the

reaction product FHand then the production of carbon is slowed ddwithe experimental
conditions, this slowing can favour the synthe$i€NTs with enhanced quality.

On the other hand, Ntk not a product of the feedstock dissociation smdt does
not slow down the reaction. Nevertheless, its rcém be to preferentially etch the
amorphous carbon and to maintain the nanopartoceyosition rich of N. This condition
can preserve the catalyst from poisoning and faphalong the synthesis. The CNT carpet
synthesized using NHas carrier gas was in fact thicker than that oleiwith H one.
The fact that larger CNT diameters were observetiencase of Ngicarrier gas supports
the hypothesis that, in the chosen experimental @giditions, NH is more efficient in
removing amorphous carbon, especially from therougdls of the CNTSs.

The duration of the deposition step has been stu@iedSisN, substrates at 750 °C,
deposition times of 30 and 60 minutes have beed us# a mixture of 10 % €, in
NHa;, whereas duration of 5 and 30 minutes have beet wgh a mixture of 1 % £, in
H,. In the first case, it was found that with inciegsthe synthesis duration the height of
the CNT carpet did not change. On the contrarydiameters vary from 20 — 40 nm to 80
nm. The CNT growth can continue until the catalgshains active, i.e. not covered by a
carbon shield that inhibits the contact betweencttalyst and the carbon feedstock. For
long depositions, it is likely to poison the cattlyThermal cracking of the carbon
feedstock gas will then occur and only amorphoubara can be deposited, also on the
CNT walls. The optimal duration depends on the ssith conditions. If the carbon
feedstock is poor or the etching is enhanced, g &ymthesis process can produce a high
carpet of CNTs with good quality. Otherwise if tregadytic activity of the nanopatrticle is
quickly inhibited, the CNT growth ends and afteryoainorphous carbon can be deposited
on the sample. In the case of pfocess, the discussed edge effect makes difficulbtain
an unambiguous characterization of the CNT depblsitvever, it is clear that the amount
of carbon deposited in the 5 minutes long synth&gig is similar to that of the 30 minutes
step. This indicates that the time scale of thel®gis is shorter than half an hour.
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Figure 3.14. Cross-section SEM
micrograph of a MWNT carpet grown
on SiQ at 750 °C with a mixture of 5 %
C,H5 in NHs.

The influence of the temperature profile has been alvestigated, by performing
the different heating profiles available, namelg tmcontrolled ramp, the controlled one
and the “hot-insertion” driven by the magnet. Or ®BiQ substrate, the three solutions
have been tested in a deposition process with GMihesis performed at 750 °C using a
mixture of 5 % acetylene in ammonia. When the utrolled ramp is used, a carpet of
dense vertically oriented CNTs is deposited, whasgtt is about of 3.6 um and the CNT
diameter varies between 20 and 40 nm (Figure 3.TAg controlled ramp process
produces a 5 pum thick carpet of CNTs, whose diameter in the range 30 — 50 nm. In the
“hot-insertion” process, the annealing step duratias to be calibrated. After 5 minutes
for samples introduction and temperature stabibmathe annealing step is not performed
at all or lasted 10 minutes. In the former cas@.5apum carpet of CNTs with 45 nm
diameters has been synthesized, whereas in tlee taite, the carpet is 3.3 pm high, with
CNT diameters of 25 — 35 nm. The first solution @® tshort to allow the complete
fragmentation of the catalyst film. The nickel naadizles result larger than those
obtained in the “5 plus 10” annealing process amsequently the CNT diameters are also
larger.

It is concluded that for layers such as Si@hich exhibit good barrier layer
capability against catalyst diffusion towards thlesn, a longer heating profile does not
affect significantly the formation of the catalysanoparticles, whose dimensions only
slightly increase.

Summarizing, in this first part of the work, therlwan nanotubes growth process
has been studied on insulating substrates, suSiCGasand SiN, films on silicon in order
to calibrate our CVD system and to deposit carpétlamg MWNTs of good
crystallographic quality. Thin nickel films have Ibeavestigated as a catalyst for the
growth of CNTSs.

Effects of temperature, gases and heating profilee Heeen investigated for the
annealing and the deposition steps, which are bogortant for the CNT growth. The
former determines the dimension and the chemieat stf the nanoparticles of catalyst. It
has been established that, in our experimentalitons, NH; is the most proper gas to be
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employed, with respect toHnd Ar. The latter step determines the kineticthefgrowth
reaction and has to be optimized to balance thenthlecracking of the carbon feedstock
gas and the etching of the amorphous carbon inr aodpreserve the catalytic activity of
metal nanoparticles. Carbon nanotubes growth has keccessfully achieved on both
SiO, and SiN4 substrate.

3.3  Synthesis on conductive substrates

Carbon nanotubes on insulating substrates aretefest for applications such as
sensors devices and for understanding the mechar$@NT growth, but they are not
usable in applications where a direct electric aohto CNTs is required, as in the
NanoChanT detector and in field emission devices. Symthesis of CNT on conductive
substrates must therefore be studied and optimized.

Two different approaches have been followed. On side, the growth of a
conductive layer acting as a good barrier agaiaistigst diffusion towards silicon has been
investigated. Based on the technical facilitiesilalpée at the CNR-IMM institute and on
some suggestions from the literature [98, 99],y&raf titanium nitride (TiN) has been
chosen. On the other side, the nickel catalystbess evaporated directly on the silicon
substrates, in order to obtain a back ohmic coritatite CNTs. The formation of a nickel
silicide layer is expected in these conditions. &e&png on the phase formed at the
interface this layer can be a good or a bad conduifta nickel rich compound is created
or not, respectively.

To investigate the electrical properties of the CNjfswn on the conductive
substrates, field emission measurements have beeformped, since this kind of
measurements do not require any direct contadteedCNT tops. These investigations will
be described in the following section. To bettertoarthe field emission measurement and
its effects on the CNTSs, the nickel catalyst hasm@porated on the substrates through a
mask which defines circular patterned area witlngiers of 2.5, 0.75 and 0.5 mm.

Titanium nitride (TiN) films are commonly used in moelectronics as diffusion
barriers in several multilayer metallization schentecause of their low resistivity and
high thermal stability. These features perfecththigé requirements imposed by the CVD
synthesis on conductive diffusion barriers. The catide properties and the diffusion
barrier capability of TiN films are strongly depentlen their microstructural features.
Hardness is reported in the range between 340 @Af Bgf/mnf, electrical resistivity
between 18 and £QuQ.cm for single-phase TiN films, depending on growtmditions.
Density and electrical conductivity of the film dease if impurities, especially,Oare
incorporated and if voids at the grain boundariesuo These defects are related with
deviation from stoichiometry and alteration of tag¢tice parameter of the film, which
result in decreasing film hardness and densitythéamore, they act as scattering centres
leading to high resistivity value [100].

82



Chapter 3

Three different techniques for the deposition of Tayers are available at the
CNR-IMM institute: magnetron RF sputtering from #oishiometric TiN target; TiN
formation by annealing treatment of a sputteredayef in a NH atmosphere; reactive
magnetron sputtering of a Ti target in g atmosphere. The first solution is the cleanest
one, since a stoichiometric, pure layer of TiN ipak&ted, without significant amount of
contaminations. On the other hand, a target of suctaterial is very expensive and its use
is not viable. The other two processes are mordipadde, but they are also more affected
by impurity contaminations, and so the propertiedifferent TiN layers have to be tested
for application in the particular synthesis process

Initially, the TiN layer has been obtained by meahshe NH annealing of Ti. A
20 nm thick Ti layer has been sputtered on an n-giffieon wafer, 1Q.cm resistivity.
Then the substrate has been annealed in agdiiHosphere by a two-step treatment at
temperatures of 400 °C and 620 °C, and finallyas lbeen annealed at 800 °C in a N
atmosphere. On this layer a 2 nm thick nickel #waporation followed.

A first set of processes has been made followiegptiocess described in Table 3.1,
in order to compare the effect of different heatprgfiles. It has been observed that the
TiN layer is not as efficient as Si@r SgN4 as a barrier against the catalyst diffusion
towards silicon. The best results have been achieagobting the “hot-insertion”
procedure, described in section 3.1.1. The anneali@g has to be calibrated, balancing
catalyst film fragmentation and the catalyst diffus in order to leave active nickel
nanoparticles on the sample during the depositiep. $ive minutes are necessary for the
stabilization of the temperature after the sampheoduction. Beyond that, annealing
steps lasting between 0 and 20 minutes have baapared. The best results in terms of
CNT quality are achieved with a 5 plus 10 minutesealing step, giving the smallest
diameters, about 60 nm. The final process is sunzewin Table 3.4. Shorter annealing
results in larger CNT diameters, whereas with loregeealing no evident differences are
found. The CNT carpet has in every case a heigabofit 1 pm and a high density (Figure
3.15).

The conductive properties of the samples have beasstigated by means of field
emission characterization. It comes out that the- SiN — Ni — CNTs sandwich is not
conductive. Indeed, in this configuration the TiNdaacts as a capacitor and the emission
of the electrons occurs only under the applicatiohshigh voltages, which cause a
breakdown in the insulating layer. This featuresheftitanium nitride can be explained in
terms of its non-stoichiometric structure if thigbfication is adopted, which is
characterized by high N and, @ontaminations of the film.
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Table 3.4
Process Step Temperaturg  Presspre Tin|1e Process Gas
Gas Type Flow|
(°C) (Torr) | (minutes (sccm)
Intro RT 750 - - -
Purge RT 750 10 Ar 100(d
Ramp up RT750 750 - NH
Hot-introduction 750 750 5 NH 144
Annealing 750 750 0 - 20 NH 144
Deposition 750 750 30 5%,8,/NH; | 8/144
Cooling down 756-RT 750 - Ar 200

Table 3.4. Synoptic description of the process employed in ithaestigation on the
synthesis of CNTs on TiN substrates. Different afing durations have been studied.
(RT = Room Temperature; PT = Process Temperature).

Figure 3.15. Cross-section
SEM micrograph of a
MWNT carpet grown on a
TiN layer at 750 °C with a
mixture of 5 % GH, in
NH; and a 10 minutes long
annealing step. The TiN
layer has been obtained by
annealing a 20 nm thick Ti
layer in NHs.

758 nm

It has been consequently decided to investigateptioperties of a TiN layer
deposited by means of a reactive sputtering of &iet in a MAr atmosphere. The
electrical resistivity of the films deposited by ams of this technique is critically
influenced by the partial pressure of the Buring the TiN growth. The minimum
resistivity occurs in correspondence with a partial pressure of about “t0rorr [100].
The magnetron sputtering system available at the-@WR institute may reach minimum
N, partial pressures of 1.5 « ¥@orr, so that an N-rich TiN is obtained.

A layer 80 nm thick has been initially deposited aotow resistivity (0.01 — 0.03
Q.cm) silicon wafer. The resistivity of this TiN, measd by means of four points probe
resistance measurements, is quite satisfactoryufah® « 18 pQ.cm). However, in the
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adopted sputtering conditions, TiN conductive fillngaving an open microcrystalline

structure are deposited. Nickel diffusion througbse layers turns out to be too large to
allow the synthesis of CNTs, since even with thertelsd annealing no active catalyst
remains on the surface. A densification of the Tistalline structure by means of an
annealing treatment in inert atmosphere of argo®0at °C has been carried out, but the
process transforms the TiN in an insulating layers Thattributed to the high Ti reactivity

to oxygen, so that the presence of some ppm ofrwatbe Ar gas, at 900 °C, is enough to
oxidize some of the Ti and form Ti@omains that degrade the conductivity.

A different solution for the densification of theNrifilm has been found in the
literature in terms of a sputtering deposition dgrivhich a negative voltage is applied to
the substrate [98, 101]. This is expected to caxsygem and other impurities, such as
argon, to be resputtered in the atmosphere fronfiltheConsequently, the film exhibits a
denser structure, with a less amount of voids argingboundaries, and a larger
conductivity. A slightly different solution has beadopted in the CNR-IMM magnetron
sputtering system. During the Ti deposition in thaative N/Ar atmosphere, the substrate
is heated at the temperature of 200 °C, which ésntlaximum temperature achievable in
our magnetron sputtering system. This results drdésorption from the N-rich TiN film,
and thus in a better stoichiometry and higher dgn$he available magnetron sputtering
system does not allow reaching temperatures ab@®€@, while the optimum density of
the TiN film obtained by other authors has beenead using temperatures of about 550
°C [100]. A 40 nm thick layer has been depositedntgans of this process the film
resistivity turns out to be about 1.3 «310Q.cm. In order to further enhance the
densification of the film, an annealing processipatmosphere has been performed at 900
°C. The resistivity increases only slightly (up t@ % 16 pQ.cm). Finally, a sample
annealed in Bland a sample not annealed after the film depaosiiodergo a “pseudo-
deposition” (with no carbon feedstock gas flow)gass at 750 °C in Nd-atmosphere. The
sample annealed injHhas a lower resistivity with respect to the asodéapd film (1.2 o
10* pQ.cm compared with 4.6 « IQQ.cm, respectively).

On these TiN substrate samples, both the as-deg@osaitd H annealed ones,
different thicknesses of the nickel film, rangingtween 2 and 30 nm, have been
evaporated in order to find the optimum thickne&sctv allows balancing the catalyst film
fragmentation and the catalyst diffusion through barrier layer. Very thick films result in
poor film fragmentation and nanopatrticles formatrdmereas too thin layers results in lack
of active catalyst on the sample surface duringit@osition step.

