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CHAPTER 1
Carbon Nanotubes (CNTs)
1.1 Importance in nanotechnology

Carbon appears in several crystalline modifications, as a result of its flexible electron configuration. The carbon atom has six electrons; the 2s orbital and two or three of the 2p orbitals can form an sp2 or sp3 hybrid, respectively. The sp3 configuration gives rise to the tetrahedrally bonded structure of diamond. The sp2 orbitals lead to strong in-plane bonds of the hexagonal structure of graphite and the remaining p-like orbital to weak bonds between the planes. Besides diamond and graphite, other modifications of crystalline carbon have been found, among them the so-called buckyballs [1] and, first reported in 1991 by Iijima [2], carbon nanotubes. Soon after their discovery in multiwall form, carbon nanotubes consisting of one single layer were found [3, 4]. The most famous one of the buckyballs is probably C60, a spherical molecule formed by pentagons and hexagons, out of which single C60 crystals have been produced [5]. Carbon nanotubes (CNTs) are quasi-one dimensional crystals with the shape of hollow cylinders made of one or more graphite sheets; they are typically µm in length and 1 nm in diameter. Along the cylinder axis, they can therefore be regarded as infinitely long (approximately 104 atoms along 1 µm), whereas along the circumference there are only very few atoms (~ 20). This gives rise to discrete wave vectors in the circumferential direction and quasi-continuous wave vectors along the tube axis. Although carbon nanotubes consist of merely carbon atoms, their physical properties can vary significantly, depending sensitively on the microscopic structure of the tube. Most prominent is their metallic or semiconducting character: roughly speaking 2/3 of the possible nanotube structures are semiconducting and 1/3 are metallic. Carbon nanotubes exhibit remarkable physical properties. They were reported to carry electric currents up to 109 A/cm2 [6, 7]. Furthermore, nanotube ropes are of extraordinary mechanical strength with an elastic modulus on the order of 1 TPa, and a shear modulus of approximately 1GPa [8, 9]. Therefore, they are extremely stiff along their axis but easy to bend perpendicular to the axis. The shear modulus in the ropes can be enlarged by introducing bonds between the tubes by electron beam irratiation [10]. The many possible applications of carbon nanotubes both on the nanometer scale and in the macroscopic range attract great attention.

A single-wall nanotube can be either metallic or semiconducting, depending on its chiral vector (n1, n2), where n1 and n2 are two integers.  A metallic nanotube is obtained when the difference n1-n2 is a multiple of three. If the difference is not a multiple of three, a semiconducting nanotube is obtained. In addition, it is also possible to connect nanotubes with different chiralities creating nanotube heterojunctions to be used as nanoelectronics  devices [23-24] such as nanoscale p-n junctions [11], field effect transistor [12-14] and single-electron transistor [15,16]. Moreover, carbon nanotubes are becoming, promising candidates in many important applications such as atomic force microscope tips [17-19], field emitters [20, 21], chemical sensors [22].  

Single and multi-wall nanotubes have also very good elasto-mechanical properties because the  two dimensional arrangement of carbon atoms in a graphene sheet allows large out-of-plane distortions, while the strength of carbon-carbon in-plane bonds keeps the graphene sheet exceptionally strong against any in-plane distortion or fracture. These structural and materials characteristics of nanotubes point towards their possible use in making next generation of extremely lightweight but highly elastic and very strong composite materials ( torsional springs [25, 26] or as single vibrating strings for ultrasmall force sensing). A major difficulty for these applications is the variety of nanotube structures that are produced simultaneously; in particular a growth method which determines whether the tubes will be metallic or semiconducting is still not available. Instead, the production methods yield tube ensembles where presumably all nanotube structures are equally distributed, and the tubes are typically found in bundles. Other applications like nanotube field emitters or reinforcing materials by adding carbon nanotubes, do not require specific isolated tubes and are thus easier to realize.

 Beyond the variety of applications, carbon nanotubes are interesting from a fundamental physics point of view. Their one-dimensional character has been manifested in many experiments like scanning-tunneling spectroscopy, where the singularities in the density of states typical for one dimension have been measured [27–29]. They appear an ideal system for the study of Luttinger liquid behaviour [30, 31]. Ballistic transport at room temperature up to several µm was reported [32]. Alternatively, defects or electrical contacts can act as boundaries, and zero-dimensional effects such as Coulomb blockade are observed [33, 34]. In contrast to many quasi-one-dimensional systems in semiconductor physics, where carriers are artificially restricted to a one-dimensional phase space by sophisticated fabrication like cleaved-edge overgrowth [35, 36] or experiments in the quantum-Hall regime [37], carbon nanotubes are natural quasi-one-dimensional systems with ideal periodic boundary conditions along the circumference.
1.2 Geometrical structure 
A tube made of a single graphite layer rolled up into a hollow cylinder is called a single-walled nanotube (SWNT); a tube comprising several, concentrically arranged cylinders is referred to as a multiwaled tube (MWNT). SWNTs have typical diameters of 1 - 2 nm while MWNTs have a typical diameter of 10 - 40 nm with an interlayer spacing of 3.4Ǻ. The lengths of the two types of tubes can be up to hundreds of microns or even centimeters. There are many possible carbon nanotube (CNT) geometries, depending on how graphene (fig.1) is rolled into a cylinder. Geometric variables, such as the alignment between the cylinder axis and the graphene crystal axes, strongly influence the electrical properties of a CNT [38].

Because the microscopic structure of a CNT is derived from that of graphene, the tubes are usually labeled in terms of the graphene lattice vectors.  Figure 1 shows the graphene honeycomb lattice. The unit cell is spanned by the two vectors a1 and a2 of length

  




 |a1|=|a2|=a0=2.461Ǻ                                                             (1.1)
 that form an angle of 60º. In carbon nanotubes, the graphene sheet is rolled up in such a way that a graphene lattice vector:

C = n1a1 +n2a2 




           (1.2)




  
becomes the circumference of the tube by joining the parallel lines which are defined by the starting (O) and ending (A) point of the  vector.  This circumferential vector C, which is usually denoted by the pair of integers (n1, n2), is called the chiral vector (C) and uniquely defines a particular tube.

In terms of the integers (n1, n2) the tubule diameter d is given by
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with  N =
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. The direction of the chiral vector C is measured by the chiral angle θ, which is defined as the angle between a1 and C. 
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               Fig.1  a)An hexagonal graphene sheet can be wrapped onto itself to form a nanotube

  b) The classification of nanotubes(from top to bottom) armchair, zig-zag and   

      chiral.

The chiral angle θ can be calculated from:
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For each tube with θ between 0º and 30º an equivalent tube with θ between 30º and 60º exists, but the helix of graphene lattice points around the tube changes from right-handed to left-handed. 
There are three distinct geometries of SWNTs: armchair, zig-zag and chiral (Fig. 1b):

1. The nanotubes of type (n,n) are commonly called armchair nanotubes. because of the \_/¯\_/   shape, perpendicular to the tube axis. Chiral angle 30º.
2. The nanotubes of type (n1,0) is known as zigzag nanotubes  because of the /\/\/ shape perpendicular to the axis. Chiral angle 0º.
3. All the remaining nanotubes are known as chiral or helical nanotubes. 
The geometry of the graphene lattice and the chiral vector of the tube determine its structural parameters like diameter, unit cell, and its number of carbon atoms, as well as size and shape of the Brillouin zone. 

The smallest graphene lattice vector a perpendicular to C defines the translational period a along the tube axis [29].  In general, the translational period a is determined from the chiral indices (n1, n2) by: 
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and
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where the length of C is given by Eq. 1.3 and nR is the highest common divisor of (n1, n2):

nR=
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Thus, the nanotube unit cell is formed by a cylindrical surface with height a and diameter d.

Tubes with the same chiral angle θ, i.e., with the same ratio n1/n2, possess the same lattice vector a. In fig.2 the structures of (17,0), (10,10), and (12,8) tubes are shown, where the unit cell is highlighted and the translational period a is indicated. Note that a varies strongly with the chirality of the tube; chiral tubes often have very long unit cells.

[image: image9]
Fig.2
Structure of the (17,0), the (10,10) and the (12,8). The unit cells of the tubes are highlighted; the translational period a is indicated. 
Experimentally, the atomic structure of carbon nanotubes can be investigated either by direct imaging techniques, such as transmission electron microscopy [40] and scanning probe microscopy[27,29,41–46], or by electron diffraction [47– 50], i.e., imaging in reciprocal space.

Scannig tunneling microscopy (STM) offers measurements with atomic resolution, see fig. 3. From both, STM and electron diffraction, the chiral angle and tube diameter can be determined, and hence the chiral in principle, can be found experimentally. 


[image: image10]
Fig.3
 Scanning tunneling microscopy images of an isolated semiconducting (a) and metallic (b) singlewalled carbon nanotube on a gold substrate. The solid arrows are in the direction of the tube axis; the dashed line indicates the zig-zag direction. Based on the diameter and chiral angle determined from the STM image, the tube in (a) was assigned to a (14,3) tube and in (b) to a (12,3) tube. The semiconducting and metallic behavior of the tubes, respectively, was confirmed by tunneling spectroscopy at specific sites. From Ref. [27].

1.3 Physical properties  

Electronic Properties 
The band structure of the ‘rolled-up’ SWNTs can be studied starting from the band structure of a single graphene sheet.  Using the tight binding approximation [51], it is possible to obtain the dispersion relation for a 2D graphene sheet:
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where γ0 is the nearest-neighbor C-C overlap integral and a0 is given in Eq. 1.1. 

The dispersion relation described by Eq. 1.8 is plotted in fig. 4 to show the high energy (Ek>E0) and low energy (Ek<E0) states that make up the conduction and valence bands of graphene. 

The conduction and valence bands meet at certain points in k-space. These special points, where conduction and valance states are degenerate, are called “k points” and they coincide with the corners of the first Brillouin zone (see fig.1.5b) 
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Fig.4 Electronic band structure of a 2D graphene sheet.

In a cylinder such as a CNT, the electron wave number perpendicular to the cylinder’s axial direction, k┴, is quantized. This quantization, together with the properties of graphene, lead us to a description of CNTs electronic structure.

The quantized   k┴ are determined by the boundary condition:





            π d k┴=2πj                         



(1.9)

where j is an integer and d is the CNT diameter; A set of 1D energy dispersion relations is so obtained from Eq.1.8 by considering the small number of allowed wave vectors in the circumferential direction. The parallel lines in Fig. 5 represent the allowed k states in a CNT; each line is a different 1-D subband. In the direction parallel to the CNT axis, however, electrons are free to move over much larger distances and the electron wavenumber in the parallel direction, k||, is effectively continuous. 
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Figure 5 Quantization of wave states around a grapheme cylinder. A) The parallel and perpendicular axes of a CNT. B) Contour plot of graphene valence states for a CNT with the chiral angle θ = 0˚. The parallel lines spaced 2/d indicate the k vectors that are allowed by the cylindrical boundary condition. Each line is a 1-D subband. Lower energies are coloured darker. The circular contours around six K points are coloured white. The hexagonal formed by the six K points defines the graphene unit cell in k-space.
The continuum of k|| states in each  k  wrapping mode are called one-dimensional (1-D) subbands.

These subbands are called Van-Hove singularities (vHSs) and are shown in fig.6 for a (9,0) and (10,0) SWNTs. The exact alignment between allowed k values and the K points of graphene is critical in determining the electrical properties of a CNT. Therefore the tube is metallic, if the allowed states of nanotubes contains the graphite K points, otherwise is semiconducting. For example, in all armchair tubes the band with n1=n2 includes the K points, they are always metallic.


[image: image12]
Fig.6 Electronic 1D density of states per unit cell for a (9,0) and (10,0) zigzag nanotube. Dotted lines correspond to the density of states of a 2D graphene sheet. The density of states near the Fermi level located at E = 0 is zero for the semiconducting (10, 0) nanotube and is non-zero for the metallic (9, 0)nanotube. From ref. [52].
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More deeply because of the degeneracy point between the conduction and valence bands, all the armchair tubes will exhibit metallic conduction at finite temperature, because only infinitesimal excitations are needed to excite carriers into the conduction band. The armchair tubes are thus a zero-gap semiconductor , just like a 2D graphene sheet. In general the tubes with chiral index (n1, n2)such that (n1, n2)/3 is integer, are metallic. Density of states measurements by scanning tunnelling spectroscopy (STS) confirm that some nanotubes (about 1/3) are conducting, yet most (about 2/3) are semiconducting [53,43]. Measurements confirm that the band gap is proportional to 1/d.

As reported above, by cutting the two dimensional band structure of graphene with j lines of length 2π/a (first Brillouin zone) and distance 2/d parallel to the direction of the tube axis (fig.7) it is possible to obtain the electronic properties of CNTs. This approach is called zone folding and is commonly used in nanotube and nanostructure research. The zone folding procedure neglects any effect of the cylinder geometry and curvature of the tube walls. The zone folding approach to calculate the electronic band structure of CNT falls down for small nanotube diameter (d<1nm) because in small diameter CNTs the mixing and the rehybridization of the p and s orbitals in the curved graphite sheet can significantly change the electronic band structure [54].  For example, the (5,0) tube is metallic in contrast to what is expected from zone folding [55].
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Fig.7 Schematization of the zone folding approach to illustrate the electronic band structure of SWNT (3,3) left and (4,2).  The two dimensional band structure of graphene has cutted with j lines of length 2π/a (first Brillouin zone) and distance 2/d parallel to the direction of the tube axis. 
Vibrational properties

The phonon dispersion of a SWNT can be calculated by folding the phonon dispersion curves of a two-dimensional graphene layer analogous as for the case of the 2D electronic states. There are 2N carbon atoms in the unit cell of a carbon nanotube; therefore we have 6N phonon dispersion relations [56]. This model is applicable for almost all phonon modes but at low frequencies it does not always give the correct dispersion relation. Calculated phonon densities of states of a (10, 10) nanotube and a 2D graphene sheet are shown in Fig. 8. They were calculated by solving the three-dimensional carbon nanotube dynamic matrix [56].

One difference between the phonon density of states of a graphene sheet and a nanotube appears in the small peaks due to Van Hove singularities at low energy (~200 cm-1).

3D graphite has 6 normal phonon modes. The irreducible representation is given by [57]:
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The phonon dispersion relation of 3D graphite is similar to that of a 2D graphene sheet due to the week interplanar coupling in graphite [58].
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Fig.8 2D phonon dispersion relation (a) of a (10,10) armchair tube (left) and of a 2D graphene sheet (right) and the corresponding density of states (b) [56].