A CVD process has been performed following the step Table 3.4, with a
annealing of 10 minutes. The best thickness fonttieel film is 30 nm. However, the film
is composed by defective CNTs, with different hesglup to 4.5 pm) and often covered by
a thick layer of amorphous carbon. The CNT diametees very large and broadly
distributed, varying between 90 and 250 nm. Theiteissconsequently low. This deposit
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has been characterized by means of field emissgasarements. As it will be described in
detail in next section, the measurements estalighat the Si — TIN — Ni — CNTs
sandwich is conductive. The slightly conductivitgri@ease provided by the;lnnealing is
not sufficient to justify the enhanced complicatminthe process including this additional
step, thus it has been skipped in the followingestigations.

The CVD synthesis process has been modified in dodarvestigate the effect of
low pressure conditions during the annealing arel deposition steps. Following the
process of Table 3.4, a reduced pressure of 10 Bgrbéen maintained during these steps.
The quality of the sample dramatically improves. éxse carpet of multi-walls CNTs was
deposited. The mean thickness was about 5 um, twistdated nanotubes up to 20 um
long have been also observed (Figure 3.16). Thepleasxhibited CNTs with a broad
diameter distribution, ranging between 20 and 100 Some CNTs showed nickel clusters
distributed along their length.

N1-M-114 10um EHT = 5.00 kV Signal A = SE2 Date :8 Feb 2006

Mag= 500KX |——] WD= 25mm Time :17:10:54

Figure 3.16.Cross-section SEM micrograph of a MWNT carpet grawna TiN layer
following the process defined in Table 3.4, butoat pressure (10 Torr) The TiN layer,
40 nm thick, has been obtained by RF magnetroresing of Ti in reactive atmosphere
of No/Ar, with the substrate hold at 200 °C.
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Raman investigation confirms the enhancement oCiN& quality. In Figure 3.17,
the Raman spectrum of the sample deposited at 780sTocompared with the spectrum of
a CNT film deposited at 10 Torr. In both the spettieaD peak intensity is high, indicating
that the samples contain amorphous carbon andtoefe@anotubes. The ratio between the
defective peak and the graphite ongld, is about 1.3 in both spectra, in agreement with
values reported in the literature for films of CNdsated with amorphous carbon [97].
Actually, in the low pressure sample this ratiosigyhtly greater with respect to the
atmospheric pressure sample (1.39 compared with),1b2it the equally significant width
of the peak is much smaller in the latter casealBinthe ratios 3/l and b/lg, between
the defective peak or the first resonant order pgalind k respectively, and the second
resonant peak of graphites.,l largely decrease for the Raman spectrum of thepka
deposited at 10 Torr, indicating a lower numberefedts in the corresponding CNTs [97].

CNTs / Ni/ TiN, CNTs deposition at 750°C

N dep.p 11y 1N I

10 Tarr 1.39 5.89 4.24
/750 Torr 1.26 15.49 12.29

Intensity (a.u.)

G’ (2xD)

1000 1500 2000 2500 3000

Raman shift (cm™)

Figure 3.17.Raman spectra in the range 1000-3000 ofnithe CNT carpets grown on
the sputtered TiN, following the process of Tahk, &t two different pressures (750 and
10 Torr). The TiN layer has been deposited holdiregsubstrate at 200 °C.
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The second approach adopted in order to investifage CNT synthesis on
conductive substrates has included an evaporafigheonickel catalyst film directly on
silicon substrates. An n-type, low resistivity (G6-51 Q.cm), silicon substrate has been
used. Various thicknesses, between 2 and 30 nthedfickel film have been evaporated.
A nickel silicide is expected to form at the inta€, due to the nickel diffusion inside the
silicon substrate. Depending on phase created atinterface, the silicide can be
conductive or not.

CVD processes performed in a mixture of 5 %HELIin NHs;, at atmospheric
pressure, result in unsatisfactory CNT depositsnathe temperature profile causes a large
diffusion of nickel inside the silicon, as in thase of long annealing steps or deposition
temperatures of 900 °C. On the other hand, CNTs Hwaen deposited adopting the
process described in Table 3.4, with a 10 minuteg lannealing step. The nickel film
thickness of 5 nm thick produces the best CNT caij@B um high (Figure 3.18). The
SEM images show CNTSs of high quality, with few de$eend with diameters in the range
60 and 80 nm. The resistivity of the nickel silicioles not been measured directly but only
by means of the field emission technique, as indase of CNT growths on the TiN
substrates. The Si — Ni — CNTs sandwich results tonbelating, as described in the
following, indicating that the Nbi, phase, formed during the CVD process, is not
conductive.

Summarizing, the synthesis of CNTs has been inwstigon silicon and on
titanium nitride layers produced by means of ddférmethods in order to determine the
optimum solution for a conductive layer on which T3¥\can be successfully grown. First,
a proper deposition technique for a conductive &t which acts as a barrier layer has
been determined. Then, CNT carpets of satisfactaafity have been deposited on both
substrates. This achievement allows to perform la #enission characterization of the
different configurations for the Si — CNTs interfaead hence to determine the solution to
be employed in the NanoChanT detector.

Figure 3.18. Cross-section SEM
micrograph of a MWNT carpet
2 grown on a 5 nm thick Ni film
directly evaporated on Si. The
growth  process has been

performed in accordance with
AccVY Magn Det WD —— 5m Table 3.4

200KV 3622x SE b.1 SC2 88
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3.4 Field emission characterization

The conductivity of the interfaces between the latayers and the CNTs has been
evaluated by means of field emission measuremdits approach has been chosen
mainly for two reasons. Firstly, it allows the cheterization of the different barrier layers
with CNTs grown in a free-standing configuration amithout a top contact on the CNTSs,
which is not trivial. Indeed, contact |-V measuratserequire the growth of CNTs in
dedicated configurations and the definition of agar metallization scheme for the direct
contact between the top of the CNT carpet and theewu electrode. However, field
emission properties are very much affected by #rapte morphologies so that it is not
possible to deduce quantitative values of the cotidty of the sandwich barrier layer —
catalyst — CNTs, since different CNTs morphologiegehbeen obtained on the different
samples. Nevertheless, a qualitative indicationlmitraced and it is useful in establishing
what is the proper barrier layer. Secondly, CNTsd&eply investigated as field emitters
since their structural and morphological propertiezke them appealing for being used in
cold cathode emitter devices for intense electarcees. This approach can also allow to
achieve some insights on the field emission progedf the CNTs grown

3.4.1 Field emission system

The field emission system is placed inside a stasn&teel chamber (Figure 3.19),
equipped with a pumping system. This consists ofrallspump and a turbo-molecular
pump which allow achieving a vacuum level of' 10108 Torr.

A Keithley Source Meter 2410 is used as power suppl establish a voltage
difference between the electrodes in the range1d00 V. A Keithley 619 multimeter
records the emitted current. The system has beegne@esin order to allow the flow of a
maximum current of 1 gA and to have a very low eatmoise, namely of about 1 — 2 pA.
The electrodes configuration is composed by a spdleanode and a flat cathode. The
former consists of a gold tip, with a diameter &05um. The latter is a grounded
aluminium base (Figure 3.19). The samples are athbly means of silver paste from the
back side at an aluminium plate, which is then raadally contacted with the cathode
base. The cathode can move in the XY plane beingenriby two independent
piezoelectric motors. The minimum step is approxatyattO pm and the maximum
displacement is 25 mm.

Two additional piezoelectric motors control the @agosition along the Z axis,
and thus the anode—cathode distance. One motaniisrsto those of the XY plane. The
second motor allows a more precise displacementthef anode, nominally of
approximately 10 nm. The extension range for thez@electric motor is limited at 90 um

89



Chapter 3 Synthesis of free standing carbon nanotigs

Figure 3.19. Picture of the Field Emission system. On the ldfe stainless chamber
which contains the sample to be characterized.h@rright the core of the system: the
anode tip is sustained by the white bar, which moa#eng the Z axis. The sample is
attached at the base, which can move in the XYepl&iezoelectric motors drive the
system in the XYZ space.

Since an accurate knowledge of the anode—cathqurag®n is critical in field
emission measurements, a procedure that permitiréotly determine the electrodes
distance has been developed. In this procedureartbee is moved downwards to the
cathode until a direct contact is found. The Keithteultimeter is set as an ohmmeter to
protect the electronics of system in this confijora A voltage of 3 V is imposed
between the electrodes, and the contact betweateanad cathode is established when a
current is detected. Since the system can be mavgdy discrete steps, cautions must be
taken in order to avoid too large displacements toald result in damaging the sample
surface. Both the piezoelectric motors controlling Z axis are used to overcome this risk.
Firstly, the fine piezoelectric motor is used tolpe the space from the starting position of
the anode to the maximum extension of the piezthdfcontact is not reached, the fine
piezo is pulled back and the second piezoelectatomwhich has a minor step resolution,
moves the anode. This displacement puts downwamaéw starting position of the
anode, but within the already probed space. Theegsothen restarts, until the contact
between the electrodes is established. This rowatiogs to probe new Z positions only
with the small steps of the fine piezoelectric mpeehich can be set down to 10 nm. It has
been verified by means of SEM observations thatatth@pted procedure does not cause
detectable damages on the surface of the measamgules. After the reference 0 position
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has been set, measurements are performed at ae-a@atilode separation within the
residual space between the complete contractiotheffiner piezo and its extension
corresponding to the O position. The theoretical imax working distance is thus the
largest extension of the piezo, that is 90 um, réak maximum values can be only 70 — 80
pm.

Field emission data are collected imposing a scanover a voltage range after the
desired anode—cathode separation has been se¢heAthovements and the measurements
of the system are controlled via PC. The exterredtatal field has been approximated as
the ratio between the applied voltage and the mimndistance between the spherical
anode and the planar cathode.

3.4.2 Field emission measurements

Field emission characterizations of reference samgs

In order to compare different samples, two refegefigure-of-merits have been
chosen, namely the applied electric fields requicedtollecting a current of 100 pA and 1
HA. Respectively, the former value has been chagelh above the instrument current
noise of 1 — 2 pA, the latter value correspondsh® maximum current allowed in the
system. Two different samples were initially chagaized in order to gain some references
for the subsequent measurements.

Dense carpets of vertically oriented CNTs synthekiae a thin silicon dioxide
layer (9 nm thick) with patterned catalyst areass amployed as a reference for
measurements on insulating barrier layer (alredtywva in Figure 3.14). By applying
electric fields up to high values, the emitted eatrremains within the noise range, being
about 1 pA. Suddenly, the current raises to theimiax allowed value of 1 pA. This step
in emission occurs at different values of the eiedield, ranging between 45 and 70
V/um in different measured sites. Further measunésni@ the same location showed that
1 pAis reached at much lower values, i.e. betwi®and 20 V/um, with a more gradual
rising between the two limit values. The field regdi for achieving 100 pA current then
varies between 10 and 15 V/um. Moreover, the |-filer turns out to be quite
reproducible.

For achieving the high electric fields requiredthis sample it has been necessary
to work at small anode—cathode separation, nam@lpurh. These small inter-electrodes
separations increase the risk of damages of ti®datsurface induced by arcing or short-
circuits between anode and some CNT protrusionsenithis arcing occurs, the sample
undergoes the localized flow of the maximum currentil the voltage scanning is not
completed. The presence of CNTs can eventually clmase field amplification at their
tips by means of their enhancement fagt@and allow reaching the electric fields required
for arcing, i.e. about some kV/um. SEM investigagi@vidence a break in the CNT film,
in all the measured sites, as it has been pushedrdp by some kind of explosion. A
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silicon droplet is always found in the middle ofetfilm cracks. The sudden current
emission has been related to an arc-shocking mamed a subsequent silicon substrate
melting. After this, a conductive path is created @#he molten silicon acts itself as field
emitter.

The second reference sample consists of a 20 p dieicse carpet of vertically
oriented CNTs on a conductive substrate. It washegited at 700 °C and atmospheric
pressure directly on a silicon substrate, using mn2thick Fe layer as catalyst and a
mixture of 5 % GH» in Ar. This particular process was adopted on thsebof a process
reported in the literature for field emission apation [40]. Differently from the previous
case, the collected -V measurements are quiteodepible during the first and the
subsequent voltage scanning, even if the |-V mefdre quite noisy. The fields required
for achieving currents of 100 pA and 1 pA are 6 /@m and 9 — 12 V/um, respectively.
These values are considerably smaller with respeittase obtained on the silicon dioxide
substrate, and the emission curve is smooth. Thesdts are confirmed at different
anode—cathode separations, ranging between 100apch8The applied fields required for
extracting the reference currents decrease witfetasanode—cathode separation, since the
farther is the anode tip, the wider is the areambich the electric field insists on. Field
emission is indeed dominated by few best emittacsat larger anode—cathode distances,
the probability of including their contribution the total emitted current the contribution is
larger. Furthermore, if a larger area undergoesfimication of the electric field, a more
stable emission curve will be also measured, stheeCNT distribution will be more
homogeneous. SEM investigations of the sample #ifierfield emission measurements
reveal that CNTs rise in blocks of some micrometdesg to a poor mechanical bonding
between the CNT carpet and the silicon substrates. @dor CNTs-substrate adherence is
considered the cause of the noisy I-V profile.