1.4 Aim of  thesis
Techniques have been developed to produce nanotubes in sizeable quantities, but their cost still prohibits any large scale use of them. However, these naturally varieties are highly irregular in size and quality, and the high degree of uniformity necessary to meet the needs of research and industry is impossible in such an uncontrolled environment. There are several methods employed to make nanotubes, such as arc discharge, laser ablation, and chemical vapor deposition (CVD) . The best method to grow CNTs depends on their applications.  In general, the CVD method has shown the most promise in being able to produce larger quantities of nanotube (compared to the other methods) at lower cost. But on the other hand CNTs grown by CVD are mixed with metallic catalyst particles and their wall have less graphitization (more defects) than CNTs produced by arc discharge where the temperature reaches  more than 3000˚C  to vaporizate the graphitic anode electrode. The first part of my work has been focused on the study of the best growth condition of CNTs by arc-discharge and CVD synthesis. To this aim an arc/discharge and a CVD apparatus were built up and subsequently the CNTs as grown were analysed and characterized by electronic microscopy, scanning probe microscopy and Raman spectroscopy (chapter 3 and chapter4). 
The electronic properties (chapter 5) were investigated by electron energy loss spectroscopy (EELS) comparing, firstly, the different way of packaging of single wall carbon nanotubes (SWCNTs) in the bundles (i.e.; parallel, braided, turned or twisted) and secondly the structural properties of single wall, multi wall carbon nanotubes (MWCNTs) and highly oriented pyrolitic graphite (HOPG) obtained by the analysis of the extended energy loss fine structure (EXELFS) detected above the carbon K edge by using a transmission electron microscopy apparatus. The utilization of electrons as alternative source of X-rays for structural EXAFS-like spectroscopy is of paramount importance for a deeper understanding of the EXELFS spectra providing that the dipole approximation is still valid as well as the data analysis procedure.
Great interest for future applications of carbon nanotubes is the molecular optoelectronic. 
Since their discovery by Ijiima [1,2], it has been done an enormous effort to functionalize both the end of the nanotubes and the walls, in order to modify their intrinsic properties. A further evolution for new nanotube-based devices is the functionalization by doping (59) or by deposition on the nanotube walls of some organic or inorganic compounds (60). This functionalization would allow the preparation of nanometric devices, in particular sensors, whose characteristics depend on the bonded compound. Several papers have been already published on the application of functionalized carbon nanotubes, mainly for gas sensors (61) and biosensors (62).

The covalent functionalization of the walls can modify the properties of absorption of the nanotube destroying the extended lattice of pi bonds of the nanotubes (63). Therefore it is important to consider non covalent bonds not interact too much with the walls of the nanotubes. Porphyrins are strongly absorbed to HOPG graphite (Highly Oriented Pyrolytic Graphite) giving rise to a well ordered lattice (64-65). Such composite materials are interesting from a technological point of view and they can be used as organic LED (Organic Ligth Emission Diode) and solar cells (66-68). With respect to the conventional photovoltaic systems silicon-based, where the semiconductor has both the role of ligth absorber and charge carrier, in such systems the two functions are separated. The light is absorbed by organic molecules, easily ionized by the visible frequency, that are anchored to the surface of the semiconductor nanostructure. The separation of the charges occurs at the interface through the injection of electrons photoinduced by the organic molecules in the conduction band of the nanostructure itself. The carriers are moved in the conduction band of the semiconductor towards to charge collector. These mechanisms resulted to give high efficiency values (up to 10%) in the conversion of the light into current.

The achievement of the above objectives entail the development of the following step processes :

a) fabrication of  carbon nanotubes with CVD (Chemical Vapor Deposition): set-up of an experimental chamber and investigation of the structural and electronic properties of the grown 

nanotubes through several experimental techniques,

b) study of the photocurrent properties of the carbon nanotubes,

c) fabrication of carbon nanotubes with CVD between two nanoelectrodes,

d) deposition of organic molecules and their assembling properties on the carbon nanotubes walls and study of their photocurrent answer. 

The aim of the present thesis was mainly related to the development of the first two steps. 
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CHAPTER 2

Synthesis and Characterization of Carbon Nanotubes
 2.1 Synthesis methods

Carbon nanotubes are fullerene-related structures which consist of graphene cylinders closed at either end with caps containing pentagonal rings. They were discovered in 1991 by the Japanese electron microscopist Sumio Iijima who was studying the material deposited on the cathode during the arc-evaporation synthesis of fullerenes [1]. He found that the central core of the cathodic deposit contained a variety of closed graphitic structures including nanoparticles and nanotubes, of a type which had never previously been observed. A short time later, Thomas Ebbesen and Pulickel Ajayan, from Iijima's lab, showed how nanotubes could be produced in bulk quantities by varying the arc-evaporation conditions [2]. These nanotubes typically have diameters around 5-30 nm and lengths around 10 micron. This paved the way to an explosion of research into the physical and chemical properties of carbon nanotubes in laboratories all over the world. A major event in the development of carbon nanotubes was the synthesis in 1993 of single-layer nanotubes. The standard arc-evaporation method produces only multilayered tubes. Iijima’s group [3], as well as Bethune and his collegues [4] found that addition of metals such as cobalt to the graphite electrodes resulted in extremely fine tube with single-layer walls. However, the yield of carbon nanotubes was low, and there were large amounts of metal carbide clusters and amorphous carbon attached to the nanotubes. This was a signiﬁcant disadvantage of the arc-discharge method for further investigations on nanotubes, until 1997, when Journet and his co-workers found that the mixture 1 at.% Y and 4.2 at.% Ni as catalysts in graphite powder gave a high yield of 70-90% in their setup.[5] Another milestone in the synthesis of single-walled carbon nanotubes is the effort made by Smalley’s group in 1996[6]. He and his co-workers at Rice University developed a laser ablation technique that could grow single-walled carbon nanotubes with a relatively high yield of more than 70%, which paved the way for the take-off of investigations on the physical properties of SWNTs. They used the laser ablation on graphite rods doped with a mixture of cobalt and nickel powder in the inertial gas environment followed by heat treatment in vacuum to sublime out C. The nanotubes they got had highly uniform diameters and bundled together as “ropes” by van der Waals interaction [6]. A puriﬁcation process involving reﬂuxing the as-grown nanotubes in a nitric acid for an extended period of time was also developed by Smalley and his co-workers [7]. This method has been widely applied to remove amorphous carbon and residual catalytic metal particles commonly found mixed with nanotubes in the ﬁnal product. In spite of the success of the arc-discharge and laser ablation methods in producing carbon nanotubes with a high yield, the ﬁnal products are usually bundled nanotubes decorated with catalyst particles and amorphous carbon. Previous studies using such products have been severely hampered by the lack of control over the nanotube growth and the difﬁculty in wiring up individual nanotube devices, making practical applications almost impossible. It would be desirable to have a high-yield synthesis route to produce SWNTs with controlled length, positions, and orientations for both scientiﬁc and technological studies. It is equally desirable to develop a method to make robust, low-resistance electrical contacts between nanotubes and metallic electrodes. These goals pose great challenges to nanotube synthesis, processing, and assembly strategies. Signiﬁcant progress in addressing these challenges has been made by Dai and his co-workers: a novel CVD method was developed to grow high-quality individual single-walled carbon nanotubes off patterned catalyst islands directly on substrates [8-11]. This technique readily yields large numbers of SWNTs at speciﬁc locations, and opens up new possibilities for integrated nanotube systems. Signiﬁcant progress has also been made by several other groups toward CVD growth of high-quality SWNTs. Liu and his co-workers have developed a way to produce Fe/Mo catalyst supported on alumina aerogel [12]. This catalyst possesses a high surface area and large mesopore volume, and has led to a nanotube catalyst ratio as high as 2 :1 in the CVD product using methane as the feedstock. Smalley and his co-workers have developed a gas-phase CVD process to grow bulk quantities of single-walled carbon nanotubes [13], where carbon monoxide is used as the feedstock and catalytic nanoparticles are generated in situ by thermal decomposition of an iron-containing compound. Bulk production of SWNTs has also been successfully achieved by other groups using CVD techniques [14, 15].  In addition to the CVD synthesis of SWNTs, by using different hydrocarbon gases, catalysts, ﬂowing conditions, and temperatures, multiwall carbon nanotubes (MWNTs) can also be synthesized. In contrast to the arc-discharge or laser ablation techniques, CVD growth of MWNTs can give us aligned and ordered nanotube structures. The typical methods of growing aligned multiwalled nanotube structures have been developed by several groups independently. For example, Xie and his co-workers used iron oxide particles created in the porous silica as the catalyst and 9% acetylene in nitrogen as the carbon feedstock [16, 17], while Ren and his co-workers developed a method to grow oriented MWNTs on glass substrates by a plasma-assisted CVD method with nickel as the catalyst and acetylene as the carbon source [18]. In addition to the well-developed CVD method, several novel synthesis techniques have been demonstrated. In 1998, Tang et al. found that pyrolysis of tripropylamine can form mono-sized SWNTs [19]. The diameter of the SWNT grown this way can be as small as 4 Å, close to the theoretical limit. They have also successfully observed superconductivity with their SWNT samples with a transition temperature of 15 K [20]. Schlittler and his co-workers developed a technique to control the chirality of the SWNT [21]. They deposited Ni and C60 layers alternately in a sandwich manner on a Mo substrate, and then heated the sample to high temperature in vacuum while applying a magnetic ﬁeld oriented parallel to the surface normal. Their procedure produces carbon nanotubes with identical chiralities.
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Fig.1(left) The transmission electron microscope (TEM) image of the first discovered carbon nanotubes by Iijima: the multiwalled carbon nanotubes was found in the soot of an arc-discharge setup. Image taken from [1].

Fig.2(right) Bundles of SWNTs. Image taken from [5].
As mentioned above carbon nanotubes are generally produced by three main techniques, arc discharge, laser ablation and chemical vapour deposition. The most widely used technique to produce nanotubes is the arc discharge evaporation method [22,23,24] also used for fullerene synthesis [25]. An electric arc discharge is produced between two carbon electrodes in an inert helium or argon atmosphere. The temperature of > 3000°C between the electrodes is high enough to sublime the carbon.
A second approach is the laser ablation method [26]. A piece of graphite is vaporised by laser irradiation in an inert gas. With the arc discharge and the laser ablation method both SWNT and MWNT can be produced. MWNT are synthesised with pure graphite; for SWNT however, metal particles are required. In the arc discharge method a drilled carbon rod is filled with a metal powder (Ni, Co, Pt, Cu, Co/Ni, Co/Pt, Fe/Ni…), and in the laser ablation method a transition-metal/graphite composite is used. These synthesis methods have both the advantage to produce high quality nanotubes. A disadvantage of the vaporisation methods is the high temperature (> 3000°C) required, this limits a scale-up of the processes. Furthermore, the diverse by-products e.g. amorphous carbon and diverse nanoparticles have to be removed by subsequent purification [27].
A more efficient approach to the nanotube synthesis without the above mentioned drawbacks is the CVD method [28], earlier used for the synthesis of carbon filaments. In this method a carbon-containing gas or vapor (C2H2, CH4, CO, pentane…) is dissociated over supported metal clusters at 500 to 1200°C for some minutes up to several hours. The metal clusters on the substrate serve as nucleation centres for the nanotube growth. It is suggested that for the carbon filament as well as for the nanotube growth the carbon-containing gas decomposes on the metal surface and that the carbon diffuses from one side through the metal particle and precipitates on the other side [29]. The CVD method has the advantage to produce lower quantities of by-products. The graphitization degree of such nanotubes as compared to those produced by arc discharge or laser ablation [23] is lower because of the lower synthesis temperatures.

In Table 1, is given a short summary of the three most common techniques used nowadays with their efficiency.
	Method
	Arc discharge method 
	Chemical
vapour deposition (CVD)
	Laser ablation 

	Who
	Ebbesen and Ajayan, NEC, Japan 1992 2
	Endo, Shinshu University, Nagano, Japan 30
	Smalley, Rice, 19956

	How
	Connect two graphite rods to a power supply, place them a few millimetres apart, and throw the switch. At 100 amps, carbon vaporises and forms a hot plasma. 
	Place substrate in oven, heat to 600 oC, and slowly add a carbon-bearing gas such as methane. As gas decomposes it frees up carbon atoms, which recombine in the form of NTs 
	Blast graphite with intense laser pulses; use the laser pulses rather than electricity to generate carbon gas from which the NTs form; try various conditions until hit on one that produces prodigious amounts of SWNTs 

	Typical yield 
	30 to 90%
	20 to 100 % 
	Up to 70% 

	SWNT
	Short tubes with diameters of 0.6 - 1.4 nm
	Long tubes with diameters ranging from 0.6-4 nm 
	Long bundles of tubes (5-20 microns), with individual diameter from 1-2 nm.

	M-WNT
	Short tubes with inner diameter of 1-3 nm and outer diameter of approximately 10 nm
	Long tubes with diameter ranging from 10-240 nm
	Not very much interest in this technique, as it is too expensive, but MWNT synthesis is possible.

	Pro
	Can easily produce SWNT, MWNTs. SWNTs have few structural defects; MWNTs without catalyst, not too expensive, open air synthesis possible
	Easiest to scale up to industrial production; long length, simple process, SWNT diameter controllable, quite pure.
	Primarily SWNTs, with good diameter control and few defects. The reaction product is quite pure.

	Con
	Tubes tend to be short with random sizes and directions; often needs a lot of purification
	NTs are usually mixed with the catalyst particle. Often riddled with defects 
	Costly technique, because it requires expensive lasers and high power requirement, but is improving


2.2
Spectroscopic characterization

2.2.1
 Raman Spectroscopy

Phonons are the quasi-particles that describe the quantized lattice vibrations or normal modes of a crystal. The crystal possesses 3N phonon branches where N is the number of atoms in the unit cell. A three-dimensional crystal has three acoustic modes with zero frequency at the G point, corresponding to uniform displacements of the crystal. All remaining branches, where the atoms in the unit cell move out-of-phase, are referred to as optical phonons, since in polar crystals they can directly couple to light [34]. Phonons are bosons and contribute the major part to the heat capacity of a crystal. They play an important role for both transport and optical properties, because they are main path by which excited electrons or other quasi-particles can decay into lower energy states. In fact, in an ideal crystal at finite temperature phonons are the only source of electrical resistance.

Information on the properties of the phonons can be obtained from direct absorption of light by phonons (infrared spectroscopy, for carbon nanotubes see Ref. [35, 36]), measurements of the specific heat and the phonon density of states [37–39], Raman scattering or from transport experiments. In principle, the phonon dispersion of a crystal can be measured by inelastic scattering of neutrons, electrons, or X-ray photons. For these experiments, a minimum size of a single crystal is required, which is not available from carbon nanotubes at present. The closest experimental approximation to the phonon dispersion of carbon nanotubes is therefore the in-plane phonon dispersion of graphite.
Even in graphite the phonon dispersion was not known from experiments, because the standard method of inelastic neutron scattered requires single crystals on the order of cm in size, which do not exist. For the novel method of inelastic X-ray scattering, on the other hand, single crystals ~ 100 µm are sufficient. 
If a light quantum hν0 hits a molecule it is scattered with a high probability elastically with the energy hν0 in the so-called Rayleigh scattering process (fig.3).  With a much lower probability (~10-5) it is scattered inelastically with an energy hν0±hνs in the Raman scattering process in which thevibrational energy hνs is exchanged. According to the Botzmann’s law most molecules are in their vibrational ground state at ambient temperature. Therefore the Raman process that transfers energy to the molecule and leaves a quantum with lower energy hν0-hνs has a higher probability than the reverse process. The corresponding Raman lines are called Stokes and anti-Stokes lines, respectively [40].
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Fig. 3: Polarized molecule in an electric field (left), energy diagram of the different light scattering processes. The elastic Rayleigh scattering and the inelastic Raman scattering (Stokes/Anti-Stokes) (right)

In the classical theory the Raman scattering is explained as follows: if a diatomic molecule is irradiated with an alternative electric field E:
E(t)= E0
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an electric dipole moment P is induced:
P
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where α is the polarisability (in general a tensor). If the molecule vibrates with a frequency νs, the nuclear displacement is written as:
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For a small amplitude variation, α is a linear function of q:
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where α0 corresponds to the polarisability at the equilibrium position. By combining the equations we get [41]:
P= α0E0
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The first term corresponds to an oscillation of a dipole with frequency 
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(Rayleigh scattering), the second term and the third term corresponds to the Raman scattering with frequency 
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[image: image29.wmf]0

÷

÷

ø

ö

ç

ç

è

æ

¶

¶

q

a

is not zero. The classical equation does not describe the intensities of the Stokes and anti-Stokes lines. The intensity ratio of the anti-Stokes and Stokes of a Raman active vibration is given by 
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where T is the specimen temperature.