The field emission profile of the CNT carpet growmtbe thin silicon dioxide was
thus adopted as a reference for the behaviourmpleaon a poor conductive or insulating
barrier layer substrates, whereas the field emmsgimfile of the CNT carpet grown
directly on silicon, using Fe as catalyst, was aered as a reference sample whose field
emission behaviour indicates a good electrical adrietween CNTs and the substrates.

Field emission measurements on CNTs grown on condiwe barrier
layer

The field emission characterization allowed establg the interface conductivity
of the CNTs samples grown on nickel catalyst evapdrdirectly on silicon or on titanium
nitride layers.

The best CNT carpet grown on Ni/Silicon substrateegaly shown in Figure 3.18)
has been measured. The results have been simildnose of the thin silicon dioxide
reference sample. The first achievement of the mamincurrent of 1 LA has a steep
profile and occurs between 65 and 80 V/um. The didtat extracting 100 pA and 1 pA
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obtained in the following measurements are 8 an®l/iln respectively (Figure 3.20). The
Si — Ni — CNTs structure is insulating evidencingttthe NjSi, phase of the Ni silicide,
formed during CNT growth process, is not conductive

1st Measurement Next Measurements
1 pA — 1 pA B
oo o
"S' 1e008 ‘ "s' -
E"®I 100 pA@62Viym | E
. o | - o 100 pA @ 8.5 V/um |
1e011+ {
1pA —

Figure 3.20.Field emission behaviour of the CNT carpet grownNiSi at 750 °C (see
Figure 18). The first emission (upper left) is giirand occurs at high fields (60 — 80
V/um). The subsequent ones are smoother and ar loeve (8 — 12 V/um). After the
emission, the CNT carpet results detached andcarsimolten droplet can be seen at the
centre of the emission site.

Field emission characterizations have also supgotte investigation on the
different TiN layers. The TiN barrier layer prepargdrbeans of N annealing of a 20 nm
thick Ti layer has been discarded because the Cidetsagrown on this kind of substrate
present the field emission behaviour of the refegensulating substrate.

On the other hand, conductive TiN barrier layer Ib@sn obtained by means of a Ti
sputtering in reactive MAr atmosphere with the substrate heated at 20@-/&Id emission
measurements allow checking if also the Si — TiNi—MNTs structure maintained good
electrical conductivity. The CNT film deposited atmaspheric pressure has been
characterized.

The field emission properties of this sample evigeacconductive feature of the
interfaces. No large difference occurs between fired and the subsequent current
emission curves. The reference currents of 100m@AlapA are collected for fields of 9 —
12 V/um and 13 — 16 V/um respectively, when thedaroathode separation is 50 pum.
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SEM observations do not reveal any breakdown infithe as expected. The stability of
the current emission has been demonstrated overrmirutes long measurement with a
proper applied field set to collect approximatedp PA.

Even better field emission performances have beendion the CNTs synthesized
on the same substrate at reduced pressure (shokigure 3.16). This enhancement was
expected since the morphology of this sample isensaitable for this kind of application.
Indeed, the few isolated 20 um long CNTs extrudnognfthe dense film, having a mean
thickness of about 5 um, likely act as preferergmaission site, since they do not suffer
any screening effect. The electric fields applieccaodect the reference currents are the
lowest ones among the measured samples. For megsarcurrent of 100 pA a field
ranging between 2.8 and 4.5 V/um is necessaryfantl pA between 4 and 6.6 V/um,
when collected at an anode—cathode distance ofrdQ(Rigure 3.21). Moreover, SEM
observations do not reveal any breakdown in time, fils expected, nor modifications in the
CNT carpet morphology.

Anode-Cathode Separation = 50 um

1E-64 |—=—site1
—=—Site 2
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O 1E-104
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Figure 3.21. Field emission behaviour of the CNT carpet showrFigure 3.16. The
reference fields are the smallest obtained: 10@mAcollected at fields of 2.8 — 4.5 V/um,
and 1 pA at 4 — 6.6 V/um. The different curvesratated to different emission sites on the
sample, and are due to the local morphology ot#meple.
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The field emission measurements allow the determoimaif the best barrier layer
to be adopted as interface between CNTs and sili€orthermore, it is worth noting that
this sample is very interesting since it could Beduto extract large electron currents by
means of the application of relatively small eliectields.

However, as discussed in Chapter 2, for ratingquredity of different cold cathode
field emitters, it is necessary to compare the enirrdensityJ achievable under the
application of an electric fieldE. Moreover, this approach is needed when lookirg fo
physical insights of the emission phenomenon. Sineexperimental curves involve an |-
V relationship, it is mandatory to estimate the &sitin are& which provides the collected
current. This problem is particularly critical wharrays or films of emitters are measured
and a sphere—to—plane geometry is adopted forrthéea-cathode system. In many papers
the emission area is extrapolated from the Fowlerdheim plot, but such an “emission
area” is not useful in characterizing an actudbfiemission device and its nature is still
hardly understood. Mainly, other papers tacitly idvor underestimate the issue of
emission area calculation. As already shown (sgar€i2.12), different evaluations of this
entity can result in a very wide rangeJofalues.

Field emission measurements interpretation

After having studied the interfaces between CNTs sihdon by means of field
emission, a procedure for interpreting the 1-V nuieasients has been developed, in order
to characterize the CNT films grown on conductivll &k cold cathode field emitters.

Since the Fowler—Nordheim (FN) equation (2.1) linke locally defined electric
field E.oc and current density, a modified version of the equation, linking thepked
voltageV and total currentt collected at the anode has to be built. The laeld £, oc can
be expressed as the externally applied electniell Ecxr (E for sake of simplicity in the
following) multiplied by the geometrical fact@r the field enhancement factor. That is

Eloc = BXEgq (3.3)

The factorg is locally defined since it depends strongly boththe single field
emitter geometry and structure (i.e. from the pmeseof adsorbates) and on the film
density, as described in section 2.1.3. For theadbterization of a device based on a field
emitters film, it is not practical and neither udefo manage directly the local field
enhancement factor. It is more convenient to canmsibef factor as the average of the
B(r) of the different emitters, which describes a ‘idevfeature’ This assumption is
justified by the fact that the CNT samples are ghdmogenous in a scale of some tens of
microns, even if they are very variable on a shiatale (see Figure 3.16).
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The field emission phenomenon is very much affedtedsmall variation of the
external fieldE, due to the exponential dependencelain E. In the sphere—to—plane
geometry,E decreases when moving from the point of minimuettebdes distance, as
illustrated in Figure 3.22. The correspondent depeod ofJ with respect tar is also
reported.
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Figure 3.22 (Above) Scheme of the sphere—to—plane configundtr the electrodes. R
is the tip radiusd, the minimum distance, the distance on the plane from 0. (Below)
Simulation of the electrical field vs. The dependence of the current dendignr is
also shown. The simulation has been made with gfiegpvoltage of 500 V, an inter-
electrodes separation of 80 um, and assuming edlyyalue of 500 for the enhancement
factor.

In the adopted configuration, the actual elecietdfexerted on the cathode surface

has been approximated Iﬁs%. Due to the cylindrical symmetry, the anode—ca¢hod

distanced(r) depends only onand it can be expressed as
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d(r) =d, +Ad(r) =d, + R—VR?* -r? (3.4)

whereR is the anode radius (equal to 260 um, in the eyaplcsystem), andp is the
minimum anode—cathode distance.
The Fowler—Nordheim equation can be thus rewriign

2 _B¢;’/2 2 —ng/zx
I(Eioe) = e DJ(\/)=A>{ A Je " (35)

¢ \d,+R-VR*-r?

whereA =154+ 1F A eV V? B=6.83+18eV*?V m* and¢ is the work function of
the emitter. For CNTs, ¢ value of 5 eV is commonly used. The final formtbé FN
equation is then

d+R- Rz—rz)

BV Z_B'x( I
JV)=J(,r) = Ax 3.6
SIVEVES S S

where A=2= 3,08+ 10 A v and B'=Bg” 2=7.64«16°V m™.
@

To make explicit the total emitted currdnthe equation (3.6) has to be integrated
over the cathode surface, that is

(V) :TZITJ V,r)dr (3.7

Because of the quick decreaselaf J(r), as shown in Figure 3.22, it is possible to
integrate up toR as an upper limit, which is also the limit of cdefion for the

approximation ok = % The solution of this integral is
r

—C,(c3-R) e‘C2C3

(V) =c,e™ {C{e - } + 1+ Czcs)[El(Czcc) —-E(c,(c; - R)]} (3.8)

c; - R C,

The explicit expressions of the constants use8.8) @re

_BY(dg*R)

c, =2/ V% H (3.9)
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C, = (3.10)

c,=d, +R (3.11)

40—t

The function E(z) is the exponential integral function, definedE (z) = jert

z

for |arg@)|<r. This function can be asymptotically approximattmt, |arg¢)|<gﬂ [102],

with

ZZ

E.(2) = e; {1—2 LNn+D +o(23)} (3.12)

To accomplish the calculation an approximationha&t $econd expansion term is
needed. For z > 10, as in our case, the errowidt an approximation is of less than 2 %.
The final result is thus

_Bd, D

_GcR cR_277NR,83V3 N 3 A
I = et =" T ¢ =CB¥N 3% # 3.13
V) o.d? Bl B (3.13)
where
2TA'R
C= 3.14
B2 (3.14)
D =B'd, (3.15)

Both C andD are constant, assuming titd, and the work functiog are fixed.
By means of fitting the experimental data with eeura(3.13) it is possible to calculate the
field enhancement factgt From equation (3.13), it would be also theordigaossible to
determine the work functign, but this approach is only possible for single témi
configurations [63]. In fact, for a film, the inffmce of both close emitters and substrate
results in unreliably low values of 0.5-2 eV [103].

A similar method for analyzing field emission dataa sphere—to—plane electrode
configuration has been developed by other authb@d][ In their approach a different
solution of the same integral (3.7) was achievedeld on a first-order Taylor expansion of
the integrand function. Their final result is
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(V) = C'v3(1—%je'3 (3.16)

whereC’ and D’ differ from (3.14) and (3.15) because they induaiso the parametgr
That is,

o= 2TWRET ng (3.17)
B'd,
B'd
D'=—>2 3.18
; (3.18)
The equation (3.16) is rewritten as
V)= <0)( 2t Vj(l-%j = J0)A, (3.19)

beingJ(0) the current density at= 0 andA¢s the corresponding effective emitting area. It
has to be noted that beid{0) the maximum value for the current density overdample
area (as can be seen in equation (3.5))Athalightly underestimates the actual emission
area.

It is worth noting that both approaches lead to ediffred version of the FN
relationship for a sphere—to—plane configuratiohere the dependence lofs onV? and
no more orV®. The twomodi operandidiffer only by a corrective factor, dependent\6n
and negligible for higlD’ values. The usually adopted FN plot, where thpeexnental

: 1 I : . . :
data are shown in tPE%—,In(WD plane in order to obtain a linear representatibthe

field emission phenomenon, has to be replace bydifrad one, Where(vi,ln(#j)is

used.

After f has been estimated from fitting the experimentthdwith (3.13), we
achieve the evaluation of the emission area with different methods. Firstly, fixed the
voltage and the anode—cathode separation, the depea of the collected current with
respect to the radial distance from the symmetig has been considered. The emission
area has been evaluated as the cathode area atingilat a determined fraction of the
total current. Secondly, the approach reported in [104] has beetied at equation (3.13)
for comparison, obtaining
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27RBV
BI

(V)= J<0>( j= IO A, (3.20)

The developed framework has been applied at diffezenission sites of the CNT
carpet shown in Figure 3.16. The fitting procedsraffected by the regularity of the -V
profile. Field emission is very much affected bydb variation of the sample, due to
contaminations from adsorbates, exceptionally lengtters or others, whose effects can
change during the emission. The deviations fromettpected trend can be related to these
changes. It is thus extremely important to achietable emissions. Conditioning
treatments, which consist in forcing for severaliisoa medium current emission through
the sample, are commonly adopted to reach this itond Better results have been
obtained when the emission is more stable, asgar€i3.23. The experimental fit of the -
V data with equation (3.13) has been performed leams of a nonlinear regression
method based on the Leverberg-Marquardt (LM) atgor{105].

The field enhancement factor is estimate@ as796.6 + 0.5. The result, reported in
Figure 3.24, is quite good considering that only fagnificant experimental points have
been available for the fitting, after excluding theise current and the current-limited
zones. The effective emission avka is evaluated for the experimental data pointl) =
(200 V, 4.095 « 10 A). From the equation (3.20), this results in

2TRBV _
A, = ( : = (3407+ 0.002) + 105 cn? (3.21)
B V=200v,5=796.6+£05
s JAnode-Cathode Separation = 50 um -30 .e**%, Anode-Cathode Separation = 50 um
10 -! ./.—l—l—l—l f\
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Figure 3.23 Field emission behaviour of the CNT carpet shawfigure 3.16. On the
left, the I-V plot is shown. On the right, the miegd Fowler-Nordheim

pIot,In(%/g}\/s}\// , is used. In this plot the field emission behavisuepresented by a
straight line. In both graphs, the experimentahdatints which follow a field emission

behaviour are between the current noise regiorAjlapd the region where the emitted
current has been limited by the protection cirguar 1 pA.
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Anode-Cathode Separation = 50 pm

1E-6 +
1E-7 +
1E-8 +

1E-9 +

Current (A)

1E-10 4
1E-11 4

1E-12 4

Chi*2/DoF =5.5851E-17
R*2 = 0.99757

BETA =796.6 + 0.5

LA BN B B O O N 3

v Ll = 1
50 100 150

Voltage (V)

200 250

Figure 3.24 The result of the experimental data fitting wetuation (3.3).

On the other side, by evaluating the functgelr(r), the areas corresponding to
r

different fractions of the total collected currerdn be determined (Figure 3.25). The
results corresponding to the set of parameti®sV, ) = (50um, 200 V, 797) are reported
in Table 3.5. The emission area contributing at%5%of the total current has been
estimated ad\gv ~ 9.5 « 10° cn?. It has to be noted that the simulated total curdéffers
only slightly from the measured one{juLatep =~ 3.833 * 10 A Vs. Iygasurep = 4.095 e
107 A), validating the framework

1,0x107% 1
8,0x107 -

6,0x10° -

di/dr (A/m)

4,0x10° -

2,0x10°

Beta = 797
V=200V
dp =50 pm

IMEASURED =4.095 E-7 A

0,0

50

100 150 200
r (um)

250

Figure 3.25 Simulation of the
emitted current distribution with
respect to the radial distance from
the point of minimum anode-
cathode separation. The integral of
the function, calculated with the
set of parametersl{, V, B) = (50
um, 200 V, 797), gives the total
emitted current.
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Table 3.5
Total Integral Current = 3.83 « TOA
Fraction of the R Collecting Area
total current (%) (um) (cn)
95 55 9.50+ 10°
98 62 1.21+ 10*
99 67 1.41+ 10*

Table 3.5.Summary of the simulation on the area of the sartigé contributes for a
given fraction at the total emitted current.

The current density has been finally evaluated whih emitting areas calculated
with the two methods, that K~ 9.5 * 10° cnf andAe = 3.4+ 10° cn (from 3.21). For
a collected current of 4.095 « 1@,

A, =340710°cn? = J, =12mA/ cn?
A, = 950+10°cn? = J, = 43mA/cn?’

The CNT carpet grown on conductive TiN at 10 Tresults able to emit a current
density of some mA/ci(12 or 4.3 mA/crhdepending on the evaluation used for the area)
under the application of 4 V/um, at a 50 um anodthrade distance.

These values result to be comparable with the @aiad in the literature, for
similar CNT-based emitter typologies. In particultor CVD-synthesized MWNTs the
threshold field (defined as the one needed to predun integrated current density of 10
mA/cnr) varies between 3 and 15 V/pum approximately, prisnaepending on the CNT
emitter density [59]. For a medium CNTs densitynfleen 45 and 150 CNTs/|fjrvalues
between 3.3 and 7.0 V/um are reported [59]. For tamsity films, between 0.1 and 1
CNTs/unf, the threshold field varies in the range 10 — M4m.

The field emission behaviour of our sample is dated by the 20 um long CNTs
extruding from the film, since they should not suffany screening effect from the
neighbours. From SEM observations, their density loa estimated to be lower than 1
CNTs/unf. Since the CNT diameters vary between 20 and 160 uosing the

approximatiorns = h [59] and takinch = 15 pm (the mean length of the extruding segment
r

of the CNT), the field enhancement factor of thegk emitter varies between 300 and
1500. This large range includes thealue, which refers to an averageestimated from
our experimental data.
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The interesting field emission properties of theTC&&mple grown on conductive
TiN layer at low pressure are appealing for mangliagtions which require cold electron
sources. For instance, the INFN project SERENAw&stigating similar CNT-based field
emitter devices as electron sources for electrariotpn resonance (ECR) ion sources.
ECR are widely used as injectors into linear acesbes, Van de Graaff generators or
cyclotrons in nuclear and elementary particle pdg/sin atomic and surface physics ECR
ion sources deliver intense beams of highly chaigad for collision experiments or for
the investigation of surfaces.
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The configuration of the detector proposed in ttd®ChanT project involves the
synthesis of nanoconductors inside a highly ordaretlinsulating template. The enhanced
space resolution will be determined by the redutéckness of the active silicon diode
layer, but a highly regular structure with submicqorosity is necessary to preserve the
spatial resolution in the passage from the actiagerd to the read-out electronics.
Nanoporous Anodic Aluminium Oxide (AAO), or alumjnaxhibits a nanochannel
structure that fulfils the required conditions. Téfere, its synthesis is certainly one of the
milestones in the fabrication technology of theedddr.

The pores of the AAO template have to be filled hwitanoconductors that
guarantee the electrical contact between the asiii@n diode layer and the read-out
electronics. Nanoconductors would be either methowires or Carbon Nanotubes
(CNTSs). In this thesis the filling of the nanopowmsh CNTs has been studied.

This structure is also planned for investigatioms fizld emission applications,
since interesting emission properties of the CNiftsvg inside an AAO template, despite
the high density of emitters in this configuratiblaye been reported [52, 106].

4.1 Anodic aluminium oxide

4.1.1 Experimental setups

Different investigations have been developed onmaia. A first group of
experiments has been aimed at the optimizatiohetynthesis process and the regularity
of the template. In a second block, the synthesiggss has been modified in order to
result faster and able to produce a larger amolalumina samples, even if with a lower
regularity. Indeed, a large number of templates @en required to face the issues of
metal seeds electro-deposition and template graftbarbon nanotubes. Finally, some
preliminary tests have been made on the anodizafienthick aluminium layer deposited
directly on silicon. The experimental systems usetthe different investigations have been
adapted for the diverse scopes.
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In the research of the conditions for the best alantemplate quality, the growth
process was performed in a class 100.000 (FED-SOID2classification) clean room
environment of the IMM—-CNR Institute. To performl girocesses needed for the
aluminium oxide growth an anodization cell was desd and fabricated (Figure 4.1).

The cell is a Teflon cylinder with a bottom, in vad®ocentre there is a circular hole,
of 2 cm diameter. A Teflon lid is also used. The o Teflon allows thermal insulation of
the liquid, thus enhancing the temperature contvtreover, this insulation permits to
avoid fluid loss by evaporation, which can be utihgaand water condensation entering
the cell. The sample is placed between the bottbthen cell and a stainless steel plate
resting on another plate of Teflon. The way thiataot is performed can critically affect
the stability of the process. For a highly regutanplate sample, it is in fact necessary to
ensure a uniform and stable electrical contact eetwthe steel and the aluminium foil.
The optimum solution has been found in using sijvaéste as adhesive material between
the two metals, which guarantees good mechanidahletectrical contact. Two different
diaphragms have been used during the processasjex bne (with a diameter of 2 cm)
and a smaller one (0.85 cm diameter). The latteussed to anodize with different
anodization parameters the same aluminium foilswBen the sample and the hole a Viton
O-ring is put in order to ensure the closing of #ystem and avoid liquid leakage. A
voltage is applied between the steel plate anddhajectrode. The grid is mounted in a
Teflon ring and it is connected to a power supplgltage and current measurements are
registered by means of a digital multimeter.

Usually, a volume of 0.4 | is used in the procesp.sThe liquid is maintained at
constant temperature by means of a thermostat whioips cooling liquid (mixture of 3 |
water with 1 | glycol) through a Pyrex spiral. Miggen is flown through a Pyrex inlet into
the cell to stir the liquid. The optimum flow ofl/min is monitored by a flow meter. The
stirring of the solution has already been reportedhave a large influence in the
anodization process, as it maintains uniform comast at the pores bottom.

To fasten the production of alumina samples and tha possibility to investigate
the metal nanowires electro-deposition and the exyent CNT growth, a different
anodization system was developed in the laboratook Physics Department of the
University of Bologna. This system utilizes lesacstconditions, and consequently the
alumina regularity largely decreases. Moreover,hety of the starting aluminium layer
chosen for these experiments was lower (99.865/¥iih this arrangement, the aluminium
foils are totally immersed into the solution. Inisttway, both aluminium foil surfaces
undergo the anodization process and the oxidiZungiaium layer remains in between the
two forming aluminium oxide layers, ensuring theagical contact.
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Figure 4.1 Schematic representation of the anodization &k sample is mounted in
the center of the bottom supported by a stainlesd plate. A positive voltage is applied
to the sample, while the platinum electrode is tiegly charged. The spiral belonging to
the thermostat and the temperature probe are ladsonson the left. The fluid is agitated
by a nitrogen flow kept constant at 1l/min.

4.1.2 Syntheses and characterizations

The growth process employed Goodfellow high pui@®9.999 %) aluminium foils,
type ALO00565/5, as rolled, light tight, 25 x 25 Mrh00 um thick. For the production of
high ordered aluminium oxide templates, it is fumeatal to start with a highly regular
aluminium layer. Therefore, a procedure consistiigseveral steps has been adopted
before the anodization in order to enhance thésgealuminium surface regularity:

* A degreasing of the aluminium foil in boiling ace&(56 °C) for five minutes.

« A 3 hours long annealing process in adtmosphere at 400 °C.

* A cleaning procedure, based on literature indicetifB86]. After having placed
the sample in the anodization cell, using silvestpdor better mechanical and
electrical contact, the sample is degreased imethfar 5 minutes at 40 — 50
°C. Next it is etched with a 1.5 M NaOH solution5at— 58 °C for 30 seconds.
Without water rinse, a second cleaning with 1.5 MN(G4 solution is
immediately performed for 30 seconds at room teatpeg. The sample is then
washed thoroughly with water, filling and drainitigg cell many times.

* A 20 second long electropolishing treatment, wemperature set at 10 °C and
the applied voltage at 40 V. A solution of alcohpérchloric acid (70 % in
weight), butyl glycol and water with relative volenamounts of 350:83:50:73
is used.

e A 60 second long etching treatment with 0.24 M®@;, performed at 80 °C.
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The annealing at 400 °C has the function of indngashe grain size of the
aluminium, and also of reducing the number of dsfétside the grains. The second etch
allows the removal of the top aluminium layer ta ge of the impurities contained there.

The electrically enhanced etching process is conynparformed to even out
surface irregularities. It is not possible to agkia sufficient regularity in the pores array
without electropolishing. However, it is quite dffilt to exactly control this process since
it involves strong reactions, with both high vokagnd current. If a too aggressive process
is performed, because it is too long, the electiishimg can result in damaging the sample.
In fact, locally enhanced etching causes the ayigh small defects, whose number
increases with time. These defects, which are egult holes due to an effect of the
orientation of the aluminium crystals, are mairdgdted at grain boundaries. They have a
very negative influence on the subsequent anodizaprocess, since they act as
preferential sites for the process developing hmidhe aluminium which bring to end the
anodization process. At the end of the electropois process, the cell is opened and the
sample carefully rinsed and dried with nitrogeneldctropolishing liquid remains on the
aluminium surface, the etching reaction goes furtdral defects appears. The last etching
removes the thin oxide layer remaining from thetpolishing reaction [86].

For the anodization step, a 0.3 M oxalic liquidusimin was chosen since it achieves
the most regular pore pattern at a voltage of 4Th/s voltage results in pore dimensions
and pitch (about 50 and 100 nm respectively) wisiebm to be the most appropriate for
the final detector application. Two kinds of anadian process can be carried out,
depending on the regularity requirements, thatoissay a single-step or a two-step
anodization.

In the former case, an anodization step is perfdrmaintaining the temperature at
5 °C and the voltage at 40 V. The liquid is stirceating the entire process. The duration of
the process depends on the desired pores depthtypical rate is 3.7 um/h. During the
process, the current vs. time curve, shown in leigu, reflects the expected behaviour
described in Paragraph 2.2.2. The current stagh hnd quickly drops because of the
oxide layer formation. When pores start to grove, ¢arrent increases again until it reaches
a steady stage. If larger pores are wanted, theplsaoan be etched in a mixture of
phosphoric acid (85 % in weight) and water withatiele volume amounts of 1:19 at
specific temperature and time.
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Figure 4.2 Typical current

] development during standard

ol / anodization. The highly

\ conductive aluminium quickly
\_,./ oxidizes, which results in a
current drop. When the pores
01— start to form, the current rises
- and then becomes stable,
decreasing slowly because of the
growing pore depth.

Current (mA)
[e:]

If an enhanced quality is needed, the two-step iaatidn has to be performed. The
template regularity increases as the pores grownd@nds. Thus, removing the upper part
of the oxide layer results in a more regular pateand in a greater similarity between the
top and the bottom part of the template. The tvep-sanodization achieves these
conditions by means of two separate anodizatiotis ani etching process in between.

A first anodization is carried out for 4 hours hetpreviously described condition,
obtaining a 12 pum thick oxide layer. The same phosp solution used for pore enlarging
can be used for the etching step. Two differerttiety processes can be done. In the first
approach a partial etch is made, lasting 40 minutdsch widens but not completely
destroys the pores. Afterwards, the second anadizand a second etching, 20 minutes
long, follow. The upper part of the oxide temple&genow completely dissolved, whereas
the lower part has reached at the same time theedgsore widening. This approach is
forced to employ the same conditions for the twodarations, to make the pore pattern
matching.