For crystals the polarizability α is replaced by the susceptibility tensor χ:

P=
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Whether a vibration is Raman active or not is determined by the symmetry of the crystal described in group theory. When the frequency of the incident radiation approaches an electronic transition frequency (electronic r level fig.3) the intensity of the Raman bands is strongly enhanced.
Raman spectra obtained with exciting laser frequencies close to absorption bands are called resonance Raman spectra.
For crystals transparent to the incident and scattered light the conservation of energy and momentum can be written as [43]:
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k =k0-k1=±qs                              
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where νs and qs are the frequency and wave vector of a crystal excitation. For typical light scattering experiments in or near the visible the range of scattering wave vectors is 
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cm-1. For first-order scattering processes the accessible range |qs|, is small compared to a reciprocal lattice vector. In high order processes the range of the individual wave vectors of the excitation can be from zero to a reciprocal lattice vector since k = 
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In the following cases the wave vector conservation (2.12) breaks down:
1) The scattering medium has no translation symmetry i.e. in crystals with defects, solid solutions and in amorphous solids. The absence of translation symmetry allows scattering by modes with     qs 
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2) The scattering volume is small. In this case light scattering is due to excitations with wave vectors in a range
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 where d is a characteristic length in the scattering volume.

3) The incident and scattered waves are damped inside the scattering volume. Under this conditions (metals and small gap semiconductors that are opaque to the light) k0 and k1 are complex. 
As discussed above the scattering efficiency gets larger when the laser energy matches the energy between optically allowed electronic transitions in the material. The resonance Raman intensity depends on the density of electronic states (DOS) available for the optical transitions, and this property is very important for one-dimensional (1D) systems as SWNTs.
Because of a  single wall carbon nantubes can be imagine as a graphene sheet rolled up into a cylinder,  periodic boundary conditions in the radial direction have to be applied. The reciprocal wave vector is quantized, leading to a confinement of electrons in this direction. This phenomenon gives rise to spikes in the DOS, called van Hove singularities. Therefore, in practice, a single carbon nanotube exhibits a ‘molecular-like’ behaviour, with well defined electronic energy levels at each vHS.

Figures 4 (a)–(c) show the DOS for three different SWNTs. The three DOS curves in figures 4 (a)–(c) come from different SWNTs as labelled by their (n1,n2) indices [44] (see caption). Each pair of indices defines a unique way to roll up the graphene sheet to form the nanotube, and each unique (n1, n2) nanotube has a distinct electron and phonon structure. An observable Raman signal from a carbon nanotube can be obtained when the laser excitation energy is equal to the energy separation between vHSs in the valence and conduction bands (e.g., see ES11, ES22 and EM11 in figure 4), but restricted to the selection rules for optically allowed electronic transitions [45]–[47]. Because of this resonance process, Raman spectra at the single nanotube level allow us to study the electronic and phonon structure of SWNTs in great detail. When Raman spectra of SWNT bundle samples are taken, only those SWNTs with Eii in resonance with the laser excitation energy will contribute strongly to the spectrum [48].
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Fig. 23: 2D phonon dispersion relation (a) of a (10. 10) armehair nanotube (left) and of
a 2D graphene sheet (right) and the corresponding density of states (b) [74].




Fig.4 DOS for a) armchair (10,10) SWNT, b) chiral (11,9) SWNT and c) zigzag (22,0) SWNT obtained with the tight binding model d) shows the electronic transition energy Eii for all the (n1,n2) SWNTs with diameter from 0.4 and 3.0 nm using a simple first-neighbour tight binding model. Distortion from this simple one-electron model is expected for the lower energy transition Es11 and for SWNTs with d less than 1nm.  Image taken from[48].
In fig.5 is shown a schematic representation of Raman features for  SWNTs of diameter ~1nm :

-
RBM region (up to 400 cm-1): it describes phonon modes where all atoms move in phase in the radial direction (fig.6 left). RBM frequency is a finger print of the presence of SWCNTs, it is approximately proportional to the inverse tube diameter and is therefore frequently used for diameter determination. 
-
“D-band” (D as Disorder) at ~1350 cm-1: the intensity of the D-band can be a measurement of the degree of graphitization of the  sample. It is induced by the presence of defects and stems from inside the Brillouin zone. 

-
“G-band” (G for Graphite) at ~ 1580 cm-1:  It is due to the Raman-allowed tangential mode (fig.6 right). Unlike graphite, the tangential G mode in SWNTs gives rise to a multi-peak feature, also named the G band, where up to six Raman peaks can be observed in a first-order Raman process.
[image: image80.emf] 


Fig.5
Schematic representation of Raman spectra of SWNTs where are indicated: the RBM region (until 400 cm-1), the D and G bands peaked at ~1350 cm-1 and~ 1580 cm-1. 


[image: image39] Fig.6 Schematic representation of the Radial Breathing Mode (left) and the tangential modes (right). G- is indicated for tangential modes with atomic displacement along the circumferential direction while G+ is indicated for atomic displacements along the tube axis.
2.2.2 Electron Energy Loss Spectroscopy (EELS)

Electron Energy Loss Spectroscopy (EELS) concerns the analysis of energy spreading of initially almost monoenergetic electrons, after their interaction with the sample. The technique is frequently used in association with Transmission Electron Microscopy (TEM) and interaction takes place inside the specimen. Measuring the energy distribution of electrons that have passed through a thin specimen  can be obtained  informations about its structure. The spectral energy resolution is largely determined by the energy width of the electron source: 1 - 2 eV for a thermionic source, 0.5 to 0.7 eV for a field-emission gun and 0.1 - 0.2 eV for a FEG (Field Emission Gun) followed by a monochromator [49].
The electrons impinging on the sample may lose energy by a variety of mechanisms. These losses can reveal the composition of the sample in TEM. 
-Plasmon losses are a frequent cause of energy loss. Plasmons are collective excitations of the electron gas in the material and are typically several electron Volts in magnitude (5-30 eV). 
-Phonon losses can also occur, which are much smaller (less than 0.1 eV), and the energy spread of the monoenergetic beam must be particularly small to detect such losses. Phonons are quantized sound waves within the solid.
A typical energy loss spectrum is divided in two regions at low and at high energy. 

Low Energy Loss:
For very thin specimens, the most prominent feature is the zero-loss peak that is due to unscattered electrons that are transmitted without any interaction with the specimen. (area I0 , representing purely elastic scattering, see fig.7). The second contribution includes the plasmon peak, due to inelastic scattering by outer-shell (valence) electrons in the specimen, it is centred around a plasmon energy Ep, generally in the range 10-30 eV. Plural scattering of the transmitted electrons gives rise to additional peaks, at multiples of Ep.

The plasmon losses just mentioned are called “volume plasmons” because they arise from the interaction with the electrons in the bulk of the specimen. The incident electrons, however, can also originate a longitudinal wave of charge density which travels along the surface and is referred to as “surface plasmon”. In the simplest situation, the vacuum-metal interface, the energy Es of the surface plasmon peak in the low-loss spectrum is:

                                                                       Es=Ep/√2                                                               (2.13)

while, in the slightly more general case, dielectric-metal interface (2.13) becomes:

                                                                      Es=Ep/√ (1+ε1)                                                       (2.14)

where ε1 is the real part of the dielectric function. Generally surface plasmons have about half the energy of bulk plasmon and their peak are much less intense than the volume plasmon peak, even in the thinnest specimen.
High Energy Loss:

At higher energy loss, ionization edges occur due to inelastic excitation of inner-shell (core) electrons. They are superimposed on a falling background representing the tail of lower-loss inelastic processes, which usually approximates to a power law: 
                                                              background~AE-r                                                                                    (2.15)
where A and r are constants within a limited range of energy loss E . The threshold energy of each edge is the binding energy of the corresponding atomic shell and is tabulated for all elements and electron shells (K, L, M, etc.), allowing elements present in the specimen to be identified. The energy-loss spectrum also contains fine structure, in the form of intensity oscillations or local peaks. 
Extended energy-loss fine structure (EXELFS) have a weaker intensity modulation starting at 50 eV or more from the ionization edge and can be analyzed to give the distance of nearest-neighbour atoms.
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Fig. 7 (a) Low-loss spectrum and (b) the core-loss region showing several basic shapes of ionization edge, each superimposed on a spectral background (dashed curves). Image taken from [50].
2.2.3 Extended Electron Energy Loss Fine Structure (EXELFS)
The energy-loss spectrum also contains fine structure, in the form of intensity oscillations or local peaks. Extended energy-loss fine structure (EXELFS) have a weaker intensity modulation starting at 50 eV or more from the ionization edge and can be analyzed to give the distance of nearest-neighbour atoms . In particular EXELFS, probing the unoccupied electron states above Fermi level in the energy range of core edge levels, can give information similar to those provided by XAS (X-ray absorption spectroscopy). When an X-ray passes through a material, it attenuates progressively and undergoes some discontinuities for energies corresponding to electronic transitions of core electrons towards unoccupied states above the Fermi level. In the case of crystalline solid, the atoms excited by the X-ray emit a photoelectron described by spherical outgoing wave centred on the atomic target. The emitted photoelectron is retrodiffused by the electrons of the nearest neighbour atoms. This retrodiffusion is represented by spherical waves centred on the sites of neighbouring atoms. A portion of this waves interferes with the first outgoing waves and it gives rise to a modulation of the absorption coefficient μ(ω). EXAFS reflects the local order, and the amplitude of the oscillations depends on the coordination number of neighbours Nj of type j located at a distance rj from the absorbing central atom. The phenomenology of the EXELFS process is similar to those related to the photoelectrons which generate the EXAFS features.
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Fig.8 Schematic picture of EXAFS (a) and EXELFS (b) spectroscopies [51].
The exciting source is a beam of monoenergetic primary electrons that looses a discrete amount of energy at least equal to that one necessary to ionize a core electron in the medium. The energy distribution of these inelastic electrons shows the same features of X-ray absorption coefficient, as shown schematically in fig.8. The modulation observed in the x-ray absorption coefficient μ(E) corresponds to the features observed in the yield N(E) due to the transmitted electron from the solid sample. In the EXAFS spectroscopy the different final states of the excited core electron above Ef can be filled by varying the energy 
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 of the x-ray probe. In EXELFS spectroscopy the same features are detected in N(E) measuring different energy losses ΔE of the primary electron beam Ep  which reflects the same final states of the core electron excited in the medium [52].
A rough evaluation of the scattering cross section can be made within the framework of the Bor-approximation. In the limits of 
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 (dipole approximation) the N(E) distribution of the measured scattered electrons will be proportional to the cross section integrated between qmin and qmax of the momentum transferred, depending on the experimental scattering geometry [53,54]:
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where εq is the unit versor in the direction of q vector and ra is the atomic radius of the core electron. The formula above is a first approximation, similar to that one of the X-ray absorption coefficient [55] according to the following equivalence:
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      (2.18)
where ε is the electric field in the direction of the X-ray polarization.

The utilizations of electrons as an alternative source of X-rays for structural EXAFS-like spectroscopy has been demonstrated for the first time by Ritsko et al.[56] and later by Kincaid et al. [57]  for the K-edge of graphite and by Leapman et. al. [58] for heavier elements like chromium.

The comparison of transmission energy loss spectra with EXAFS is of paramount importance for a deeper understanding of the EXELFS spectra, based on the same interference process which occurs above a core edge in the X-ray absorption coefficient.

The oscillatory behaviour of the absorption coefficient μ is described in the case of a K-edge by the following relation [59, 60].
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where:

- g(r) is the radial distribution function (Gaussian curve: 
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 describes the inelastic diffusion of the photoelectron , where λ(k) is the mean free path of the emitted electron and 

-
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 is the total phase shift.
In the standard EXAFS formalism a Gaussian pair distribution function g(r) is characterized by the Debye-Waller factor, σ, that takes account for the atomic thermal vibration around the equilibrium position [61, 62]. The EXAFS formula for the first shell becomes:
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where the amplitude and phase of the EXAFS are given by:
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where R is the mean inter-atomic distance.

The structural analysis is performed through Fourier Transform of the experimental signal χ(k), according to the following relation:
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         (2.23)

F(R) curve shows peaks which are related to the different atomic shells at distance R(Ǻ) surrounding the absorbing atom located at the origin of the scale.

Finally we stress that the basic assumption underlying the validity of EXAFS formula is the neglect of multiple scattering events.

The general discussion about the scanning probe microscopy (AFM and STM) and the electron microscopy (SEM and TEM) characterizations are reported in appendix 2 [31, 32, 33].
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CHAPTER 3

CNTs grown by arc-discharge
3.1
Experimental set-up

Carbon nanotubes were synthesized in a dc arc system in helium atmosphere at low pressure (about 0.5 atmosphere). Two graphite rods are used as the cathode and anode, between which arc occurs when DC voltage power is supplied. The schematic diagram of arc-discharge apparatus for the synthesis of carbon nanotubes is represented in fig.1 where the apparatus is connected both to a vacuum line with a Turbo pump, and to a helium gas-line. The electrodes are two graphite rods of high purity. The anode used was a long rod of approximately 13.6 mm in diameter and the cathode a rod of 6 mm in diameter. Efficient cooling of the cathode has been shown to be essential in producing good quality nanotubes. The position of the anode should be adjustable from outside the chamber, so that a constant gap can be maintained during arc-evaporation. A voltage-stabilized DC power supply is normally used, and discharge is typically carried out at a voltage of about  20- 40 V and at a current in the range of 80 to 100 A. When a stable arc is achieved, the gap between the rods should be maintained at approximately 1 mm or less. Some amount of the evaporated carbon condenses on the tip of the cathode, forming a slag-like hard deposit (cathode deposit-CD). The deposit consists of two regions, viz., an inner fibrous soft black core and an outer gray, hard shell. The inner core has a columnar structure that is made up of bundles of nanotubes and flakes of polyhedral carbon particles. On the other hand, the hard shell is made of polycrystalline graphite [1].
Carbon nanotubes contained in the cathodic deposit normally have multi-walled structures [1]. The quantity and quality of the nanotubes obtained depend on various parameters such as inert gas pressure, kind of gas, the current and system geometry. Also the anode - cathode distance (ACD) is a relevant parameter because it is adjusted in order to obtain strong visible vortices around the cathode. This enhances anode vaporisation which improves nanotubes formation.
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Fig.1 Arc-discharge experimental set-up.

3.2 SEM and TEM images

SEM
In the figures below is presented the cathode deposit (fig.2a) containing carbon nanotubes produced by arc-discharge synthesis. The cathode deposit was put directly, without post synthesis process, on the aluminium stub to do SEM measurements. SEM images show a lot of tubular straight structures (fig.2b,c) mixed with the secondary products of synthesis, in white fig.2 c,d and e, that consist of  fullerenes and amorphous carbon. In fig.2b, qualitatively, it is possible to value that the ratio of NTs is very high, more than 70%.  From fig.2e we estimate the diameter of these tubes of about 50 nm These dimensions are compatible bundles of SWNTs (20-50nm transverse size) or with MWNTs, that have a wide range of diameter (20-60 nm). SEM images of CNTs are of paramount importance to show the results of synthesys at large scale (micron) but it is impossible to distinguish SWNTs from MWNTs. To perform this goal we need TEM to see inside the tube. 
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Fig.2a SEM image of the inner part of the cathode deposit (CD) containing CNTs produced by arc-discharge method. Images taken in the IFN-CNR laboratory.
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Figure 2. DOS for a (a) armchair (10, 10) SWNT, (b) chiral (11,9) SWNT
and (c) zigzag (22, 0) SWNT obtained with the tight binding model from [13].
(d) Shows the electronic transition energies E;; for all the (n, m) SWNTs with
diameters from 0.4 and 3.0 nm using a simple first-neighbour tight binding
model [14]. Distortion from this simple one-electron model is expected for the
lower energy transitions £§; and for SWNTs with d < 1 nm.