The second approach consists of a complete renoduake first aluminium oxide
layer, by means of an etching process 90 minutes & 30 °C. The remaining aluminium
layer presents a regular pattern of indentatiore $&cond anodization, made under the
same process parameters, starts from these indest@nd the template reaches a better
regularity. A second etch using the same paramdtetdasting 30 minutes is finally
performed. The two approaches, illustrated in Fegdt3, result in similar template
regularity. The second one, however, has the adganof allowing a wider range of
possible pore diameters, as any etching time ®isdtond step can be chosen, because no
upper part has to be removed anymore. After thasdization steps, the cell is opened
and carefully cleaned in water.
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Figure 4.3 The two different approaches for the two-stepdiadion process are
depicted. Both the processes start with a firsdemaion, 4 hours long (1). The samples
are then etched by a phosphoric solution for aiglartmoval of the alumina layer
(“sacrificial layer”) produced in step (1), on thedt, and for a complete removal of the
sacrificial layer on the sample on the right (2heTsecond anodization follows (3) and
finally a second etch is performed (4). If the samoed is used in all the steps, both
methods yield the same results.

Different steps can be performed after anodizati@mending on the desired AAO
template morphology. These differences are maisdpe@ated to the subsequent processes,
namely the catalyst electro-deposition and the yiithesis. The removal of the pore
barrier layer depends on whether the catalyst deg@osvould have to be performed by
means of a DC or AC process. Moreover, if the A&Oplate has to be used in a process
at a temperature higher than 650 °C, i.e. the ngelpoint of aluminium, it is necessary to
remove the residual aluminium layer. Different pdares have been considered for these
aims.

For removing the aluminium layer, the sample isegally remounted on the cell,
but upside-down, so that the aluminium layer resseposed at the solution. The sample is
next attacked using a mixture ob® HCI (37 % in weight) and 0.2 M CuQh relative
amounts of 1:1:2 for 10 minutes at room temperatungil all aluminium is removed by
the back of the oxide. The reaction is highly seecand the alumina is not attacked at all.
The dissolution, whose rate is quite high (about-120 um/h), is not continuous but it
proceeds by steps. When immersed in the soluti@atuminium turns black, forming a
soft layer on the metal. After some time, this udpger detaches, exposing the underlying
remaining aluminium. The aluminium is thus remoedy in layers.
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A different approach based on a voltage reverdal][bas also been tested. At the
end of the anodization, a sudden reversal of tharigation is applied to the electrodes.
This results in a kKHgas formation in the electrolyte. The gas formghat oxide/metal
interface too, as can be seen by the bubbles gedeumder the oxide. Because of the
barrier layer, however, the gas can not penettataugh the oxide and remains between
the two layers. It was observed that gas formatiocurs preferentially at the diaphragm
border. When the pressure rises above a certaiit, ltire oxide detaches from the
aluminium. The main drawback of this techniquehis tifficulty of controlling it. The
reaction is violent, and oxide breaching often escaspecially located at the border of the
sample. To limit this effect, the voltage has bémmered from 40 to 20 V before the
reversal, but the problem, albeit reduced, rem&nsghermore, once a breach appears, the
current finds a direct path through the aluminiayek, avoiding the oxide/metal interface.
Consequently, the reversal voltage technique cabaéanymore effective.

The last possibility consists in extending the amatibn until all the aluminium
will be oxidized. The negative aspect of this apto is that, especially if an AAO
thickness of 100 um is not required in the actoeéstigation, the process duration is very
long. At a growth rate of 3 — 4 um/h, a complet@dination takes 25 — 35 hours.
Furthermore, other problems arise when performing) rnethod. Particular care has to be
taken to protect the stainless steel on which émepe is attached. When the aluminium is
breached, the steel comes in contact with the soidtion and, being the etching
electrically enhanced, it is etched away. The Wreacand the subsequent etching are
sudden processes, so that current monitoring waoltdsolve the problem. A possible
solution, based on some hints reported in liteeaf®08], has been investigated. A gold
layer, 100 — 300 nm thick, has been evaporateth@mluminium foil. Since the gold layer
can not be easily etched by the acid solution, wtheraluminium anodization is finished
the current evolution changes with respect to #se ©f the stainless steel underlying layer
(Figure 4.4). In the gold layer case, the curreatts to rise. Initially because the oxide
barrier layer becomes thinner and later becauseeet @ontact of gold with the electrolyte
occurs. At this stage, gas starts to form and theent, after having reached its maximum,
starts decreasing because of the insulating pliepest the formed gas. The reaction has to
be stopped at maximum current, to avoid that ehtgh gas pressure damages the sample.
This approach presents also some drawbacks. licydart since some pores arrive at the
gold layer before the others, the current willdallthese preferential paths. This results in
a gold etching that exposes the stainless steetamdjive the problems mentioned above.
An alternative is to stop the anodization beforesth breaches occur, monitoring the
current evolution. However, this approach leavealaminium layer, even if very thin.
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Current Density (a. u.)
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Figure 4.4. Current development during anodization usingrapta with (a) and without
(b) a gold layer between the aluminium and thenktas steel. When the gold is reached
in process (a), the current rises because of theitly of the barrier layer and the fact
that gold is not oxidized by oxalic acid. In proedb) the reaction does not reach the
underlying stainless steel. If it is continued Liiti does, the current will become
unstable.

A further alumina configuration can be requireajifen pores are desired on both
sides. This arrangement allows, for instance, a rd&al electro-deposition inside the
pores. Different solutions have thus been testedigsolving the oxide barrier layer.

One method for opening the pores on both sidesisisngn decreasing the
anodization voltage to thin the barrier layer. Aated in Chapter 2, the barrier layer
thickness is proportional to the applied voltageheWw the voltage is lowered, the current
instantaneously is reduced, since fewer ions cancowme the barrier layer between metal
and electrolyte. Oxide growth is thus slowed doiMne etching slows down too, but less
than the oxide growth process, since no barriegrlags to be passed through. Immediately
after each voltage reduction, the current falls nWlcand soon after increases to a new
steady value, lower than the previous one. The egwlibrium imposes a thinner barrier
layer thickness than the starting one. The voltdgereasing step can not be too large,
otherwise the reaction can even run out, sincadhg current can overcome the barrier.
This consideration becomes more critical at lowdtages, so that the voltage decreasing
steps have to be reduced during the process. leon@g, at the beginning they can be 2 V,
then become 1 V below 20 V, and 0.5 V below 10 Yiodization voltages as low as few
volts can be achieved. The residual thin barrigedacan be etched away by means of a
phosphoric solution. A disadvantage of this mettsodaused by the fact that not only the
barrier layer, but also the radius of the poresddp on voltage. A network of small pores
then grows at the pore bottom, making the oxideptata irregular at its bottom.
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If a final AAO template without aluminium layer reeded, a simpler method can
be followed to remove the barrier layer. After thirodization and the removal of the
aluminium layer by means of the® — HCI — CuCJ mixture, the sample can be etched by
a 0.7 M phosphoric acid solution. The best condgito open the pores without enlarging
their diameters have been found in correspondemcg 20 minutes long process, at a

temperature of 40 °C.

All the steps of the fabrication process of them@ahium oxide are summarized in

Table 4.1.
Table 4.1
Fabrication process of Anodic Aluminium Oxide.
Step Description
1 Degreasing Degreasing in boiling acetone (56f6C% minutes
2 Annealing Annealing process in a &tmosphere at 400 °C

3 Cleaning

Degreased in ethanol for 5 minute®at 80 °C
Etching in 1.5 M NaOH solution at 55 — 58 °C 8fr seconds
Cleaning in 1.5 M HN@solution at room temperature for 30 secon

Figure 4.5 and subsequent. Optional post-anodizatieps are also reported (step 6 and 7).

4 Electropolishing Electropolishing at 10 °C, 40 i a solution of alcohol, perchlofc
acid (70 % in weight), butyl glycol and water (358:50:73), for 2(
second long.

Etching in 0.24 M NgCQ;, at 80 °C, for 60 seconds

5 Anodization Single-Step process
0.3 M oxalic solution, voltage of 40 V, at 5 °C
Two-step process
0.3 M oxalic solution, voltage of 40 V, at 5 °CH)

Partial (I method) or complete (Il method) etchjprocess (40 or 90
minutes, 30 °C)
0.3 M oxalic solution, voltage of 40 V, at 5 °C
Final etching in 0.7 M phosphoric solution
Extra treatments for specific applications
6 Removal of Al First method (Sample place upside-down in the cell)
layer Etching in HO, HCI (37 % in weight) and 0.2 M CuC{1:1:2), af
room temperature (10 minutes)
Second MethodZomplete anodization of the Al foil
7 Pore widening/ | Voltage decreasing during final anodization (if &kidayer is present)
Removal of Etching in 0.7 M phosphoric solution (from the pd@ttom if the Al
barrier layer layer has been removed with the first method, ettser from the porg
top)

Notes The duration of the step can be varied accorthndpe specific requirements of the desired

alumina. The durations reported in the tablerrédethe production of the alumina shown| in
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The alumina template obtained by the entire antidizaprocess (described in
Table 4.1) followed by the aluminium removal andg®opening, shows pore diameters
and pitches of about 40 nm and 100 nm, respecti{fetyure 4.5). It is worth noting the
different regularity at the front and at the backfaces of the template, better visible at
lower magnifications. As expected, the regularggybetter at the back than at the front
surface. Nevertheless, the upper surface is gegelar having been obtained by means of
the two-step anodization. Some defects still @rishe hexagonal pattern (Figure 4.6). It is
interesting to note that, when a pore is missihg,ddjacent pores are elongated towards
the defective centre. This is an indication thatepoare formed by a symmetrical
equilibrium of forces, whether mechanical or elieelr ones. In lower magnification
images (Figure 4.7), it can clearly seen the emcgeof highly regular areas, of
micrometric dimension, with a pore pattern headimdifferent directions, separated each
other by borders with many defective sites. Theepa@re very regular and parallel to each
other over large distances. The thickness of #msptate can be freely chosen by tuning
the process time. In the reported conditions, Hie is 3.7 um/h. Pores 95 um long are
obtained with a 25 hours long process. The relaggect ratio is 3.2 « I@Figure 4.8). If
the pores barrier layer is not removed, the scallgghape of the pores bottom can be seen
(Figure 4.9).

A Spot Méqn Det WD Exp
150kV 1.0 80000x SE 64 1 A 57 D retro

Figure 4.5 SEM micrographs of the pore patterns at the fgeft) and at the back
(right) surface of the aluminium oxide sample.
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Figure 4.6. SEM micrograph showing a
missing pore in the AAO honeycomb
structure. As a result, the surrounding
pores have a slightly different form,
showing the need of symmetry in regard

EEE ST B to the forces responsible for the pore
‘ 15.0 kY 2.0 ,, ,7 - , : creation.
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Figure 4.7. SEM micrographs of the same sample shown in Eigub, but at lower
magnification. Differences in large-scale regulaiian be seen. At the front surface
more defects are visible as white dots. The badase has fewer defects, although the
size of the defect-free regions has not grown Baamtly.

Figure 4.8 Tilted SEM micrograph of

the same sample shown before. The
sample has been cleaved so that both the
[P — cross-section and the surface can be

AccY Spot Magn Det WD Exp
16.0kY 2.0 25000x SE b6 1 ABTID Seen
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Figure 4.9 SEM micrographs of the aluminium oxide barrigrela In the cross-section
(left) the semi-circular shape of the barrier laieevident. A top-down view is shown
(right), after that the aluminium has been removdt scalloped shape can be seen.

To fasten the production of alumina samples usemhvastigations on the metal
nanowires electro-deposition and on the subseq@biit growth, a different anodization
process has been established. To define this “quetkod” of anodization, summarized in
Table 3.2, we based on the literature and on thgereence of a guest professor
collaborating in this research [86, 109].

Low purity aluminium foils (99.865 %), 75 um thickave been employed, cut to
obtain flag-shape samples, i.e. square samples, ZDmnt size, with an extra tag. This
extension has been used to clip the sample toldotr@de. The anodization solution is
contained in a quartz cell, where the sample isensed. Only few steps of the preparatory
procedure for the formation of the regular AAO, soanized previously in Table 3.1, have
been maintained. That is, the etching in NaOH smtyin order to remove the top layer of
the aluminium, and the cleaning in Hil@G\fter each step the sample is carefully washed
in water. The anodization process has been theiorperd at 17 °C, in a 0.3 M oxalic
solution at 40 V [109]. The higher temperature witispect to the previously used 5 °C
results in a faster process. Indeed, the growthirathe new conditions has been estimated
to be approximately 6.5 um/h. The process durdimsbeen calibrated in order to obtain
the desired sample thickness. After the anodizatbiner steps have been performed in
order to reduce the barrier layer thickness. Thedemation process in oxalic has been
ended with a controlled voltage decreasing dowR0td/, in order to thin the barrier layer
down to 20 nm, and then a pore widening has beéiorpged. A thinner barrier layer
allows performing the metal deposition at lowertages. More homogeneous conditions
can thus be utilized and the metal deposit turngambe more uniform. Otherwise, if high
voltages are required for the deposition, long tlona can bring to local breakdown of the
barrier and hence inhomogeneous conditions forsthiesequent electro-deposition [88],
which brings localized deposits of metal.
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Table 4.2
“Quick method” for the fabrication process of two-ddes Anodic Aluminium Oxide

Step Description

1 Cleaning Etching in 1.5 M NaOH solution at 566-°C for 20 seconds
Cleaning in 1.5 M HN@solution at room temperature for 60 seconds

2 Anodization 0.3 M oxalic solution, voltage of ¥Qat 17 °C
3 Pore widening/ | Voltage decreasing during final anodization

Thinning of the | Etching in 0.7 M phosphoric solution, at 30 °C, 26rminutes

barrier layer
Note: The duration of the anodization step can be daaiezording to the desired thickneggshe
alumina.