Fig.2b SEM image of the upper surface of the CD where is possible to distinguish a lot of tubular structures (bundles of CNTs).
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d)

Fig. 2c SEM image of an area of dimension (5.2x3.2)μm^2 where are shown long and straight bundles of CNTs mixed with the secondary products of arc-discharge synthesis, in white. The ratio on CNTs is qualitatively about 70%.
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Fig. 2d Details of an area of dimension (3.8x2.5)μm^2. The direction of growth of CNTs is completely randomly.
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Fig. 2e SEM image area is (3.14x1.9) μm^2. The dimension of the outlined CNTS is about 2 μm in length and 40 nm in diameter. These dimensions are compatible or with bundles of SWNTs (20-40nm transverse size) or with MWNTs, that have a wide range of diameter (20-60 nm).
TEM

TEM measurements were performed by using a ZEISS 902 (80 keV) apparatus equipped with an energy filter and a Peltier cooled CCD intensified PROSCAN camera. A droplet of the raw synthesis diluited in isopropyl was used to disperse the nanotubes on a typical gold TEM grid (mesh 1000). In such a way, most of the reaction products are located next to or bridged between two gold wires and the TEM images detected the presence of free standing bundles of nanotubes. (Fig.3a). In fig. 3 a,b,c are presented TEM images of carbon nanotubes produced by arc-discharge synthesis. They are essentially straight MWCNTs. In fig.3b is shown a MWCNT of diameter of (20±2)nm with its characteristic  channel  of dimension of 4 nm. Its length is more than 226 nm.
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Fig.3a TEM image of free-standing bundles of CNTs connecting two gold wires. Images taken in the ”Istituto Superiore della Sanita’” laboratory.
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Fig.3b TEM image of MWCNT of diameter of (20±2) nm and length more than 226nm.
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Fig.3c TEM image of a bundle of MWCNTs of diameter of (30±2)nm (at the centre) and two typical close-ending MWCNTs (on the right top and bottom side).
In fig.3c is shown, in the middle of the picture a straight bundle of MWCNTs of diameter of (30±2)nm where it is possible to distinguish the in-plane distance of the layers. On the right top side, there are a MWVNTs composed by 13 layers and at the bottom right it is clearly evidenced the flatten ending (about 22nm) of a MWNT.

3.3 AFM and STM images 

AFM

In fig.4 are shown AFM images of carbon nanotubes on an HOPG substrate taken in contact mode. It is a bundle (as it is clear evident in the 3D view, fig.4b) of diameter about 72 nm and the average diameter of each tube is (18±2) nm. It’s very likely that they are MWNTs as result of arc-disharge method [1]. The corresponding height is much smaller in comparison to its diameter. This is the same effect present also in the STM measurements and it is due to the van der Waals forces experienced from the nanotubes on the HOPG substrates [2]. Depositions of CNTs on different substrates remark this effect. 

On HOPG (fig.5) several line profiles of the same straight CNTs, (scan area (1X1)μm2) reveal that for an average diameter of (Xaver=(47±5)nm) there’s an height of (Zaver=(27±3)nm), suggesting a large squeezing (Zaver/Xaver=0.5±0.1)  whereas the same measurement on a mica substrate reveal different results. On mica substrate the average diameter of CNTs (fig.6) is Xaver.=(28±5)nm but the  corresponding height is much bigger (Zaver=(84±3)nm)than in the case of HOPG. There is an elongation in the Z direction (perpendicular to the HOPG planes) and the ratio Z/X is about 3. 

The geometry of the contact region  depends on the nanotube substrate interaction. 
Even though nanotubes only interact through van der Waals forces with the substrate, the resulting elastic deformations are substantial. 
In ref.2 are reported molecular-mechanics calculations on single and multiwalled carbon nanotubes. The results of calculations on isolated nanotubes indicate that the extent of the cross-sectional deformation increases dramatically with increasing tube diameter. This trend can be reversed, however, if inner shells are added to the nanotube (MWNTs). The addition of more shells inside a tube increases its rigidity, makes these elastic deformations energetically more costly and, therefore, reduces the observed flattening of the tube wall in contact with the substrate.
In the case of HOPG, MWNTs experience a squeezing while in the case of mica an elongation in the Z direction.  Such a decrease or increase of the tube’s contact area with the substrate should have consequences for the tribological properties of adsorbed nanotubes. Moreover in fig. 6 the CNT shows a knee that, from a topological point of view, indicates the presence of pentagonal and heptagonal impurity in the ‘honeycomb’ lattice of the tube. These defects that induce a tube-curvature are the same present in the closed-shell fullerene molecules that permit to close the end of a nanotube [3].

     a)                                                                                    b)


[image: image53]
Fig.4a) AFM measurements of bundled CNTs on HOPG substrate. In b) the 3D view and in c)  the corresponding line profile. The AFM images were taken at Physics Department of Rome “Tor Vergata” University.
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[image: image54]
Fig.5 AFM measurements of bundled CNTs on HOPG substrate. Image taken in the “Microelectronic Institute” of Madrid.


[image: image55]
Fig.6 AFM measurements of bundled CNTs on mica substrate.

STM

All the STM images that will be shown in this section are taken on a substrate of freshly cleaved highly oriented pyrolithic graphite where a little drop of sonicated CNTs in  isopropyl alcohol were deposited. Fig.7 shows the atomic resolution of graphite (HOPG). From the corresponding line profile it is possible to evaluate a C-C distance of about (2.52±0.07) Ǻ that is compatible with the nominal value of graphite of 2.46Ǻ as shown in fig.8 where are reported the interplane distance of HOPG and the distance C-C of the in-plane graphite layer.

[image: image56]Fig.7 Atomic resolution of HOPG (left) and the corresponding line profile (right). STM images taken fron Physics Department of Rome “Tor Vergata” University.
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Fig.8 Schematic representation HOPG where are indicated the interplane distance (0.334 nm) and the distance C-C of the in-plane graphite layer 0.142 and 0.246nm, respectively.
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[image: image58]
Fig.9 a) Large view of an area of (500nmX500nm) of  HOPG where CNTs, in white, were deposited. b) Magnification  of the bottom region of a) to show CNTs put on a step of graphite as can be seen also in the 3-D pictorial view c). Line profiles d), e) of step and CNT to evaluate the dimension, respectively.

In fig.9 are presented CNTs produced by arc-discharge synthesys deposited on a HOPG substrate. The investigated CNTs comes from the last part of cathode electrode (CD). It is possible to notice (fig.9a) several CNts in white. A magnification of the same area is reproduced in fig.9 b) where is clearly visible also that in the 3-D view (fig.9 c) a CNT lies down on a step. The step measures about (1.2±0.2)nm that is about 4 times the interlayer distance of HOPG and CNT has diameter of (9.46±0.40)nm whereas its height is much smaller. This behaviour can be ascribed to a strong vertical compression experienced by the tubes, induced by van der Waals interactions between the nanotubes and the HOPG itself (the larger the tube diameter, the stronger the vertical deformation it undergoes) [2]. This phenomenon is remarkably similar to that observed for large organic molecules deposited on metal surfaces [4].  Because of the population of CNTs in the CD produced by arc-discharge is essentially composed by MWCNTs [1] it could be possible  that the CNT in fig.9 is a single MWCNT. In fig.10 is reported a bundle of CNTs composed by two CNTs of dimension respectively of about 20 nm each one. Also in this case the dimensions of these tubes are well in accordance with a bundle composed by two MWNTs. Otherwise in fig.11 is presented an STM image of a SWNT of diameter dimension of (3.0±1.0)nm whit atomic resolution.

[image: image59]
Fig.10 STM images of a bundle of CNTs (left) and the corresponding line profile( right).
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Fig.11 STM image atomic resolution of a SWNT of diameter (3.0±1.0)nm.

At this step STM investigations have shown MWNTs , bundles of MWNTs and SWNT. Moreover in fig.12 is presented an Y-branched carbon nanotubes. The Y-branches are due to the presence of  pentagonal and heptagonal defects into the hexagonal network of nanotubes [5]. The nanotubes that compose the Y-junction measure (88nm, 91nm and 67 nm from top to right to left, respectively). 

The bending in the knee model (see fig.6), as reported in [6] is produced by a pentagon–heptagon pair, while in the case of the Y model, the branching is produced only by heptagons. This difference is worth pointing out because it can influence the electronic properties of the junction as showed by theoretical calculation for two T junctions, one with pentagons, the other without pentagons [7] Another factor that is influenced by the kind of non-six-membered rings in the region  of the junction is the stress to which the C C bonds are subjected [7], which may influence the resistance of the structure to chemical etching. Carbon nanotubes Y-branches are also very important structure to produce because can be regarded as possible building blocks in nanoscale electronic devices. 

[image: image60]
Fig. 12  Carbon Nanotube Y-branches.

3.4 Raman from graphite and MWCNTs 

Among the six vibrational modes in graphite (eq 1.10, Chapter 1) only the two E2g vibrational modes are Raman active. The E2g1 mode is at 42 cm-1 and the E2g2 mode at 1582 cm-1. The first order Raman spectrum of HOPG is shown in Fig. 13 (bottom). The E2g2 mode is the so-called  “G-band” and the peak around 1350 cm-1 is the “D-band” (Disorder). For well-ordered graphite like HOPG (highly oriented pyrolytic graphite), the G band is very strong at 1581cm-1 but the D band near 1350 cm-1 does not appear. In perfect graphite this mode is forbidden and becomes only active in presence of disorder where the wave vector conservation breaks down and other modes become active as it is shown for natural graphite in the upper side of fig.13. 

In the middle of fig.13 is shown the Raman spectra from bundles of multi-walled carbon nanotubes. 
A typical Raman spectrum of MWNTs indicates two characteristic peaks, D and G band. 
-The G-line peak at 1580 cm-1 corresponds to the high-frequency, Raman-active, E2g mode as of graphite. Whereas the G+ - G- splitting is large for small diameter tubes, this double-peak G band splitting for large diameter MWNTs is both small and smeared out because of the diameter distribution and therefore the G feature predominantly exhibits a weakly asymmetric characteristic lineshape, with a peak appearing at the graphite frequency 1580 cm-1. These properties make it more difficult to differentiate the Raman signal of MWNTs from that of graphite.
-The strong and broad D-line at 1350 cm-1 and a weak D-band at around 1621 cm-1 were attributed to disorder-induced carbon features arising from finite particle size effect or lattice distortion [8–10]. Another possible origin of the D-line could be the defects in the curved graphite sheets, tube ends, and finite size crystalline domains of the tubes [11-13]. 
-The RBM from large diameter tubes is usually too weak to be observable but the Raman features associated with the small diameter inner tubes can sometimes be observed when a good resonance condition is established [14]. In fig.14 is shown the weak signal of RBM from MWNTS. In according with the energy value of the peaks, a radial breathing mode signal is observed for a diameter  ranging from 1.1 and 1.5 nm [15-17]. These signals can be due or from the inner tubes of the multiwall nanotubes or it is possible that a little population of single wall nanotubes has been created during the arc discharge synthesys process. 

Because of the large diameter of the outer tubes for typical MWNTs, most of the characteristic differences that distinguish between the Raman spectra in carbon nanotubes from that for graphite are not so evident in MWNTs. 
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Fig.13 Raman spectra of natural graphite(top), bundles of multiwalled carbon nanotubes (middle) and HOPG(bottom).
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Fig.14 Radial Breathing mode peak of multivalled carbon nanotubes (top) and HOPG (bottom).
3.5  Field Emission measurements

The geometric properties of nanotubes such as the high aspect ratio and small tip radius of curvature, coupled with the extraordinary mechanical strength and chemical stability, make them an ideal candidate for electron field emitters. Field emission electron sources require much less energy than thermionic sources since no heat is needed to emit electrons from a cathode surface. Arrays of carbon fibers that are 1-10 µm in diameter have proven to be very useful for electron emission. Micron sized fibers require less stringent vacuum conditions than thermoionic emitters but applications have been limited due to poor reproducibility and rapid deterioration of the tip. An image of micron sized fiber are shown below [18].
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Fig.15 SEM images of carbon fiber field emitter, taken from [18].
Over the past decade, many research groups throughout the world have shown that carbon nanotubes (CNTs) are excellent candidates for electron emission. CNT field emitters have several industrial and research applications: flat panel displays, outdoor displays, traffic signals and electron microscopy. Although the emission of current through a nanotube is constrained because of its very small cross sectional area, the nanotubes can be arranged into an array allowing an unprecedented amount of current to pass through it. Carbon nanotube alignment is extremely important if high field emission currents are needed at low voltages. The nanotubes must be aligned in such a way that they are oriented perpendicular to the surface or substrate from which the voltage comes from.  Since the geometry of carbon nanotubes can range greatly, the field emission characteristics can also have tremendous variation.  De Heer et al [19] demonstrated the earliest high intensity electron gun based on field emission from a film of nanotubes.  A current density of 0.1 mA/cm2 was observed for voltages as low as 200 V.  For comparison most conventional field emitter displays operate at 300-5000 V whereas cathode ray tubes use 30000 V.  Since this early result, several groups have studied the emission characteristics of SWCNTs and MWCNTs [20-23].

Fowler-Nordheim Equation 

The electric field, E, at the apex of a tip with radius Rtip is

                                                                        E=βV                                                                       (2.1)

                                                                       β=1/αRtip                                                                  (2.2)

 β is he amplitude factor, α is a constant depending on the local geometry and V is the applied electric potential. The amount of electrons tunneling out is a function of the field E and the work function Φ. The FE current, I, is known to be described by Fowler-Nordheim equation [24]:
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                                                                                                                                     (2.3)
By plotting log of I/V2 vs 1/V, one should obtain a straight line, and from the slope of this line the value of work function is obtained. The slope is proportional to Rtip Φ3/2. Such a plot is called Fowler-Nordheim Plot and is often used to confirm the field emission (or tunneling phenomena).
 Experimental results

We measured the field emission current from the cathode deposit grown by arc-discharge synthesis that is made up of bundles of MWCNTs [1], (SEM images fig. 2a and fig. 2d ). Using silver print we fixed it on a surface of Cu and we put, at a distance of about 1 mm, another Cu electrode to collect electrons. To obtain an emitted surface of about 1mm2 we masked the cathode deposit using Kapton. During the field emission experiment the chamber, fig.16, is at a pressure of about 10-6 mbar. The nanotube cathode is grounded (0 V), and the Cu-collector is biased to a positive voltage to extract electrons from nanotube tips. Varying the voltage between 0-1400 V we recorded the emission current using Keithley electrometer 6485 at step of 10 Volt. We stopped the measurement at 1400 Volt to avoid the breaking of the sample. Fig. 17 shows the total current emitted from the nanotube cathodes as a function of the voltage applied to the collector for the cathode-collector separation of about 1mm. The current density on the cathode surface (effective area being about 1mm2) was approximately 40 mA/cm2 at an average field strength of 1V/μm.
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Fig 16  Field emission apparatus

From fig. 17 were extracted the following field emission parameters Eturn-on  and Ethreshold as defined in [28]:

-Eturn-on=0.4 V/μm 

that is the electric field when the density of current (J)  is about 10 μA/cm2 
and

-Ethreshold  =0.8 V/μm 

that is the electric field (E) when the density of current (J) is 10mA/cm2
We have also studied the stability of current (fig.18 right) in function of the time. We fixed V=1000V recording the current for a time of 1 hour .The mean value is 377±17μA.
In fig.18 (left) is shown the Fowler Nordheim curve that trials field emission from carbon nanotubes in the cathode deposit [25, 26]. In the FN plot we observe two different slopes. For conventional field-emission metallic tips the same plot results in a straight line. The interpretation of this behaviour is more complex than for the case of conventional field emission sources. There are many effects that can be present: 

- in the low voltage region it is important to study the morphology of the surface for the reproducibility of the measurements

- in the high voltage region there are effects related to saturation of the current due to:
1) space charge

2) resistance between the interface substrate-emitters

3) degradation of the emitters.

These effects modify the macroscopic electric field.

Because of the emitted current depends directly on the local electric field at the emitting surface, E, and on its work function as a consequence, a small variation of the shape or surrounding of the emitter and/or the chemical state of the surface has a strong impact. These facts make a comparison of results delicate, particularly because the methods used for synthesis (SWNTs, MWNTs), purification (closed or open ends, presence of contaminating material) and film deposition (alignment , spacing between the tubes) are quite varied. The interpretation is further complicated by the different experimental setups, e.g., the use of planar, spherical or sharp tip anodes, and different inter-electrode distance.
Our experimental results are in good agreement with those reported by Saito [1] and coworkers. We both consider field emission from cathode surface created by arc-discharge synthesis and without any purification post-synthesis treatment.

The robust and stable nanotube emitters can be contrasted with delicate and sensitive metal emitters such as those produced with tungsten and molybdenum. For the metal field emitters, ultrahigh-vacuum conditions (10 Torr) are indispensable to sustain FE. Contrary to metal emitters, it is quite surprising that the carbon nanotube emitters operate stably even in moderate-vacuum conditions (no need for an ultrahigh vacuum). This reliable operation is presumably due to the chemical inertness, high melting point, and mechanical strength of carbon nanotubes [1].

                 
[image: image62]
 Fig. 17 The total current emitted from the nanotube cathodes as a function of the voltage applied to the collector for the cathode-collector separation of about 1mm.
        
[image: image63]                                                          
Fig.18 (Left)Fowler-Nordheim curve from MWNT in the cathode deposit where is possible to appreciate the different slopes at high and low voltage as discussed in the text.
(Right) Study of the stability of the field emission current in 1h. Its mean value when V=1000V is 377±17μA.
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CHAPTER 4
CNT grown by CVD

4.1 Experimental set-up

A typical CVD setup involves flowing an hydrocarbon gas in a chamber, which hosts substrates decorated with catalyst particles. Hydrocarbon works as the feedstock, and catalyst particles such as Fe, Ni and Co work as the seed for nanotube growth. Commonly used gaseous carbon sources include methane, carbon monoxide, and acetylene and it is used an energy source, such as a resistively heated coil, to impart energy to the gaseous carbon molecule [1].  The energy source is used to "crack" the molecule into a reactive radical species. These reactive species then diffuse down to the substrate, which is heated and coated with a catalyst. The catalyst is prepared by depositing metal on a substrate. CVD carbon nanotube synthesis is essentially a two step process. A catalyst preparation step followed by actual synthesis of the nanotube. To perform carbon nanotubes by CVD in our lab iron catalyst were deposited on 11mm2 Silicon substrate covered by 5000 nm of  SiO2. The vacuum chamber that was used to deposit the catalyst was maintained at a pressure of 5*10-3 Torr during the deposition. Deposition was done at a power of 200 Watts to deposit 1nm of iron catalyst. 

In the following figures (fig.1 and fig.2) are reported XPS (X-ray Photoelectron Spectroscopy) analysis before and after the deposition of iron catalyst. Photoelectron spectroscopy utilizes photo-ionization and energy-dispersive analysis of the emitted photoelectrons to study the composition and electronic state of the surface region of a sample. For each and every element, there will be a characteristic binding energy associated with each core atomic orbital in other words. Each element will give rise to a characteristic set of peaks in the photoelectron spectrum at kinetic energies determined by the photon energy and the respective binding energies, following the equation [2]:
KE = h - BE+ Φ



                      (4.1)
Where KE is the kinetic energy of the photoelectron and BE is the binding energy (BE) of the electron and Φ is the work function of the investigated material. To do these measurements it was used the Mg K radiation  (h = 1253.6 eV). 
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        Fig.1 XPS measurement of the substrate (SiO2) before the deposition of  Fe catalyst.
In fig.1 is shown the XPS measurement before the deposition of Fe catalyst on a substrate of SiO2. There are present the characteristic lines of the Si 2p (101.7±0.7) eV and Si 2s  (153.05±0.5) eV and also C as contaminant present on SiO2 as received at (285.1± 0.7)eV.

We then verified  the deposition of  a thin film of Fe on SiO2 substrate, as it is shown in fig.2 where the arrows indicate the Auger  and the core level of Fe as well as the Oxygen 1s.
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Fig. 2 XPS measurement after deposition of Fe catalyst on SiO2 substrate. Arrows indicate the Auger and the core levels of Fe as well as the oxygen 1s.

After having deposited Fe catalyst on the substrate we were ready to start the growth of CNTs by chemical process. The CVD apparatus is shown in fig.3. It is equipped with a turbo molecular pump, a gas line, a vacuum gauge and the flange for the sample holder. In fig.4 are shown electrical contacts to a Joule heating  behind the sample. The temperature of about 850˚C was reached with the current flowing of about 3 A (minimum temperature to crack acetylene molecules in atomic carbon is about 500˚C).  Acetilene gas  flows throught the gas line up to a pressure of 200 Torr. The CVD synthesis lasted 1 hour.
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Fig.3 CVD apparatus used to sinthetise CNTs at the Department of Physics of University of Rome "Tor Vergata". 
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Fig.4 Electrical contacts to a resistively heated coil behind the sample to put in the CVD chamber.

After CVD synthesis it was verified the presence of CNTs, as constituted by C atoms, by XPS investigations. As reported in fig.5 the presence of C atoms is verified in the hight intensity of C 1s at (283.8±0.8) eV. 
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Fig.5 XPS measurement after CVD process. The intensity of the C line respect to those related to Si and Fe indicates the presence of huge amount of C atoms. 

4.2   SEM images
In fig. 6 it is possible to appreciate the high yield of CNTs produced by CVD and it is also clearly visible the area where the metallic precursor was not deposited, at the left bottom corner of fig.6b. The length of these tubes is several microns (fig.6c). They seem bundled because there are lot of terminations from the same ‘body’ (see fig.6c) and what appear in white at the end of the tube could be the metallic particle needed to the growth of CNTs in the CVD process.
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Fig.6a SEM image ((6x4)μm^2) of CNTs produced by CVD deposited on SiO2 substrate. Images taken from Chemical Department of Rome “Tor Vergata” University.
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Fig.6b SEM image of CNTs where is possible to distinguish where Fe metallic precursors (bottom left side) were not deposited.
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Fig. 6c SEM images of CNTs produced by CVD process. The length of the bundle of CNTs is several microns.

4.3
 Raman from bundles of SWNTs grown by CVD

 and laser ablation

A clear evidence that CNTs grown by CVD are SWNTs is given by Raman Spectroscopy. In particular the typical features corresponding to the radial breathing mode (RBM mode) of the tubes are shown in fig.7 in comparison with those of natural graphite. As expected the sample of natural graphite doesn’t have features in RBM energy region (up to 200 cm-1). As we discussed in the chapter 2, Raman features in the RBM energy region arise from the resonance of the Elaser with the the electronic transitions between the van Hove singularities typical of 1-D dimensional system as SWNTs. Calculations have shown that this electronic transitions depend on both the diameter and the electronic character of SWNTs [3].


[image: image66] 

Fig.7
Comparison between Raman spectra of natural graphite (black) and single wall carbon nanotubes grown by CVD (gray) where are evidenced the typical features : the RBM region (until 400 cm-1), the D and G bands peaked at ~1350 cm-1 and~ 1580 cm-1, respectively (see text for details).

RBM Mode
RBM Raman features (appearing between 120 cm-1 < ωRBM < 250 cm-1 for SWNTs within 1 nm < dt < 2 nm) correspond to the atomic vibration of the C atoms in the radial direction, as if the tube was breathing. These features are very useful for characterizing nanotube diameters through the relation ωRBM = A/dt + B, where the A and B parameters are determined experimentally [4-7].
For typical SWNT bundles in the diameter range d = 1.5±0.2 nm, A = 234 cm-1nm and B =10 cm-1 has been found for SWNT bundles [8] (where B is an upshift coming from tube–tube interaction).

Tab. 1 RBM energy of CNTs grown by PLV and CVD and the corresponding tube diameter

	
	RBM mode (cm-1)

	Diameter, d (nm)

	PLV
	183
	1.3

	CVD
	181
	1.3

	
	267
	0.8


It is sizeable to see in fig.8 that for CNTs grown by PLV is obtained a population of carbon nanotubes with diameter of 1.3 nm whereas from CVD it is possible to distinguish two kind of diameters of about 1.3 and 0.8 nm.
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Fig.8 RBM features for bundled SWNTs grown by CVD (solid black curve) and by laser ablation (dotted curve).

G band

The observation of characteristic multi-peak features around 1580 cm-1 also provides a signature of carbon nanotubes. The Raman-allowed tangential mode in graphite is observed at 1582 cm-1 , and is called the G mode (from graphite). The two most intense G peaks are labelled G+, for atomic displacements along the tube axis, and G-, for modes with atomic displacement along the circumferential direction and the lowering of the frequency for the G- mode is caused by the curvature of the nanotube which softens the tangential vibration in the circumferential direction [9]. From literature, in isolated SWNTs the difference between the G band lineshape for semiconducting and metallic SWNTs is evident in the lineshape of the G- feature which is broadened for metallic SWNTs. Semiconducting nanotubes give rise to a symmetric lorentzian lineshape of the G band whereas the metallic ones lead to a so-called Breit-Wigner-Fano resonance [10,11].
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Fig.9 D and G band for bundled  SWNTs grown by laser ablation (dotted curve) and by CVD (solid black curve).

The linewidths  ΓG+ for the G peaks from isolated SWNTs are usually around 5–15 cm-1, and the same range of linewidths for ΓG- are found for semiconducting isolated SWNTs [12].

For semiconducting SWNTs in bundles, the linewidths are related to the diameter distribution, and therefore the broadening principally occurs for ΓG-. For metallic SWNTs, the broadening is minor for ΓG+, while for ΓG- a significant broadening occurs, and it is found that the linewidth for the BWF line is strongly dependent on tube diameter [9]. 

Qualitatively we can assume by comparing the broadening of the linewidth ΓG- for the G peak for SWNT grown by CVD and SWNT by laser ablation, that SWNTs grown by CVD could have metallic behaviour.
D band

The peak at ~ 1350 cm-1 is the so-called D mode, which is also present in graphite [13]. The D mode is induced by the presence of defects and stems from inside the Brillouin zone [14, 15].
A number of additional Raman peaks can be observed in the intermediate frequency range, which are due to combination modes of optical and acoustic phonons [16].

Raman spectroscopy could be used to figure out the graphitization of carbon nanotubes. The D band is known due to the disordered and small crystalline size sp2 carbons. The relative intensity of the D band to the G band could be used to figure out the degree of graphitization of CNTs. The weak relative intensity of D band to G band indicates that the carbon nanotubes have a good graphitized structure, as for CNTs grown by PLV in fig.9. For most tubes fabricated by chemical vapor deposition (CVD), the D band is more broad and stronger than G band (fig.9). For well-graphitized CNTs, several bands are observed in the region of higher-order Raman process. Finally, the D band also exhibits a very important property that is a frequency dependence on chiral angle [9].

4.4 Low energy loss spectroscopy: graphite and bundles of SWNTs grown by CVD

Low energy electron loss spectroscopy (EELS) was performed in the reflection mode (Elaser=170 eV). Fig. 10 shows two EELS spectra in the low-energy region obtained from a bundle of SWNTs, grown by CVD, and from graphite (HOPG). The collective excitations of the valence electrons (bulk plasmon) in graphite show two prominent characteristic energy loss-peaks [17], one at about 7 eV, that corresponds to the π orbitals which consist of one electron per carbon atom forming the 2pz orbital perpendicular to the graphite layers and the other three electrons form the strong interlayer planer σ bonds and the collective excitations of these and the single π electron give energy loss at about 27 eV. 
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Fig.10 Low EELS for graphite-HOPG (bottom curve) and for a bundle of SWCNTs (top curve).

As reported in [4] the EELS from representative individual carbon nanometer-size tubes is strongly affected from the size of the tubes. Although the peak at ~ 7 eV  is seen as due to the π resonance, it is a hybrid resonance that involves the cooperation effect of the π and σ electrons, and the position and strength of the this peak depend on the energy and strength of the onset of transitions that involve the σ electrons. 

Comparing EELS spectra for graphite and SWCNTs, fig.10, the systematic shift of the σ+π peak coincides with the decrease in the amplitude of the π resonance peak. The position of the σ+π  peak depends directly on the number of electrons that take part in the excitations (four valence electrons in graphite) and an effective decrease in the contribution from the π electron could shift this position to lower energies. The shift in the higher plasmon peak towards lower energy for SWCNTs, top  curve in fig.10, may be due to the weakening of the coupling between the π and σ electrons [18]. The valence π electrons may be becoming less delocalized around the carbon atoms, effectively decreasing their contribution to collective plasma oscillations. One of the reasons for this delocalization could be due to the strain in the C-C bonds in the curled up graphite lattice, like the cage–strained π electrons in C60 [19].
In order to accurately measure the transitions associated to the π electrons at very low energy (2-6) eV it was performed a curve–fit procedure. The procedure consists of fitting a separately background spectrum (interpolated with a shirley) to the elastic peak in a low-loss spectrum, and subtracting. Once the elastic background was removed it was analyzed by curve-fitting to a sum-of-Lorentzian peaks. We identify up to to five peaks in each spectrum and classify them according to the following  scheme :

	Identifier
	Energy (eV)
	Description

	IB
	         2-3
	π to π* interband transition.

	PI
	4.5-5.5
	π plasmon

	SP1
	13-15
	π+σ surface plasmon,low-energy mode.

	SP2
	17-19
	π+σ surface plasmon,high-energy mode.

	BP
	23-27
	π+σ bulk plasmon.


Comparing the EELS spectra of graphite (HOPG) and SWNT we observe that:

-
Peak IB is present only in the EELS signal from  SWNTs (fig.12) and not from EELS signal from graphite (fig.11). Because of the IB peak as arises primarly from π to π* interband transitions the relative visibility of such peaks should be strongest for measurements with very small diameters [20], which agree with our observations because it is only present in the case of SWNTs.

-
In the EELS spectra of SWNT (fig.12) it is not possible to separate three excitations (SP1,SP2 and BP) in a clean and unambiguous way as in the case of EELS spectra of graphite(fig.11) and the bulk plasmons is shifted from 27 eV (Graphite) to 23 eV(SWNT). 

The PI peak is a combination of the surface and bulk collective modes of the p electrons. The energy difference between the surface and bulk modes is too small to permit a clear separation of the two. The bulk mode should be at a slightly higher energy, which may explain an apparent upward shift in energy for penetrating as opposed to spectra at large bundle diameters .

The complete set of all of the p and s valence electrons will also show collective excitations, which we can separate into two surface plasmons, SP1 and SP2, and a bulk plasmon BP. It is not always possible to separate these three excitations in a clean and unambiguous way as reported in ref. [21] that have performed similar measurements on multiwalled nanotubes,

More deeply Kociak et al. [21] have performed similar measurements on multiwalled nanotubes, identifying plasmons at roughly the same energies at which we observed that for graphite and they reported a shift of the bulk mode from 23 to 27 eV between the edge and the center of the material. These effects are due to anisotropy within each graphene plane [22] saw remarkably similar behavior in the bundles of single-walled tubes, which is interesting since the anisotropy of the bundles and of the multiwalled tubes should be of rather different natures.