A different approach, in which the AAO template gsown starting from an
aluminium layer deposited on a silicon substratiere better capabilities with respect the
fabrication of an anodic aluminium template staytifrom an aluminium foil. This
arrangement would be more suitable for CMOS aptitina in general, because of its
larger compatibility, and for the NanoChanT projéctparticular, where the alumina
template has to be inserted between two silicoarigythat is to say the active detector and
the read-out electronics. In fact, if the fabrioatiof the three layers is independently
performed, a solution for their bonding is needaatthermore, although the alumina film
would have the mechanical stiffness required fdfilling the NanoChanT project, it is
very brittle to be used for the most common charazation techniques. Aluminium oxide
samples grown on silicon could be more easily maatpd.

This deposition of aluminium on flat substrateswiglely used in mirror glass
fabrication, but in that case the thickness of #leminium layer is kept at some
nanometres, to maximize reflectivity. If the aluimim deposited on silicon has to be used
in an anodization process, thicker layers are dee@nTo obtain good regularity in the
honeycomb structure some processes have to bermpedp as already described in the
previous section. In particular, the electropolighof the starting aluminium film and a
two-step anodization process critically reduce thigkness of the final nanoporous
template. Thicknesses about 50 um are necessary.

Recently, some researches have focused on the itlepos thicker aluminium
layers on silicon [110], which can be useful foe #lumina template growth on silicon. In
order to obtain a highly ordered AAO template sitnecessary to anodize a very smooth
and regular aluminium layer. Moreover, it is im@mtt that the deposited layer has large
grain sizes. In fact, many of the defects in tinalftemplate occur at grain boundaries, and
the pore pattern regularity is obtained inside eareginal crystalline grain. Many papers
refer about the synthesis of CNTs inside AAO tergdadirectly grown on silicon
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substrates [106, 111, 114], using electron beanpaasion and magnetron sputtering
methods for the aluminium deposition. However, tiiiekness of the starting aluminium
layers is very small for both deposition technig@alsout 300 nm and 150 nm for the
sputtering and for the evaporation method, respelgti[111]) and does not allow

performing neither a two-step anodization nor glgistep anodization over long duration.
Consequently, the resulting template regularityvésy poor [111], or its thickness is
limited. Thicknesses above 12 um have not beenrtexpgo far, to our knowledge [106].
Some investigations have thus been focused ondpesdion of aluminium films thicker

than those reported in the literature.

Aluminium films have been deposited on a silicobsttate, coated with a 20 nm
thick gold layer by electron beam evaporation. gbkl layer allows a better control of the
anodization current evolution so that the anodiragirocess can be stopped before etching
of the silicon substrate. Aluminium thicknessestiie 2 — 6 um range have been
evaporated. A 4 hours long annealing follows at 400in N,, in order to enhance the
crystalline regularity. However, layers thicker th&8 pum are more irregular since the
sample is kept closer to the aluminium source, whiee irregularity of the emitted atoms
distribution is higher. The first attempts of presig this kind of samples have failed.
During pre-anodizing steps too much aluminium diss®and nothing of the starting 3 um
thick aluminium remains. On the contrary, if nojareodization steps are performed, the
quality of the final sample is very low in termragularity.

To achieve thicker aluminium layers deposition, theagnetron sputtering
technique has been used. Firstly, a niobium lay@®, nm thick, is sputtered on the silicon
substrate. This additional layer is required toiatbe alumina cracks due to the difference
in thermal expansion coefficients of the alumina abuminium, since the Nb thermal
expansion coefficient is intermediate between W 1t has been reported that alumina on
aluminium layer cracks at about 300 — 400 °C, wherumina on Nb is not damaged at
1100 °C in He atmosphere [112]. Afterwards, aluommihas been deposited. Some
particular conditions have been implemented fos thiocess in order to enhance the
control over the growth of the aluminium layer. Tikcon substrate has been heated up to
a temperature of 400 °C during the deposition. iéating of the substrate enhances the
formation of larger grains [110], which is desirexf it minimizes the grain boundary
defects and the presence of independently origmbeel pattern. A disadvantage of higher
substrate temperature is that the larger are thmgrthe larger is the roughness [106].
Moreover, in order to achieve a smooth surface sthiestrate has been kept rotating at 10
rpm, the maximum speed allowed to the facility.
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The as-deposited samples have a whitish colour. cdieesponding aluminium
layer morphology can be seen in Figure 4.10. Theskes up to 7 um have been sputtered,
at a rate of approximately 1 pm/h. The deposit sbm®f many grains, some microns in
size, and the surface is very irregular.

—
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Figure 4.10 SEM micrographs of planar (left) and cross-sec{ioght) views of the
aluminium layer deposited on the heated Nb/Si satestoy means of the magnetron
sputtering technique. On the right, the base ofaleninium layer is lifted due to the
cleavage process, necessary for the cross-sedigamnation.

The Si — Nb — Al samples have been processed irdifierent ways. One sample
directly undergoes an anodization process, withmihg electropolished. On a second
sample, a brief electropolishing, 3 second longs haen performed in the conditions
reported in Table 3.1. The resulting sample turasto be reflective, since the process
evens out most of the starting roughness. Both Emnipve been then processed in the
anodization cell by means of the single-step pmcpsrformed at 17 °C, with a pore
widening treatment following.

Without electropolishing, the alumina template &ry irregular (Figure 4.11).
Pores have grown perpendicularly to the local ugpeface and the global configuration
consists of separate blocks, with pores grown alorigcally defined orientation. Many
defects occur, especially at grain boundaries. b\eg the anodization process turns out
to be incomplete, as an irregular aluminium layeth a mean thickness of 1.4 um, still
remained between the Nb layer and the alumina, e/ttoskness is approximately 4.5 um.
Such a configuration can cause problems duringC¥B synthesis, since the aluminium
can suffer thermal stress resulting in sample damag

Regularity is strongly enhanced in the electrop@ds sample. Large alumina
islands with highly ordered channels, extendingtapateral dimensions of 40 um, are
obtained. After the electropolishing, the alumih&ckness is 2.5 pm, constant over the
entire island surfaces (Figure 4.12). A prelimin@yD process has established that the Si
— Nb — AAO can withstand temperatures up to 620H@&@wvever, some cracks occur on the
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sample. The related thermal stresses that cause biheakdowns are supposed to be due to
local presence of residual metallic aluminium uritheranodized layer.

Depositions of larger thicknesses and the subséquecessing are currently under
investigation.

A3 1pm EHT = 5.00 kv Signal A=RBSD  Date :30 Aug 2006
Mag= 46.17KX |————  wD= 12mm Time :11:14:05
= - -
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Mag= 5000KX |———— wD= 11mm

Figure 4.11 The AI/Nb/Si sample shown in Figure 4.10 has beeodized without any
electropolishing treatment. SEM micrographs, takéth the back-scattered electron
detector, show that the resulting morphology is/weegular: the roughness of the upper
surface is high (left). During anodization, the g@irow perpendicularly to the upper
surface and so inherit the irregularity from theface (right). An electro-deposition of
cobalt has been attempted as indicated by theapditting of the pores with metal
nanowires.

A 200nm

EHT = 500 kv Signal A = SE2 Date :18 Sep 2006
Time :11:48:57

6-145 1pm 6-145
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Figure 4.12 SEM micrographs of the same sample shown in Eigud0. A brief
electropolishing has been performed before the iaatidn. The regularity of the pores
is enhanced, even if some defects are still presgmtthe right, a higher magnification
SEM micrograph clearly shows the niobium layer. @ sample, an electro-deposition
of cobalt has been also carried out, as indicageitid few metal nanowires.
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4.1.3 Catalyst seeds deposition

Nanoconductors have to be grown in the templategtw allow electrical contact
between the active silicon layer and the read-¢edtmnics. Either the nanoconductors
will be metal nanowires or carbon nanotubes, th@siéion of metal inside the alumina
pores is an obligatory step to be performed. I, fac the former case the nanowires
themselves act as charge collectors, whereas ilattex case they are necessary as a
catalyst seed for the subsequent CNT growth.

In this thesis, the viability of the CNT-based smo has been investigated. With
this purpose, the metal deposition of the metakieds inside the alumina pores requires a
limited nanowires length. However, it is importahat the deposition results uniformly
distributed inside the sample, because of two reaseirstly, the final device requires a
regular distribution of CNTs inside the alumina p#ate. Secondly, to properly
characterize the seeds deposit cross-section SEhations have been employed, which
can give information about the seeds density ostmple only along one dimension. This
requirement is closely associated with achievingoam conditions in the barrier layer of
the alumina pores. In case some barriers have tyeemed before the others, the current
concentrates in these preferential paths, leadinigitker deposit of metal.

The most frequently used catalysts for the CNT ginoare the transition metals
(Ni, Fe, Co) [36, 49]. In particular, cobalt is comanly employed as a catalyst for the
alumina-templated synthesis of CNTs. The electymadéions have been performed in a
cell similar to the one used in the anodizatiorcpss. The design, depicted in Figure 4.13,
is less complex since the process is less affdayehstabilities. The voltage during the
process is provided by a power supply, which alldiwes generation of different wave
functions. Both AC and DC depositions have beeengited. The processes have been
performed at room temperature, employing a liquigtane of 0.42 M CoS®and 0.7 M
H3BOs dissolved in water. Boric acid is used becauss itseful for steadying the pH of
the solution, in the 5.5 — 6 range. In fact, espciat the pore bottom, where the Co
reduces and precipitates, the acidity of the smhutends to get higher. It is important to
counterbalance this increase in order to avoiddhmation of crystalline cobalt salt.

A sinusoidal voltage waveform has been adoptechduhie AC deposition, with 16
Vrus and a frequency of 200 Hz. Duration between 1 teirand 4 hours have been
attempted. Cobalt has been successfully depositsidiel the pores, from the bottom
upwards (Figure 4.14). The samples change coldar #fe deposition, becoming blacker
and blacker as the deposition goes on. The deposiite decreases with time, as reported
in literature [86]. The dependence of Co nanowleagth on time is also shown in Figure
4.14. This is considered to be mainly due to theiddodepletion of the electrolyte inside
the pores. A mechanical stirrer has been in facessary for depositions longer than one
hour.
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Figure 4.13 Synoptic setup of the cobalt
deposition process. The cell is similar to the
one used for anodization. A cobalt counter-

— electrode is placed in the liquid.
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Figure 4.14 On the left, a back-scattered electrons SEM mgrenoh of the cobalt

deposit after 4 hours. On the right, the dependehcebalt nanowires length on time is
reported.

It has to be noted that the continuous voltagersadean result in oxide detaching
from the aluminium layer, by means of the same ggeadescribed on Paragraph 4.1.2
when the reversion of the voltage was specificayformed in order to obtain such
detachment. This circumstance has to be avoidedder to achieve a regular sample.

On the alumina samples anodized on both sides ansnef the “quick method”,
the deposition of the catalyst has been perfornmdy loy means of an AC process, since
the anodization leaves the aluminium layer betwhenwo oxidized faces. A new solution
has been employed, consisting of 0.42 M CpSO HO, 0.7 M BBO; and 0.05 M
MgSQO.. Differently from the previous ones, magnesiunphlate has been added in order
to prevent the breakdown of the barrier layer [90].

Further investigations have been focused on estaby the proper ranges of
values for obtaining a controlled electrochemiagbakition of metal catalyst seeds (Co or
Ni). Different parameters have been thus investigiaboth for DC and AC depositions,
until a uniform deposition has been achieved. Whenis the case, the samples turn out to
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be uniformly coloured. This colouring is correlatedthe attainment of a particular current
density during the electro-deposition, which digfen DC and AC depositions. In the
former case, current densities of about 1.5 mA/eave been experimentally associated to
a satisfactory metal deposition, whereas in theedatase, the optimum value has been
established to be approximately 10 mAfcm

Voltage, waveform and frequency parameters whichefdhese current densities
across the pores have been determined. Sometimese settings have to be slightly
adjusted during the deposition to maintain a praperent, depending on the employed
alumina sample. This is thought to be due to naform conditions in the barrier layers of
the different samples. For AC deposition, the lesiditions for the samples with alumina
on both sides are a sinusoidal waveform with aufeegy of 50 Hz and a root-mean-square
voltage between 9 and 12 V.

DC depositions have been performed on samples alitmina on only one side.
After the removal of the residual aluminium layey tmeans of the chemical etching
treatment (Table 3.1), on the back-side a 100 nok tlayer of Cr has been evaporated in
order to act as counter electrode during the a@etdposition of the catalyst. A 150 nm
thick Au layer has been also evaporated to stremgthe contact. For these samples, the
best conditions correspond to a voltage in the8%-V range.

The templates employed for the confined CNT growdbscribed in the next
section, belong to the set of samples preparedhfsrinvestigation and hence they have
been produced by means of processes involving mudensities smaller than the optimal
ones, subsequently established.

4.2  Carbon nanotubes synthesis in anodic

aluminium oxide templates

The growth of carbon nanotubes (CNTSs) inside tlgallyiordered nanochannels of
the anodic aluminium oxide (AAQO) has been invesdddor the realization of the detector
proposed in NanoChanT project. Different procesarmpaters have been varied. Alumina
samples have been produced with both systems Heddn section 4.1.