-
Only in the EELS spectra of SWNT (fig.12) is present a plasmon at energy of about 37 eV that can be due to a plasmon coupling between SP1 and SP2.
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Fig.11 Low EELS spectra of graphite fitted with four Lorentzian curve, see text for more details. 
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Fig.12 Low EELS spectra of bundled SWNTs  fitted with five Lorentzian curves, see text for more details.

4.5 Photocurrent measurements

SWNTs possess a unique electronic structure (Figure 13). Depending on helicity and diameter, these 1-D nanostructures may be metals or semiconductors. The electronic structure of the SWNTs is related to a 2-D graphene sheet, but because of the radial confinement of the wave function the continuous electronic density of states (DOS) in graphite divides into a series of spikes in SWNTs that are referred to as Van Hove singularities, as already discussed in chapter 2. 

The principal point of interest is the electronic structure of the SWNTs at the Fermi level. This region of the electronic spectrum is difficult to investigate experimentally but is vital in any discussion of the metallic character of the SWNTs and particularly in addressing questions related to extrinsic effects such as nanotube doping by the environment and intrinsic features such as the presence of energy gaps induced by curvature or bundling. It was theoretically predicted that the finite and monotonic DOS in metallic SWNTs would be distorted near the Fermi level by the formation of a small energy gap due to the finite curvature of the graphene sheet that exists in nanotubes or by pseudogap formation due to intertube interaction (fig.13), [28].
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Figure 13 Schematic representation of the density of states (DOS) of SWNTs contributing to the near-IR  absorption. 
TOP: Semiconducting SWNT; S11 and S22 correspond to the first and second interband transitions in the near-IR spectral range.
BOTTOM: Metallic SWNT; M11 is the first metallic in the near-IR range.Image taken from [28].
The response of single wall carbon nanotubes to optical excitation is currently a topic of investigation. It is well known that SWCNTs optical absorbance spectra present several features in the visible and near infrared energy range that can be assigned to transitions between pairs of van Hove singularities characterizing their density of electronic states [23-28]; while in the ultraviolet regime an intense peak due to the -plasmons absorption, which shows a maximum at 37000cm-1 (4.6 eV), hampers any smaller feature [23, 24, 27, 28] (Fig. 14).
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In fact, detailed studies have been reported on the relations between energy location of peaks in the absorbance spectrum between 0.6 and 3 eV and the specific (n1,n2) nanotube structure [29]. This close correlation of optical properties with electronic density of states of well defined tube species has recently allowed to experimentally determine the electron energy spectrum of double wall carbon nanotubes by measuring their photocurrent spectra [30]. Moreover, the knowledge of the photoresponse of carbon nanotubes is of paramount importance not only from the fundamental point of view but also for their possible applications as infrared photodetectors and in the photovoltaic technology. Despite this, there is a small amount of published photocurrent data.  
Recently has been reported about the ability of p-type semiconducting SWCNTs deposited on a optically transparent electrode to be photoelectrochemically active and to generate photocurrent upon visible excitation [31]. We perform a similar experiment on our CVD single wall carbon nanotubes grown on the SiO2 substrate. Our sample works as a cathode in a photoelectrochemical cell and we excite it with light of several wavelengths. The electrolyte was I2 in acetonitrile. In such a way, the existence of a cathodic current at the sample is indicative of a mechanism that collects the photogenerated holes and transports them to a counter electrode through an external circuit. The regenerative I3-/I- redox couple facilitates the scavenging of charges at the electrodes surfaces and thus enables the delivery of steady photocurrent. We first carried out the experiment on a bare SiO2 sample by exciting it with several optical and near IR frequencies. No photocurrent has been ever recorded. In fig.15 a typical response has been reported when a visible light of 400 nm has been used to excite the sample.
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               Fig. 15 Photocurrent behavior of SiO2 sample excited with visible light  = 400nm.

On the other hand, when a similar experiment has been carried out on the SWCNTs /SiO2 specimen photocurrent on-off cycles have been obtained, as that shown in Fig. 16. It is worth to note that the intensity of the measured photocurrent remain highly stable as function of time, thus suggesting that nanotubes show negligeable time or use damage.  
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Fig.16 Photocurrent on-off cycles of SWCNTs/SiO2 sample excited with visible            light   =400nm.
By changing the incident photon frequency, we obtain the photocurrent intensity as a function of the incident photon wavelength reported in fig.16. This spectrum has a general behavior similar to that reported in ref. 31, showing a strong increase of the photocurrent in the photon wave-length range between 400 and 450 nm. Small resonances are located at about 410, 440 and 480 nm. These wavelengths are a little bit different from those obtained in literature, probably due to the fact our nanotube have different structures and electronic properties. 
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Fig. 16 Photocurrent intensity on our CNTs grown by CVD technique as a function of the incident photon wavelength.
The standard approach to determine the nanotube electron energy spectrum is zone-folding of the tight binding calculated dispersion for a graphene sheet (ZF-TB model) [32]. This method ignores the influence of curvature on the carbon–carbon bonds, but is thought to be accurate for large diameter tubes. Fig.17 shows predictions of the ZF-TB model for the separation of the lowest three energy transitions (S11, S22, and M11) in the nanotube density of states, for all possible nanotubes with diameters ranging from 1.2 to 1.55 nm, both in the semi-conductive or metallic states.

It is seen, in fig.16, that the peak is located at 400-450nm (corresponding to 3.2-3.6 eV) in the SWNT spectrum. This resonance could be assigned to van-Hove transitions involving S33 peak in density of state. We stress that this transition is the first time that is measured and it waits a more careful theoretical assignment. Neverthless this transition dominates the photocurrent spectrum and demonstrates that van-Hove transitions extend at very high energy with sharp transition and as 
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Fig. 17 Gap energies are calculated for the S11, S22, and M11 transitions for all nanotubes with diameters between 1.2 and 1.55 nm using the ZF-TB model assuming an overlap integral constant of 3.1. Image taken from [30].

a consequence long-lived recombination time. Their presence ensure that the photocurrent effect concerns not only the IR range but also the VIS range and near UV range. This is a direct consequence of the 1-D electronic structure of the SWNTs and this unique property can be usefully exploited as a source of electron-hole pairs inside the nanotube structure. Once an electron-hole pair is created upon photo-excitation the electron crosses the whole nanotube and a current can be generated (provided that the charge recombination is sufficiently large).  The described device demonstrates the possibility of using SWNTs as photovoltaic device with the aim of conversion solar energy in electricity. Recently nano-hybrids based on carbon nanotubes have lead to important breakthroughs and a cell with efficiency up to 8.5% conversion of light into current has been reported [33]. The interest in the development of the device based on CNTs as photovoltaic cell is that the creation of the electron-hole pairs don’t require extended spatial region of p-n junction and therefore not doping injection into the material [34]. More in general these results demonstrate that the electrical conductivity, morphology and chemical stability are promising realities for the possible use as truly multifunctional materials where for instance, the electron-hole transport is associated with mass transport inside the nanotube or along its surface.
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CHAPTER  5  

CNTs Electronic  Properties

5.1 Experimental details

EELS spectra at high energy loss were collected inside a TEM apparatus using a primary electron beam of 80 keV. The samples that will be studied by EELS are: SWNTs grown by laser ablation (see appendix 1), MWNTS grown by arc- discharge and HOPG (highly oriented pirolityc graphite).

 It is worth to underline that TEM images were acquired before and after each electron energy loss measurements to check if the studied free-standing nano-system had suffered morphological changes, had moved or broken as a consequence of its exposure to the high energetic electron beam (see fig.1 for the MWNT sample). A droplet of the raw synthesis diluited in isopropyl was used to disperse the nanotubes on a typical gold TEM grid (mesh 1000). In such a way, most of the reaction products are located next to or bridged between two gold wires and the TEM images detected the presence of free standing bundles of nanotubes. To study the electronic properties of CNTs and graphite was selected a circular area with a diameter of 30 nm, centred on the tube itself. A similar experiment has been carried out on a small flakes of HOPG, sufficiently thin to allow the electrons to pass through and to avoid multiple scattering process inducing multiple losses that mask the genuine energy loss fine structure. Moreover it is also worth underlining that all our measurements are not affected by any substrate interactions since we were able to choose only free-standing tubes or bundles of tubes.
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Fig.1 TEM images of a MWNT of diameter (56±3) nm before (left) and after (right) EELS measurement.
5.2 EELS from SWNTs
It is reported the experimental evidence for the  and  mixed character of inter–tube bonding in free–standing SWCNT bundles with different packing geometries. The Carbon K energy loss near–edge structure spectra of SWCNT bundles consist of the two main  and  conduction bands as for bulk graphite (due to strong similarities in their local atomic arrangement). We observed significant changes in the fine structure of these bands, induced by structural arrangement effects, such as turning and twisting of SWCNTs into bundles [1]. 
Figure 2a displays high resolution TEM images of a free–standing bundle consisting of parallelly packed SWCNTs (P–SWCNT) and a free–standing SWCNT (inset), respectively. The average diameter of SWCNTs is found to be (1.2±0.2) nm while that of the bundle is (22±2) nm.  Figure 2b shows EELS spectra recorded at the Carbon K edge for: a free–standing SWCNT, a free–standing bundle of P–SWCNTs and highly oriented pyrolitic graphite (HOPG). The spectral features are due to the transition from the carbon 1s core level to p–like final unoccupied states. Two prominent features are apparent: (i) the sharp peak near 286 eV, which is due to a transition from the 1s core level to the  band, and (ii) the structures in the 293–340 eV range, due to 1s–> transitions. The former peak, attributed to the band, is characteristic of unsaturated sp2 carbon bonds [2] and is a typical feature of the graphite K edge [3,2,4]. However, this peak is narrower for the free–standing SWCNT (~1.6 eV) than for bulk graphite and the free–standing bundle of P–SWCNTs (~2.2 eV). This difference becomes more evident by differentiating the spectra and comparing the slope rates. The SWCNT differentiated curve (Fig. 2c) presents an onset at an energy value significantly higher than those of both the other curves. This energy is strictly related to the onset of the density of unoccupied C–2p states. Thus, these states are localized at energies (above the Fermi level) higher than in graphite or in P–SWCNT, implying an opening of the energy gap for the SWCNT. Carbon K edge spectra in the 293–340 eV energy range also change, depending on the analyzed structure. The HOPG curve exhibits the typical line shape due to the 1s–>* transition, composed of five prominent features (a–e). These features appear also for SWCNT and P–SWCNT samples but present different relative intensities, widths and energy positions with respect to HOPG. While peaks a and d do not shift, peaks b and c move towards higher energies. By contrast, peak e shows a remarkable shift towards lower energies, going from HOPG to the nanotubes. In general the peak positions are the same for SWCNTs and bundles, however they are much sharper for a free–standing SWCNT than for a P–SWCNT bundle.
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Fig. 2:
(a) TEM image of a bundle of parallelly packed SWCNTs (P–SWNT) with a diameter of ~22 nm and of free–standing SWCNT with a diameter of ~1.2 nm (inset); (b) Carbon K edge electron energy loss near edge structure of a free-standing SWCNT, a free–standing P-SWCNT bundle and a HOPG surface; (c) Enlarged part of the differentiated near-edge spectra shown in (b).

In other words, curvature affects the energy position of the * states related peaks while tube bundling causes peak broadening. The intensity ratios of the * peak to peak a (I*/I*) for a SWCNT and P–SWCNT bundles (0.48 and 0.56, respectively, as opposed to 0.53 for HOPG) are in agreement with values reported by He et al. [5] for P–SWCNT bundles (made of ~1.35 nm diameter tubes) and with the tendency of the I*/I* intensity ratio to increase with increasing bundle diameters. Together with the above mentioned broadening of * features for the P–SWCNT bundle, this confirms the already postulated –bonding character of inter–tube bonding within a bundle [5] rather than a van der Waals type of interaction (for which no changes of the energy bands are expected). Furthermore, the increase of I*/I* and peak broadening can be interpreted as a result of a partial delocalization of the electrons of graphene pz orbitals (now curved into a cylinder) and their sharing by two neighboring tubes when they approach each other. However, the simultaneous broadening of * features observed in bundled tubes suggests an interaction involving also px and py orbitals, e.g. in terms of – mixing.

Figure 3a displays TEM images of two free–standing bundles of turned and twisted SWCNTs (T–SWCNT). The average diameter of T1 and T2 bundles is (5.6±0.5) nm and (6.0±0.5) nm, respectively. The corresponding Carbon K edge EELS spectra are displayed in Fig. 3b together with those of the free–standing SWCNT and HOPG. Again, * and * resonances change in terms of intensity ratio and width. These bundles have the same diameter, but exhibit significant 

differences with respect to braiding. Only a small part of the T1 bundle undergoes turning and twisting, while the T2 bundle is strongly coiled with an average helical angle of (21±3)o with respect to the tube axis. This difference in the tubes’ packing geometry is reflected in the C K edge spectra (Fig 3b). Bundle T1 does not exhibit many differences with respect to SWCNT features with narrow * peak (~1.8 eV) and * structure. However, its intensity ratio I*/I* is ~0.57, much higher than expected for a small diameter bundle of parallel tubes [5]. On the other hand, T2 has an I*/I* value of ~0.58, and its * peak is very broad (~3 eV) as well as its * (a–d) features, as evidenced by comparing the slope rates on differentiated spectra (not shown here). This demonstrates that coiling induces a strong delocalization of pz orbital electrons, and causes strong mixing with  states. The T1 bundle differentiated curve presents an onset at an energy value very close to that of the SWCNT and well higher than that of the T2 curve. Since this onset is related to the energy gap, we infer that the gap opening or changes in the energy gap can occur for different degrees of twisting of SWCNT bundles. So by combining high resolution TEM and localized EELS measurements on free–standing laser–synthesized SWCNTs, it has been shown that the packing geometry of SWCNTs in different types of bundles strongly alters their individual electronic structure. In perspective, controllably coiled/braided nanotubes (with tailored energy gaps) may become fundamental building blocks for nanoelectronics.
[image: image123.emf]
Fig. 3:
(a) TEM image of two free–standing coiled SWCNT bundles with various degrees of twisting (T–SWNT); (b) Carbon K edge electron energy loss near edge structure of a free–standing SWCNT, two free standing T–SWCNT bundles and of a HOPG specimen.
5.3 EXELFS from SWNTs, MWNTs and graphite
Figure 4 shows EXELFS spectra recorded at the carbon K edge for highly oriented pyrolitic graphite (HOPG), for free-standing bundle of parallely packed of single wall nanotubes (P-SWNT), grown by laser ablation (see appendix 1) and for a multiwalled carbon nanotube (MWCNT), grown by arc-discharge up.  
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Fig.4 C K edge EXELFS spectra of HOPG (top curve ), MWNTs (middle curve), and bundle of P-SWNTs (bottom curve). 

The near edge signals shown in fig.4, present prominent features described below:

1.
the sharp peak near 286 eV, which is due to a transition from the 1s core level to the  band  and the structures (a-d) in the 293–320 eV  range, due to 1s–> transitions. These features present different structure (intensity and width) in P-SWNT and MWNT curves but are completely absent in the MWNT as in the case of structure b. This fact implies differences in the electronic structures of the three samples that could be associated with the different radius (R) of curvature of the layers (=different mixing of the electronic orbitals) that compose the samples (R=∞ for graphite, R=1.2nm for P-SWNTs and R= 30 nm for MWNT) [6].

2.
Going to high energy, peak E is very sharp in the case of graphite and MWNT while smooth and broad in the case of P-SWNT. The intensity and peak position E in graphite and MWNTs is identical in contrast to that shown by P-SWNT that is shifted of about 1,5 eV to lower energy. At higher energy other features (FGH) can be appreciated for graphite and MWNT, while for P-SWNT the same region it is only a flat region. These features correspond to the scattering experienced by the 1s electrons in their final unoccupied states. In the past it has been demonstrated that their nature follows very closely that of the extended x-ray absorption fine structure (EXAFS) features obtained by using synchrotron radiation. As discussed in chapter 2 the utilization of electrons as alternative source of X-rays for structural EXAFS-like spectroscopy is of paramount importance for a deeper understanding of the EXELFS spectra providing that the dipole approximation is still valid as well as the data analysis procedure [21] as it will be shown in the paragraph 5.5.

5.4 RAMAN SPECTRA varying the laser intensity on SWNTs

Surface atoms experience an out-of-plane vibrational motion two or three order of magnitude greater than the in-plane one [8]. In case of adsorbate on clean surfaces this effect is even enhanced [9-14]. Among structural techniques, surface extended x-ray absorption fine structure analysis has been able to probe this strong anisotropy of the potential by evidencing this peculiarity with the shortening of the first neighbours distance [15-17].  Single wall carbon nanotubes (SWCNTs) are ideal systems formed by a single sheet of atoms that reproduces a free standing surface with two different way of vibration, i.e. parallel and normal to the tube axis. This anharmonicity has been evidenced by Raman spectra showing sizeable shifts of the breathing modes and of the G bands with temperature [18-19]. Lower shift of the Raman G modes have been observed for multiwall carbon nanotubes [20] whilst it is an open question if a comparable shift is present for HOPG and graphite [18-20]. No other experimental observation of this anharmonicity has been reported, though the bond of the atoms should involve important chemical and physical processes such as the stability as a function of temperature and the ability of reaction with foreign chemisorbed atoms.
In the figures below is shown the behaviour of Raman features of bundled P-SWNTs grown by laser ablation, at low energy, (RBM mode (fig.5)), and at high energy, (D and G band, (Fig. 6)) when increasing the power of laser impinging always the same area of the sample. What is sizeable is the monotonically decreasing of the Raman peak position of the RBM and G features, starting from 0.16 mW to 5 mW. The RBM features are respectively in (191 cm-1, 190 cm-1, 188 cm-1,184 cm-1) and the corresponding G band is at (1593 cm-1, 1594 cm-1, 1593 cm-1, 1590 cm-1). The variation peak position (respect to the lowest and the highest value of impinging laser power) is 4% for the RBM feature and 0,2 % for the G band. This behaviour can be due to the fact that all the radial bonding become softer as increasing the temperature (that means increasing the power of laser impinging) whereas the tangential phonon mode are not so much dependent by the power of laser impinging. This implies that CNTs experience an anharmonic pair potential much greater than that of HOPG [18].
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Fig.5 Raman spectra, RBM region, on SWNTs grown by CVD recorded increasing the power of impinging laser from 0.16mW up to 5 MW. The RBM peak moves increasing the power.
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Fig.6 Raman spectra, G band region, for SWNTs grown by CVD recorded increasing the power of impinging laser from 0.16mW (bottom curve) up to 5 mW (top curve). The G band peaks don’t move increasing the power.
5.5 Anharmonic effects in SWNTs

In Fig.7 a, b, the EXELFS signals, χ(k), after a background subtraction and their corresponding Fourier transforms, F(R), are shown, respectively. The EXELFS signals have been obtained by subtracting to the original spectrum a spline curve which takes into account for the contribution of the atomic absorption. The F(R) curves show two prominent peaks between 0.5 and 3.7 Å, corresponding to the first, second and third neighbours in the basal plane, in good agreement with that reported in literature [2, 3, 22].  As shown in the figure 7b we observed a sizeable decrease ~ 0.12 Å of the location of the single walled nanotubes peaks with respect to those of HOPG and MWNTs. A similar contraction of the C-C bond length has not been reported by any electron diffraction measurement and calculations of stability of carbon nanotubes with diameters greater than 1nm [23, 24]. An explanation of this observation must be found in a physical process probed by our peculiar technique that is highly sensitive also to the mobility of the atoms giving rise to an  anharmonic pair potential and an asymmetric pair distribution function. This enhanced anharmonicity for the atoms located of single wall nanotube can be related to the ones observed for the low Z adsorbates and for the small metallic clusters where the contraction of the lattice parameter observed by EXAFS or EXELFS is only apparent [9-14].  In fact this anharmonicity enters in the EXAFS formalism originally derived by Stern et al.[21] (see chapter 2 par 2.2.3).
For systems with pair distribution functions that deviate from a Gaussian shape, the cumulant expansion approach introduced by Bunker [25] is often used and the amplitude and the phase functions in eq. (2.21, 2.22)  become:
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where j is the considered shell, 
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is the phase shift and  C3, C4…are the third-, fourth-, and higher-order cumulants which are a measure of the deviation of the pair distribution from a Gaussian shape centred at Rj, i.e. the distance within the absorbing and scattering atoms.
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Fig.7 In the upper (a) side EXELFS signals, χ(k), of HOPG (solid lined curve), SWCNTs (short dashed curve) and MWCNTs (short dotted curve)  after a background subtraction and, in the bottom (b) their corresponding Fourier transforms, F(R), respectively.

The C3j value enters in the g(r) expression through the potential U(r), that assuming, for example, a Morse form can be written [26-27]:              


U(r) = D { e -2(r-R1) – 2e-(r-R1)}
                                 (5.7)

Where   = (2/C3j)1/3     and D is the the well depth                                                         

 g(r) = e –U(r)/kT                                                          (5.9)
In order to put in evidence this effect, we calculated the contribution χ1(k) and ψ 1(k) of the first neighbour shell. In Fig. 8, the oscillating features of the EXELFS signal, χ1(k),  have been obtained by back Fourier inversion of the first peak of F(R) reported in fig.7, for the HOPG, MWCNTs and SWNTs samples respectively. 
Compared to HOPG, multi wall carbon nanotube (k) curve shows a small amplitude reduction and a similar oscillation frequency with k. The general accordance between the two curves suggests that the thermal motion suffered by carbon atoms in HOPG and MWCNT arrangements is quite similar. On the other hand, single wall carbon nanotubes (k) presents an amplitude reduction with respect to HOPG curve, suggesting that the thermal motion for SWCNTs is well higher than in graphite case. This is confirmed by the (k) oscillation frequency well far from that of HOPG. 
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Fig.8 EXELFS signal, χ1(k) obtained by back Fourier inversion of the first peak of F(R) reported in fig.7, for the HOPG (solid line curve), MWCNT (short dotted curve) and SWCNTs (short dashed curve) samples. 
This can be better seen by plotting the phase difference  between the HOPG and the two nanotube types as a function of k (fig. 9). This comparison is justified by the complete transferability of the amplitude and phase shift for the C-C pairs in different materials [28]. These curves can be fitted in a first approximation by a third degree k odd function:

 (CNT,HOPG) =  (CNT) -  1 (HOPG) = 2 R k - 4/3 C3  k3  + O(k5)        (6.0)

giving rise to the R and  C3 values reported in table 1. The obtained R values indicate that no real shrinking of the first neighbours distance is to be considered within the experimental errors for both the types of nanotubes. Single wall tubules show a C3 value two times greater than multiwalls [13]. This means that single walls carbon atoms are affected by a huge thermal motion but also that multiwall tubules are less rigid than graphite. This can be ascribed to the limited number of shells between the innest and the outest walls of the MWCNT that makes it slightly different from the HOPG bulk specimen. 
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Fig.9 Phase difference  between the HOPG and MWCNT (TOP solid line curve) and HOPG and SWCNTs (BOTTOM solid line curve) as a function of k. The black dotted curves represent the best fit to the experimental data, respectively.
These results have been confirmed by the analysis of the logarithmic ratio of the amplitudes A1(k) of the (k) between the carbon nanotubes and the HOPG that is known to be dependent on the second cumulants C2 and C4 :

   ln ((CNT)/(HOPG)) = - 2 C2 k2 + 2/3 C4 k4                              (6.1)
where C2 represents the mean-square relative displacement between the absorber and the back-scattered (i.e. the EXAFS Debye-Waller factor in the harmonic approximation) and is related to the broadness of the pair distribution function.  The measured behaviours and the least squared fits have been shown in fig. 10. The C2 values obtained by the fitting procedure are reported in Table 1.
TableR,C2,C3 values obtained by the fitting procedure (see text for more details). 

	 
	R (x 10-2 Å )
	C3 (x 10-2 Å3)
	C2 (x 10-3 Å2)

	SWCNTs
	 1.7 ± 0.1  
	 1.4 ± 0.1 
	7.0 ± 1.0 

	MWCNT
	 0.8 ± 0.1 
	 0.8 ± 0.1 
	5.0 ± 1.0 
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Fig.10 Logarithmic ratio of the backscattering amplitude of  SWCNTs rope and HOPG (TOP solid line curve) and MWCNT and HOPG (BOTTOM solid line curve). The black dotted curves represent the best fit to the experimental data, respectively.
C4 assumes small values of approximately 5x10-4 Å4 for both the nanotubes, suggesting the presence of a moderate static disorder [25]. Coherently with the results obtained by studying the phase difference , the thermal motion is much more effective in case of single wall nanotubes grouped in bundles. Furthermore, this is consistent with the results of Raman spectroscopy showing that the peaks due to vibration modes in SWCNTs shift as a function of the temperature [18, 19] while this effect is strongly reduced in case of MWCNTs [20]. In conclusion we evidenced that the carbon atoms in a single wall tubes are affected by a thermal motion greater than that experienced by the MWCNT and graphite. The EXELFS structural analysis gives rise to the evaluation of the anharmonicity of the C-C pair potential that may also help our understanding of the origin of the high surface reactivity to a foreign agent of the SWCNTs with respect to the other carbon systems.   
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Conclusion

I focused the work of this thesis to the synthesis procedure and characterization of CNTs. The arc-discharge and the CVD chamber were built up during the period of this thesis and the best condition of growth were studied.  I have analyzed three different samples of CNTs grown respectively by arc-discharge, CVD and laser ablation. CNTs then were characterized by the electron (SEM and TEM) and scanning probe microscopy (AFM and STM). Raman and electron energy loss spectroscopy (EELS) were also performed to investigate the structural and electronic properties of these samples. Although it is quite difficult to decide which is the best method, the synthesis production of CNTs depends strongly on their applications.  In general, the CVD method has shown the most promise in being able to produce larger quantities of nanotube (compared to the other methods) at lower cost. 

CNTs synthetized during this work have shown to be interesting from a fundamental physics point of view. The electronic structure of free–standing parallel and braided bundles of single–wall carbon nanotubes of small diameter (~1.2 nm) was probed by transmission electron microscopy and electron energy loss spectroscopy. The observed dramatic changes in the carbon K (1s) near–edge structures are attributed to the tubes’ structural packing in bundles which consequently alters their electronic structure. The – and the –states are shown to be strongly affected by the way the tubes are packed in the bundles (i.e.; parallel, braided, turned or twisted).
Moreover the changes in the carbon K (1s) extended fine structure observed for the single wall carbon nanotubes give rise to a contraction of the nearest neighbours distance. The Fourier transform of the signal recorded on a bundle of single wall carbon nanotubes showed a reduction of the first nearest neighbours distance of about 8 % with respect to that obtained for multi wall carbon nanotubes and HOPG. We interpret this huge reduction as a direct consequence of an increase of carbon atoms displacements. But this contraction is only apparent and originated by an asymmetric pair distribution fuction as already reported for surface atoms. This effect is absent in case of multiwalled carbon nanotubes showing more rigid structures. This demonstrates that the single wall carbon nanotubes pair potential is much more broader and softer than that obtained for the same C-C pair embedded in a multiwall tubule.
 Great interest for future applications of carbon nanotubes are the ability to separate electron-hole pairs upon irradiation with visible and ultra violet light. This appears to be a genuine effect due to the confinement induced by the low dimensionality of the tubes. The creation of these pairs can be profitable for photovoltaic application without formation of any extended p-n junction.
 In fact to create a photovoltaic cell, a photoconducting material such as silicon is joined by electrical contacts to form a junction; then, photons striking the cell creating a current as the electrons move across the junction. But photoconducting materials are either expensive or reduced efficiency, so that solar cell energy is not competitive with commercial power. A cost- and energy-efficient photovoltaic cell could be a cell that uses carbon nanotubes as the photoconducting material. Unlike semiconductor materials, carbon nanotubes absorb different spectra of light depending on the diameter and chirality of each tube. A variety of nanotube sizes and chiralities can be used within a photovoltaic array to significantly increase the efficiency over current-technologies. An important result obtained during the work of this thesis has been the sizeable response of CNTs to different visible and UV wave-length. The obtained results is encouraging to extend our investigation to study deeper the physical process underlying the creation of electron-hole pairs also in presence of functionalization through organic molecules (porphyrins)  which should enhance the efficiency of the whole process.
Appendix 1: Laser ablation apparatus

In the laser ablation method a laser vaporises a graphite target which is placed in an electrical furnace heated at 1200°C (fig.1). If a pure graphite target is used MWNT are produced [1] like in the arc-discharge process but if the target is composed of amounts of Co and Ni added to the graphite then SWNT are synthesised [2]. High yields with >70-90% conversion of graphite to SWNT were reported in the condensing vapour of the heated flow tube. The produced material consists of ropes of SWNT with a diameter between 10 and 20 nm and up to 100 µm or more in length. The average nanotube diameter and the diameter distribution can be adapted by varying the synthesis temperature and the composition of the catalyst [3] The diameters of the SWNT have strongly peaked distributions. 
The SWCNTs used in this work were produced by ablating a CoNi-doped graphite target, using a Nd:YAG laser in the superposed double pulse configuration The  target placed in a quartz tube at the center of a furnace , was ablated with a laser intensity of about 2.5X10^9 W/cm^2, at T=1150 ˚C in a flowing Ar gas[4].The synthesis product was collected on a water-cooled surface at the furnace exit.
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Fig.1 Pictorial view of a typical laser ablation apparatus.
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Appendix 2: Electron microscopy

Electron Microscopes were developed due to the limitations of Light Microscopes imposed by the physics of light to 500x or 1000x magnification and a resolution of 0.2 micrometers. In the early 1930's this theoretical limit had been reached and there was a scientific desire to see the fine details of the interior structures of organic cells (nucleus, mitochondria...etc.).  This required 10,000x plus magnification which was just not possible using Light Microscopes.
The Transmission Electron Microscope (TEM) was the first type of Electron Microscope to be developed and is patterned exactly on the Light Transmission Microscope except that a focused beam of electrons is used instead of light to "see through" the specimen. It was developed by Max Knoll and Ernst Ruska in Germany in 1931. The first Scanning Electron Microscope (SEM) debuted in 1942 with the first commercial instruments around 1965.
When a high-energy (~keV) electron beam interacts with a specimen then a wide range of secondary signals are formed which can give interesting information of the sample (Fig.1). In a scanning electron microscope (SEM) mainly the secondary electrons (SE), backscattered electrons (BSE) and characteristic X-rays are analysed (EDX). If the sample is thin enough the elastically scattered electrons can be investigated in a transmission electron microscope (TEM).
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Fig. 1 Signal generated when a high-energy electron beam interacts with a thin specimen. Most signals can be detected in a SEM or TEM.

In the following tables are summarized the fundamental principles of formation and use of the bulk specimen(TAB.1) and thin specimen (TAB.2) interactions.
TAB.1 Principles of bulk specimen interaction.

	Bulk specimen interaction
	Formation 


	Utilization 



	Backscattered

 electrons
	Caused by an incident electron colliding with an atom in the specimen which is nearly normal to the incident's path. The incident electron is then scattered "backward" 180 degrees.