The first investigations have been mainly devotean initial set up of the CVD
growth of CNTs in the AAO template. At this aim tldumina samples produced by
anodization on both sides of the aluminium foil édeen used. These samples conserved
their residual aluminium back-layer between twonaha layers, which imposes some
constraints on the CVD process. Even approachiegAtmelting temperature at 660 °C,
thermal stresses, due to the difference in theaxpénsion coefficient between aluminium
and alumina, induce mechanical deformations insdraples, which frequently turned out
in cracks. Therefore, an upper limit temperature been established at 620 °C and the
controlled heating ramp has been adopted in oodaveid thermal overshoots. In case the
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residual aluminium back layer has been removedherAAO samples prepared with one
side aluminium anodization, syntheses at 700 °@\erformed.

Also water incorporations can result in enhancedrntfal stresses at high
temperatures. Alumina, as a porous material, téndsed towards adsorbing humidity
from the atmosphere and, in addition, residual laitphicomes from the aqueous solution
used for the anodization process. Therefore, nersessary to dehydrate the sample before
it undergoes the CVD process. A pre-process inwachas been performed, so to remove
water molecules from the pores. The CNT growth @sses have been all performed in the
CVD furnace.

A first CNT growth process, based on the conditiosed in the literature [52], has
been performed on a double-faced alumina samplpapd by means of the “quick
method” (Table 3.2). The duration of the processlieen set in order to obtain a thickness
of 5 um. A 15 minutes long AC electro-depositiorcobalt follows. The current densities
measured during catalyst deposition has been lbauta3.8 mA/crf) with respect to the
optimum value of 10 mA/cfn The deposition was quite uniform, with a meackhess of
the metal seeds of 800 nm. Then the sample hasfreeassed, at atmospheric pressure,
in the CVD system. The furnace has been warmedoug0 °C in flowing H, with a
controlled 100 minutes long ramp. An annealing db8rs in the same conditions follows.
Finally, the synthesis has been carried out foo@r$ using a mixture of 10 %8, in N..

A post-annealing treatment, 15 hours long, in flagvinitrogen atmosphere has been
performed at the same temperature.

SEM investigation reveals that the sample is caldrg deposits of defective
carbon structures, probably due to thermal crackihthe carbon feedstock. Only some
CNTs extrude from the template pores. To charamdhe CNTSs, it is necessary to remove
the amorphous carbon from the sample surface,atdhtb AAO surface results exposed at
the acid solution and the template can be furthehvesl away setting free the CNTs. This
allows controlling the growth of CNTs inside therg®.

For the removal of amorphous carbon, an ion-miltregtment has been adopted. It
consists of a bombardment of the sample with a befaions of an inert gas, usually Ar,
which mechanically mills the sample. The beam carfdtused on selected areas with
diameters of 4 mm. In the employed ion-milling systthe total beam current has been set
at 0.8 mA while the pressure has been maintainddafTorr. After a 4 hours long ion-
milling treatment, a chemical etching in a 5 % pitawic solution has been performed at
25 °C for 5 hours. The template turns out to béedconly where the amorphous carbon
layer has been removed. SEM observations reveahtaixof pores filled with either
tubular or cylindrical carbon structures, whichenhshape and dimensions from the pores
(Figure 4.15). Locally, the dissolution of the alaentemplate results larger, so that the 1-
dimensional carbon structures are freed and calapsbundles (Figure 4.16). The
diameter of the carbon structures varies betweesm@30 nm.
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Figure 4.15.SEM micrographs showing the CNTs grown inside th&Aemplate. The
CNTs have inherited shape and dimensions of thesp@ample has been freed by the
amorphous carbon coverage and the alumina hasdmesnically etched. Some carbon

fibres are also present.

JL69-48 1um EHT = 5.00 kV Signal A=InLens Date :7 Dec 2005
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Figure 4.16 SEM micrographs of the same sample shown in Figut8, taken in a
sample area where the etching has been more gffedine enhanced dissolution of the
template has freed longer section of the CNTs, wballapse in bundles.

Since the described CVD process is very time-comsgymalternative solutions
have been tested in order to establish shorter trawnditions that result in less
amorphous carbon deposition. The previous CVD m®bas been shortened, reducing the
annealing step to 60 minutes and the deposition &te20 minutes. No post annealing
treatments have been performddhe process is summarized in Table &@&o0 double-
faces samples have been prepared with the “quicthad® tuning the anodization
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duration in order to obtain thicknesses of 10 apdrb The AC electrochemical deposition
of cobalt has been performed in conditions sintikathose of the previous process, with
duration of 10 minutes. A cobalt nanowires thicles0.5 um is thus expected.

Table 4.3
Process Step Temperaturp  Presspre Tinlle Process Gas
Gas Type Flow
(°C) (Torr) | (minutes (sccm)
Intro RT 750 - - -
Purge RT 750 10 Ar 100(d
Ramp up RT620 750 100 B 150
Annealing 620 750 60 H 150
Deposition 620 750 20 10%8,/N, | 17/150
Cooling down 620>RT 750 - N 200

Table 4.3. Synoptic description of the process employed in ithestigation on the
synthesis of CNTs on AAO template (RT = Room Terapher).

The samples surface shows an amorphous carbonagevéke the one obtained
with the long process. Two different treatmentsehéeen employed for removing this
layer, namely an Arion-milling and an @plasma treatment. Differently from the former,
the latter treatment allows a selective etchinghef carbonaceous deposit and does not
affect the AAO template.

After the ion-milling procedure, performed for 6ume in the same conditions as
before, the 10 um thick sample has been etched iflogphosphoric solution for 2 hours at
25 °C. SEM observations show some spots, abouin3ihdiameter, where the pores are
filled by cylindrical deposits of carbon. Outsidese spots, the AAO pores are empty. The
effect of the chemical etching is here enhancedursz of the larger surface exposed to the
solution. The distribution of these spots of carlo@posit over the sample area indicates
that the previous cobalt deposition was not unifofime same morphology is found on the
portion of the sample released by the amorphouBooatayer by means of a plasma
treatment performed at a power of 100 W, in arl@ of 1.8 sccm for 45 minutes. In this
case, the carbon structures thickness results emalrobably because the plasma
treatment has been too aggressive.

On the 5 um thick sample, after the ion-millingatreent, a stronger etching of the
alumina follows: the temperature has been raisetbug0 °C and the duration has been
prolonged to 19 hours. As shown is the SEM imagies, AAO is almost completely
dissolved and pillars of collapsed carbon nanotapgear (Figure 4.17). These structures,
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whose height is approximately 5 um, are attachedcatmmon basement, likely composed
by the residual layer of alumina. Having lost thectmanical support of the template, on the
top of the pillars the CNTs stick together by meaofs Van der Waals forces.
Compositional analyses have been performed ondjheand on the bottom of the pillars
with a SEM provided with the EDX detector, whicloals the identification of the atomic
composition of the observed objects, but does Hotvahe detection of carbon. On the
top, aluminium, oxygen and cobalt are not detedfuthe bottom, only cobalt is found,
since the residual alumina basement is too thibeodetected. Furthermore, an X-ray
diffraction analysis (XRD) evidences a carbon @alste structure, with an inter-planar
distance of about 3.18 A, to be compared with & R value reported for CNTs. This
confirms that the tubes consisted of carbon.

JJ41-33 100nm EHT = 5.00 kv Signal A= InLens  Date :17 Nov 2005
Mag = 22549 KX |——| WD= 8mm Time :18:08:56

Figure 4.17. SEM micrographs of the CNT grown inside a 5 umKkHAO template
with the process described in Table 4.3. On the ¢afbon nanotubes collapse in pillars
after the dissolution of the AAO template. On thght, a higher magnification
micrograph of the top of a pillar, where the stitkibf CNTs is evident.

The quality of the carbon deposits synthesizedha dlumina template with the
previously described methods results quite poort didy carbon nanotubes but also
carbon nanofibres grow inside of pores. The lowphitezation of carbon nanostructures
grown inside an alumina template has been frequeaglorted in literature [52, 53, 113].
Nevertheless, they gather wide interest in diffefezlds, also in applications, such as in
the fabrication of electronics devices, where adgooystallographic quality is usually
demanded [16, 106].

The low quality can be attributed to two princigehsons. Firstly, an alumina
templated synthesis generally involves relativelw ltemperatures because of the limit
imposed by the thermal stability of the templatec&@dly, the alumina itself exhibits a
catalytic activity [115]. Templated synthesis of Tih\has also been performed without any
catalyst except the template itself [113]. Althougtbalt is a much more active catalyst for
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acetylene decomposition, the AAO catalytic activign give rise to significant carbon
deposit on the pore walls of the template. Thiscess does not favour the formation of
ordered structures like CNTs but mainly the depasiof graphene layer pieces on the
template walls without long range scale crystaltnéer. If the deposition is prolonged too
much or no etching gas counterbalances the cartemipgation, these carbon planes can
completely fill the pores.

Further investigations have been then developeasider to enhance the quality of
the carbon deposits. Two different approaches Ih@emn adopted. On one side, synthesis
temperatures higher than 620 °C have been appiethfouring a better crystallization.
On the other side, the synthesis process has bediiied to poison the catalytic activity
of the alumina template so that the carbon decoitiposand precipitation result to be
driven by the metal catalyst.

Following the first approach, some alumina sampl@ge been fabricated without
the aluminium layer by means of the two-step araithn process in the anodization cell
(see Table 3.1), starting from high purity (99.989 100 um thick, aluminium foils. The
first anodization lasted about 1 h and an etchinfp® sacrificial layer has been performed
at 23 °C for 30 minutes. The second anodizatiop ks been prolonged for 15 hours in
order to reach a final aluminium oxide thicknespragimately of 50 um. The subsequent
DC voltage electrochemical deposition of cobalt hasn performed after the evaporation
on the back-side of the template of the Cr-Au ceuntectrode. Voltage has been set at 2.2
V in order to measure a current density of aboumA/cn?. The deposition lasted
approximately 10 minutes, in order to deposit osdyne hundreds of nanometres. The
CVD process has been performed following the siadgated in Table 4.3, but at a
temperature of 700 °C and with a deposition stepn@tutes long. Finally, an oxidation
annealing in @atmosphere has been performed for 1 hour at 400 °C

The template surface does not show any amorphabsrc&overage at this stage.
Few CNTs, with a cobalt cap at their tip, extrudmf the template for several hundreds of
nanometres. In some areas, a layer of aluminapappately 6 — 8 um thick, is lifted from
the rest of the template, and fragmented in blagite CNTs grown inside. CNTs have
similar diameters of 100 nm, confirming that thenptate drives the CNT growth.

A patrtial dissolution of the upper layer of the tg#ate has been obtained by means
of a 6 hours long chemical etching process in a Pphabsphoric solution. The blocks
described above are partially dissolved and CNTsudig from the template can be
clearly seen (Figure 4.18). In other zones the tateps more deeply dissolved, releasing
further on some CNTs. As can be seen in the SENogiaph of Figure 4.19, these CNTs
lie on a porous layer, composed by a dense popualafi CNTs having smaller diameters
with respect to the previous ones (between 60 &h®. Because the template support is
missing, these smaller CNTs collapse one on therptemaining stuck under the effects
of Van der Waals forces, and some cracks appetreosurface.
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Figure 4.18 SEM micrographs of CNTs grown inside the AAO tentplm the process

at 700 °C. The alumina has been produced by theste® anodization. Above, an
alumina block which is lifted from the rest of tkemplate is shown. Below, a higher
magnification image shows some CNTs, with diamefet00 nm, extruding from the

alumina template pore.

The two different populations of CNTs on the sangie the presence of detached
layers of AAO indicate that two different layers afumina have been produced by the
two-step anodization process. The AAO template ypeed during the first anodization has
not been completely removed by the first chemidahiag. The second anodization
reduces the thickness of the sacrificial layer afmana, but does not dissolve it
completely, resulting in a further enlarging of tteenplate pores. The subsequent CVD
process results in a growth of CNTs with two digier mean diameters. The short carbon
structures with the Co nanoparticle cap grow from @usters deposited at the step
between the two alumina layers and not at the potm.
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Figure 4.19 SEM micrographs of the CNTs grown at 700 °C in Al template. The
CNTs have been freed and collapse one on the afterthe dissolution of the alumina
template. With respect to the CNTs shown in FigdrE8, these CNTs have smaller
diameters (60 — 80 nm). This indicates that difie@NTs are grown in a template with
different features.

A new sample has been prepared raising the tenyperat the dissolution process
between the two anodizations from 23 °C to 30 °QusTincrease corresponds
approximately to an enhancement of the reactioedspg a factor two. The duration of the
first anodization and of the sacrificial layer remabsteps have been doubled, in order to
further enhance the template regularity. The othlerication steps remain unchanged. The
DC electrochemical deposition of cobalt has beefopeed imposing the same voltage of
the previous process, but the measured currenttgeesults lower, namely 0.15 mA/ém
The same process conditions applied for the prevéamples have been adopted both for
the CNTSs synthesis and the oxidation annealin@at°C.

The resulting sample has a clean surface. Only¥dwcarbon structures, a few
hundreds of nanometres long, are found on the cairfaew cobalt nanowires are found
inside the pores, as expected from the low curdemisity measured during the electro-
deposition of cobalt. The chemical etching in phmsjr solution has been performed.
However, a carbon layer has covered the entire ialusurface, shielding the oxide from
the solution. Only locally, where some defects hie toverage occur and the shield is
partially removed, some alumina is dissolved. Tdissolution proceeds slowly as the
CNTs grown in the pores shielded themselves therimmlls of the template, so that only
the surface between the pores results exposedCNie partially freed by the template
can be observed by SEM (Figure 4.20).
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1 i h sl i
N&1-126-1.5hetch 2 EHT = 5.00 kv Signal A = InLens  Date 21 Apr 2006
Mag = 44.63 K X |—| WD= 7mm Time :15:44:41

N81-128-1.5h etch  100nm EHT = 5.00 kv Signal A=InLens  Date :21 Apr 2006
Mag =200.00 KX WD= 7mm Time :15:49:55

Figure 4.20 SEM micrographs of the CNTs grown at 700 °C inglte AAO template
fabricated by means of the two-step anodizatiorcgss, without the formation of the
two different AAO layers. Above, the dissolution thie template partially frees CNTs.
Below, a higher magnification of the same samp&aahows clearly the filling of the
AAO pores with CNTs.

To fasten the elimination of the template, a furtbeidation process at a higher
temperature (420 °C) and a prolonged duration (9)chas been performed. A prolonged
etching step of 21 hours has been needed to realmast completely the AAO template.
The SEM investigation demonstrates that the alumdissolution proceeds from the
bottom of the template and not from the upper serfdhe Au — Cr back layer has been
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removed by the prolonged etching process, whereasdrbon coverage that has shielded
the upper surface has been not removed yet byxidatamn process. In some areas of the
top of the sample the CNTSs are still entrappecdesidual template. Moving downwards to
the bottom, the carbon structures start to be setkdFigure 4.21) and at the bottom they
stick together.

N81-126-F 3um EHT = 5.00kV Signal A=InLens Date :24 May 2006
Mag= 296 KX |—| WD= 9mm Time :16:54:45

5
N81-126-F EHT = 5.00 kV Signal A=InLens Date :24 May 2006
Mag= 9051 KX  f|——] WD= 9mm Time :16:49:33

Figure 4.21 Prolonging the etching treatment, the alumina tewepls dissolved from
the bottom of the sample, namely from the Cr/Awesilbove, SEM micrographs of the
boundary of the etched template. A comparison efliack-scattered electrons (on the
left) and the InLens images (on the right) is régdr The brighter area on the left image
indicates the higher-Z alumina, whereas the daskea is composed by low-Z carbon
structure. The sticking of the CNTs at the basegr@tihe dissolution of the alumina is
accomplished, is also observed. Below, a highernifiagtion of the same area shows
CNTs partially freed by the alumina template.
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It is worth noting that CNTs have diameters nargosgread around the mean value
of 60 nm. CNT diameters enlarge at the top so ttey result linked together in blocks
(Figure 4.22). This observation and the fact thhtttee CNTs have grown inside the
template to almost the same height clearly indichtg the synthesis has been mainly
driven by the catalytic activity of the template.

Figure 4.22 Locally, the dissolution of
the alumina template has been ’
completed and the CNTs have been g8
freed up to their tip. In this area, CNTsES
diameter widens and result linked -

the alumina template preventing the
etching from the upper surface of the

sample. N81-126 - disperso 100mm ) ignal A= InLens Date :24 May 2006
p Mag = 239.22?( x = Time :15:06:37

To further investigate the quality of the CNTs, Remand TEM analyses have been
performed. A Raman investigation on the CNTs embddd the alumina template shows
the D and G peaks but an additional backgroundasigrises from the vibrations of the
alumina. Another Raman spectrum has been collemted sample consisting of CNTs
completely released by the template (Figure 4.&@3hows a D peak with high intensity,
indicating that the crystalline structure of thebmm walls is still defective. In fact, the
In/lg ratio, i.e. the ratio between the intensitieshwd tlefective and of the graphite peak,
turns out to be approximately 1.4. Also the ratigds and L/ls between the second
resonant peak of graphite;,l and respectively the defective, land the first resonant
order peak of graphiteg,l are high.

The crystallinity of the CNT walls has been obsdn®y means of TEM. The
preparation of the sample for the observation wesla dispersion of the CNTs in a
solution that is then spilt over a thin grid sugpdihe graphitization of the CNTs walls is
quite poor, since it does not extend over a loragestange. The walls are indeed formed
by a sequence of graphene sections, randomly adaidnese graphitic segments produce
the diffraction patterns which, although the sigsdbw, are compatible with the reflection
of the graphenic planes, having an inter-planeadist of 3.4 A.
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Figure 4.23 Raman spectrum of the CNTs grown at 700 °C indgeAAO, already
shown in the previous figures, taken after the detepdissolution of the template. The
ratios of the D, G and G’ peaks are also reported.

The CNTs synthesized inside the AAO template hal@vagraphitization quality,
but still comparable with those reported in theerbture [113, 116]. This poor
graphitization has been still related to the cdialgctivity of the AAO. Not driven by a
metal nanoparticle, carbon precipitates in shargeaordered structure directly on the
template walls, without achieving good crystalyniiver a long-range scale. Nevertheless,
this template approach can be useful in syntheasiziarbon tubules with the same
dimensions, i.e. diameter and length. Different t{zmsealing treatments have been
proposed in literature in order to enhance the lgtiation of carbon structures deposited
in similar conditions [117, 118]. High temperatuf@dove 1400 °C) annealing in inert
atmosphere have been proven to give good resulis. riecessity of preserving the
aluminium template in the detector proposed inNBaoChanT project, will force us under
these temperatures and so different approachebaviét to be defined.

The second approach followed for enhancing the @Mality has been aimed at
modify the CVD process in order to inhibit the dgtia sites of the aluminium oxide,
reducing the hydrocarbon cracking. By this way, @T growth would only be driven by
the catalytic activity of the metal seeds inside pores. It is thus equally important to
search the proper process conditions in order tgirmae the catalytic activity of the
metal. The optimum balance between these two rexpaints will have to be found.
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Firstly, the most favourable conditions to inhithie catalytic activity of the AAO
have been studied. CVD processes have been pedarm@&AO samples without cobalt
catalyst in its pores. The process described iHeTal3 has been modified by using a 30
minutes long deposition and employing differentegas’he same gas has been used in the
entire process, with a mixture of 5 %HG in carrier gas during the deposition step. Argon,
ammonia and hydrogen have been studied. A sampdduofina, 10 um thick, has been
anodized on both faces by means of the singlemtapess and then divided to undergo the
different processes.

After the CVD process, the colour of the three saspurns out to be significantly
different. When Ar or K are used, the samples result completely blackyedisethe Nkl
processed AAO is only slightly coloured. SEM invgations confirm that the difference is
related with the amount of carbon deposited overtéimplate surface. In the former cases
the catalytic activity of the alumina is not inhéx at all and the dissociated hydrocarbon
precipitates homogeneously on the surface. On ther diand, only a small amount of
carbon layers is deposited on the alumina surfabenwNH is employed. At low
temperatures, around 100 °C, ammonia saturateacibecentres of the AAO surface that
are the active catalytic sites for the dissociatdrthe hydrocarbon. The effects of the
annealing in NH atmosphere at higher temperatures have not be¢alissed so far. The
bonding between the basic groups of Nifid the acid groups of the alumina is reversible
so it is expected that at higher temperaturespbisoning will be more difficult since the
bond could be broken. The dynamic equilibrium betmvthe adsorption and the desorption
of NH3 at the process temperature will establish whetiemannealing process in Nidan
be useful or not in preventing the deposits ofwmell ordered carbon layers on the alumina
surface. Our results demonstrate that it is posgibinhibit these acid centres also at 620
°C.

The effect of H and NH on AAO samples have been investigated also in the
presence of cobalt catalyst. The process descib@&dble 4.3 has been modified using a
10 % and 5 % mixture of &£, in Hyand NH, respectively.

An alumina template, 18 um thick, has been produceitie anodization cell by
means of the single-step process (see Table Zfifgrmed at a temperature of 27 °C to
fasten the process. Voltage decreasing and porenivig have also been performed for the
removal of the barrier layer and the DC cobalt dgpmmn (at 2.5 V in order to achieve a
current density of 1.2 mA/cth To have some insights on the distribution of todalt
inside the pores, a piece of the alumina samplebbas almost completely dissolved by
means of a phosphoric etching (at 25 °C, 3 hourg)loSome cobalt pillars, 10 pum thick,
are observed by SEM. The sample was divided in pvezes that underwent the two
different CVD processes.

Both the processed samples exhibit a surface alowyspletely free from carbon
deposits. This indicates that the amount of cadeposited over the template surface has
been limited by using both Hand NH as carrier gases. In the presence of the cobalt
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catalyst, the reaction involved in the synthesiangfe and also with Hthe deposit of
amorphous carbon is hampered. The chemical etchldonina dissolution has been thus
directly performed without any treatments for teenoval of carbon. Many pillars made up
of cylindrical structures are found on both the pl®s. The morphology is quite similar to
the Co deposit, but theses structures are compbgedlternated carbon and cobalt
segments. In the Hprocessed sample the pillars are about 15 um,thblkereas in the
NH; processed one the thickness grows up to 20 pmaRamvestigations do not reveal
significant differences between the two samplesiiTRaman spectra evidence a high D
peak and the absence of the second resonant peajaphite, &, indicating the
crystallographic quality of the carbon structuresstill defective. Nevertheless, in this
processes the CNTs have grown only catalyzed bgdhalt and not by the template. Even
if further investigations are necessary for optenthe deposition step, some indications
about the possibility of poisoning the templateéndeen achieved. These can address the
research towards a CNTs synthesis in AAO templatectwyields higher quality with
respect to those commonly achieved.
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The work described in this thesis is part of thexd@hanT project, whose goal is
the fabrication of a novel radiation detector watlbmicron spatial resolution.

The design of the detector is based on some inivevaainotechnologies that have
to be finalized to the specific demands of the deviA highly regular insulating
nanoporous template of Anodic Aluminium Oxide (AA®)abricated, with nanochannels
uniformly filled by conductive Carbon Nanotubes (). This array of nanoconductors is
coupled with a thin silicon layer that works as sie@sing element of the detector.

The synthesis of CNTs performed by means of theal@stassisted Chemical
Vapour Deposition (C-CVD) method has been studiBte growth process has been
investigated in two configurations, namely a frésading growth and a confined growth.

The former configuration has been used in ordeptomize the deposition process
and to define the proper interface between CNTs thrdsilicon substrate. The growth
process parameters (such as temperature, annemlohgcarrier gases and fraction of
carbon feedstock gas in the deposition mixture)caitecal in determining the structural
and electrical properties of the CNTs. Moreovesoathe formation of the catalyst
nanoparticles, which act as seeds for the CNT drositongly affects the features of the
resulting CNTSs.

The work performed during this thesis has beeniqdatrly devoted to the
optimization of the C-CVD process, in order to $ygsize CNTs, both in the free standing
and confined configuration, with the most propeatfiees for the different applications,
and to their structural and electrical charactéioma by means of scanning electron
microscopy investigations and field emission measients.
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Free standing, vertically aligned multi-walls CNdfsgood crystallographic quality,
with length varying between 4 and 20 um and diamsteveen 20 and 100 nm, have been
successfully grown on silicon, both directly and diing intermediate coupling layers,
such as silicon dioxide, silicon nitride and titami nitride. In particular, the formation of
the catalyst nanoparticles, prior to the synthgsmcess, has been investigated on the
silicon dioxide and silicon nitride layers. Nanajpaes annealing treatment in ammonia
atmosphere is found to be fundamental in orderfflecvely catalyze the CNT growth.
Also layers of titanium nitride, with different degtion techniques and appropriate
features for the CNT growth, have been investigated

The conductivity of different coupling layers haseh studied by means of a field
emission characterization of the grown CNTs. Th&t Belution is found to be a titanium
nitride layer deposited by magnetron sputterindgpnégue on a heated silicon substrate. In
particular, the CNTs, grown at low pressure on tteaductive titanium nitride, exhibit
remarkable field emission properties. For the prd@mndling of the experimental data, a
model of the measurement method has been propastdsithesis. The model defines
how to calculate the effective emitting area whesphere-to-plane configuration is used
for the electrodes. Under the application of anctele field of 4 V/um, CNTs on
conductive titanium nitride reach current densitéseveral mA/crh

Finally, CNTs growth has been finally investigatach confined configuration, by
using the AAO matrix as a template. The investagaon the different process parameters
allows to optimize the CNTs growth also for thisamgement and to obtain high
uniformity, both in length and in diameters, insttie pores of the AAO template. Carbon
nanotubes lengths up to 50 um have been reacheddiameter of 60 nm.

To conclude, the experimental results obtainedhis thesis have allowed to
achieve some of the technological steps fundamémthe NanoChanT project. Moreover,
some of these outcomes encourage new applicatidhs mvestigated nanostructures. For
instance, CNTs confined within the AAO nano-chasreduld be used for the fabrication
of a cold cathode emitter device, as cold elecéamurces for many possible applications.

Part of this thesis results, on the growth of CNfiaye been recently accepted for
publication on journal (G. P. Veronese et al., RlsysE, in press, corrected propf
available on-linel6 October 2006
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