	The production of backscattered electrons varies directly with the specimen's atomic number. This differing production rates causes higher atomic number elements to appear brighter than lower atomic number elements. This interaction is utilized to differentiate parts of the specimen that have different average atomic numbers.

	Secondary Electrons


	Caused by an incident electron passing "near" an atom in the specimen, near enough to impart some of its energy to a lower energy electron (usually in the K-shell). This causes a slight energy loss and the ionization of the electron in the specimen atom. This ionized electron then leaves the atom with a very small kinetic energy (5eV) and is then termed a "secondary electron". Each incident electron can produce several secondary electrons. 


	Production of secondary electrons is very topography related. Due to their low energy, 5eV, only secondaries that are very near the surface (<10nm,) can exit the sample and be examined. Any changes in topography in the sample that are larger than this sampling depth will change the yield of secondaries due to collection efficiencies. Collection of these electrons is aided by using a "collector" in conjunction with the secondary electron detector. The collector is a grid or mesh with a +100V potential applied to it which is placed in front of the detector, attracting the negatively charged secondary electrons to it which then pass through the grid-holes and into the detector to be counted. 



	Auger Electrons 


	Caused by the de-energization of the specimen atom after a secondary electron is produced. Since a lower (u electron was emitted from the atom during the secondary electron process an inner (lower energy) shell now has a vacancy. A higher energy electron from the same atom can "fall" to a lower energy, filling the vacancy. This creates and energy surplus in the atom which can be corrected by emitting an outer (lower energy) electron; an Auger Electron. 


	Auger Electrons have a characteristic energy, unique to each element from which it was emitted from. These electrons are collected and sorted according to energy to give compositional information about the specimen. Since Auger Electrons have relatively low energy they are only emitted from the bulk specimen from a depth of <3nm. 


	X-rays 


	Caused by the de-energization of the specimen atom after a secondary electron is produced. Since a lower (usually K-shell) electron was emitted from the atom during the secondary electron process an inner (lower energy) shell now has a vacancy. A higher energy electron can "fall" into the lower energy shell, filling the vacancy. As the electron "falls" it emits energy, usually X-rays to balance the total energy of the atom so it . 


	X-rays or Light emitted from the atom will have a characteristic energy which is unique to the element from which it originated. 




TAB.2 Principles of thin specimen interaction.
	Thin Specimen Interactions

	Source
	Utilization 



	Unscattered Electrons 


	Incident electrons which are transmitted through the thin specimen without any interaction occurring inside the specimen. 


	The transmission of unscattered electrons is inversely proportional to the specimen thickness. Areas of the specimen that are thicker will have fewer transmitted unscattered electrons and so will appear darker, conversely the thinner areas will have more transmitted and thus will appear lighter. 



	Elasticity Scattered electrons 


	Incident electrons that are scattered (deflected from their original path) by atoms in the specimen in an elastic fashion (no loss of energy). These scattered electrons are then transmitted through the remaining portions of the specimen. 


	All electrons follow Bragg's Law and thus are scattered according to Wavelength=2*Space between the atoms in the specimen*sin(angle of scattering). All incident electrons have the same energy (thus wavelength) and enter the specimen normal to its surface. All incidents that are scattered by the same atomic spacing will be scattered by the same angle. These "similar angle" scattered electrons can be collated using magnetic lenses to form a pattern of spots; each spot corresponding to a specific atomic spacing (a plane). This pattern can then yield information about the orientation, atomic arrangements and phases present in the area being examined. 



	Inelastically Scattered Electrons 


	Incident electrons that interact with specimen atoms in a inelastic fashion, loosing energy during the interaction. These electrons are then transmitted trough the rest of the specimen 


	Inelasticaly scattered electrons can be utilized for Electron Energy Loss Spectroscopy: the inelastic loss of energy by the incident electrons is characteristic of the elements that were interacted with. These energies are unique to each bonding state of each element and thus can be used to extract both compositional and bonding (i.e. oxidation state) information on the specimen region being examined. 




SEM (Scanning Electron Microscopy)

In a SEM an electron beam generated by field- or thermo emission is scanned over the specimen. The backscattered or secondary electrons are counted with an appropriate detector and are imaged on a screen. If the electrons are scattered inelastically then they are scattered at the electrons of the target material. Compared to impacts with the nucleus of the atom the change in direction of the electrons can be neglected provided the electron energy is not to low. The electrons are loosing their energy continuously through the interaction with the electrons of the target. The loss in energy dE per distance ds can be described by the Bethe equation [1]:
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where N is the number of atoms, Z the atomic number of the target material, J the ionisation energy of the target and E the Energy of the incident electron. Through this interaction the excited secondary electrons can escape the outermost layer of the target material and they can be detected. Fig.2 shows how a typical SEM functions. 
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Fig.2 Schematic picture to illustrate how a SEM microscopy works. See text below for details.

The "Virtual Source" at the top represents the electron gun, producing a stream of monochromatic electrons. 

1 The stream is condensed by the first condenser lens (usually controlled by the "coarse probe current knob"). This lens is used to both form the beam and limit the amount of current in the beam. It works in conjunction with the condenser aperture to eliminate the high-angle electrons from the beam 

2 The beam is then constricted by the condenser aperture (usually not user selectable), eliminating some high-angle electrons 

3 The second condenser lens forms the electrons into a thin, tight, coherent beam and is usually controlled by the "fine probe current knob" 

4 A user selectable objective aperture further eliminates high-angle electrons from the beam 

5 A set of coils then "scan" or "sweep" the beam in a grid fashion (like a television), dwelling on points for a period of time determined by the scan speed (usually in the microsecond range) 

6 The final lens, the Objective, focuses the scanning beam onto the part of the specimen desired. 

7 When the beam strikes the sample (and dwells for a few microseconds) interactions occur inside the sample and are detected with various instruments 

8 Before the beam moves to its next dwell point these instruments count the number of interactions and display a pixel on a CRT whose intensity is determined by this number (the more reactions the brighter the pixel). 

9 This process is repeated until the grid scan is finished and then repeated, the entire pattern can be scanned 30 times per second. 

TEM (Trasmission Electron Microscopy) 

The imaging ray path in a TEM is analogous to that of an optical microscope. The operation of the objective lens allows the imaging of the object in the corresponding image plain by focusing of electrons starting with different directions from individual object points to the corresponding image points (Fig. 3). Additionally in the back focal plane of the objective all those electrons are focused to one point, which started in the same direction from any point in the object leading to the diffraction pattern of the object. A bright field image contrast can be obtained by arranging a contrast aperture in the back focal plain in order to eliminate all electrons, which are scattered and

diffracted, respectively into large angles. Depending on the setting of the intermediate lens one may image either the back focal plane or the image plane of the objective lens in the image plane of the projector lens. Thus one obtains either the diffraction pattern or the image of the specimen on the

viewing screen.
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Fig.3 The two basic operations of a TEM: projecting the diffraction pattern on the viewing screen (left) or projecting the image on the screen (right). The intermediate lens select the back focal- or the image plane of the objective lens as its object [2] 

The relation between the accelerating voltage U and the electron velocity v is given by [1]:
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where m0 is the rest mass of the electron and c the velocity of light in vacuum. The wavelength λ attributed to an electron with velocity v is given by the de Broglie relation:
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where h is Planck’s constant. An electron with a kinetic energy of Ekin = 100 keV has a velocity v of ~ 55% light velocity and a wavelength of λ = 3.7 pm.

The inelastically scattered electrons are not focused in the image plane because of the chromatic aberration of the objective lens.

There are mainly three different ways to form the contrast [1]:

· scattering-absorption contrast: Only the unscattered electrons or the electrons scattered through extremely small angles contribute to the image. The scattered electrons are removed form the imaging beam by insertion of a contrast aperture in the back focal plane of the objective lens or even unintentionally due to the effect of the spherical aberration of the objective lens. This image mode leads to the so-called bright field (BF) image (Fig.4 left). The removal of the scattered electrons from the beam by the objective aperture produces the same effect as absorption within the specimen. At low resolution the image can be described to a good approximation as two dimensional projection of the mass density into the plane normal to the beam direction.
· diffraction contrast: Only the scattered electrons or part of them are used for the image formation. The unscattered electrons are e.g. stopped by the displacement of the contrast aperture. An image formed in this way is called a dark field (DF) image (Fig. 4 right).
· phase contrast: In high resolution TEM the image contrast is mainly caused by the interference of the primary beam (unscattered electrons) with the scattered electrons in the image plane leading to a bright field image. In TEM the phase contrast is formed by the phase shift relationship introduced by the spherical aberration and the aberration of defocusing. The refractive power of the outer zones of the objective lens is higher than that of the inner ones, thereby causing a phase shift between the undiffracted beam and the diffracted beams. The phase shift can be changed by an appropriate defocus in order to adjust the image phase contrast.
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Fig. 4: Comparison of the use of an objective aperture in TEM to select the direct (left)

or the scattered electrons (right) forming bright field (BF) and dark field (DF) images

respectively [2].

2.2.2 Scanning Probe Microscopy

In the early 1980's two IBM scientists, Binnig & Rohrer, developed a new technique for studying surface structure - Scanning Tunneling Microscopy ( STM ). This invention was quickly followed by the development of a whole family of related techniques which, together with STM, may be classified in the general category of Scanning Probe Microscopy ( SPM ) techniques. Of these later techniques, the most important is Atomic Force Microscopy ( AFM ). All of the techniques are based upon scanning a probe (typically called the tip in STM , since it literally is a sharp metallic tip) just above a surface whilst monitoring some interaction between the probe and the surface. 
The interaction that is monitored in : 

STM - is the tunneling current between a metallic tip and a conducting substrate which are in very close proximity but not actually in physical contact. 

AFM - is the van der Waals force between the tip and the surface; this may be either the short range repulsive force (in contact-mode) or the longer range attractive force (in non-contact mode). 

For these techniques to provide information on the surface structure at the atomic level: 

1. the position of the tip with respect to the surface must be very accurately controlled (to within about 0.1 Å) by moving either the surface or the tip. 

2. the tip must be very sharp - ideally terminating in just a single atom at its closest point of approach to the surface. 
AFM(Atomic Force Microscopy)

Most AFMs use a laser beam deflection system (fig.5), introduced by Meyer and Amer, where a laser is reflected from the back of the reflective AFM lever and onto a position-sensitive detector. AFM tips and cantilevers are microfabricated from Si or Si3N4. Typical tip radius is from a few to 10s of nm. 
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Fig.5 Beam deflection system, using a laser and photodector to measure the beam position.
Because the AFM relies on the forces between the tip and sample (fig.6), knowing these forces is important for proper imaging. The force is not measured directly, but calculated by measuring the deflection of the cantilever, and knowing the stiffness of the cantilever. Hook’s law gives F = -kz, where F is the force, k is the stiffness of the lever, and z is the distance when the lever is bent.
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Fig.6 Forces diagram between tip and sample in an AFM apparatus
AFM Modes of operation:
Contact Mode 
The first and foremost mode of operation, contact mode is widely used. As the tip is raster-scanned across the surface, it is deflected as it moves over the surface corrugation. In constant force mode, the tip is constantly adjusted to maintain a constant deflection, and therefore constant height above the surface. It is this adjustment that is displayed as data. Because the tip is in hard contact with the surface, the stiffness of the lever needs to be less that the effective spring constant holding atoms together, which is on the order of 1 - 10 nN/nm. Most contact mode levers have a spring constant of < 1N/m.
Non contact mode
Non contact mode is referred to the use of an oscillating cantilever. A stiff cantilever is oscillated in the attractive regime, meaning that the tip is quite close to the sample, but not touching it (hence, “noncontact”). The forces between the tip and sample are quite low, on the order of pN (10-12 N). 


 “tapping mode” 
Commonly referred to as “tapping mode” it is also referred to as intermittent-contact or the more general term Dynamic Force Mode (DFM).
A stiff cantilever is oscillated closer to the sample than in non contact mode. Part of the oscillation extends into the repulsive regime, so the tip intermittently touches or “taps” the surface. Very stiff cantilevers are typically used, as tips can get “stuck” in the water contamination layer.
The advantage of tapping the surface is improved lateral resolution on soft samples. Lateral forces such as drag, common in contact mode, are virtually eliminated. For poorly adsorbed specimens on a substrate surface the advantage is clearly seen.
STM (Scanning Tunneling Microscopy)

The name of the technique arises from the quantum mechanical tunneling-type mechanism by which the electrons can move between the tip and substrate. Quantum mechanical tunneling permits particles to tunnel through a potential barrier which they could not surmount according to the classical laws of physics - in this case electrons are able to traverse the classically-forbidden region between the two solids. In this model, the probability of tunnelling is exponentially-dependent upon the distance of separation between the tip and surface: the tunneling current is therefore a very sensitive probe of this separation. STM is able to measure the local density of states of a material at it surface as a function of lateral (x-y) position on the sample surface and energy. Within the sample, each individual electron has a specific energy level. Only a certain number of electrons may occupy any given energy level at any one time. The distribution that gives the number of electrons allowed per energy level as a function of which energy level you consider is called density of states which can be abbreviate as DOS. The DOS is a very useful quantity to be able to measure since it can be used to derive a wealth of information about the crystal's properties. The DOS can vary as a function of position in the crystal which means that one can define a local density of states (LDOS). LDOS is then a quantity which depends on both energy and on position, LDOS(x, y, E). A physically intuitive way to think about local density of states is that it gives the density of electrons of a certain energy at that particular spatial location [3].
An STM can typically measure and control the current that flows between the tip and the sample (I), the bias voltage between the tip and the sample(V), the xy (in sample plane) position of the tip, and the z (perpendicular to sample plane) distance between the tip and sample. 
Using these variables an STM is able to measure the LDOS of a material as function of position on the surface (controlled by where the tip is above the surface) and as a function of energy (controlled by the bias voltage between the tip and sample). The LDOS is proportional to the differential increase in tunneling current given a differential increase in bias voltage or in other words one can measure the LDOS by measuring dI/dV.
Imaging of the surface topology may be carried out in one of two ways: 
1. in constant height mode (in which the tunneling current is monitored as the tip is scanned parallel to the surface) (see Fig.7).

2. [image: image138.png]Energy Spacing (eV)

wg
B gy

12 13 14 18
Olameter (m)



in constant current mode (in which the tunneling current is maintained constant as the tip is scanned across the surface) (see fig.8)

Fig.7 Constant height mode. If the tip is scanned at what is nominally a constant height above the surface, then there is actually a periodic variation in the separation distance between the tip and surface atoms. At one point the tip will be directly above a surface atom and the tunnelling current will be large whilst at other points the tip will be above hollow sites on the surface and the tunnelling current will be much smaller. Image taken from [3].
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Fig.8 Constant current mode. In practice, however, the normal way of imaging the surface is to maintain the tunnelling current constant whilst the tip is scanned across the surface. This is achieved by adjusting the tip's height above the surface so that the tunnelling current does not vary with the lateral tip position. In this mode the tip will move slightly upwards as it passes over a surface atom, and conversely, slightly in towards the surface as it passes over a hollow. Image taken from [3].
A scanning tunneling microscope or STM is a tool to look at individual atoms on the surface of a material. The basic components of the microscope setup are:

· the sample you want to study 

· a sharp tip to be placed in very close proximity to the sample 

· a mechanism to control the location of the tip in the x-y plane parallel to the sample surface (XY scan control) 

· a feedback loop to control the height of the tip above the sample (the z-axis) 
The Sample: The ideal sample is flat and clean, just a slice through a plane in the crystal structure of  a material. It is fixed in place throughout the measurement. Because the STM works by a current to or from the sample, the sample must conduct electricity.
The Tip: The tip is just a very sharp needle, so sharp that it terminates in a single atom. It is not actually touching the sample, rather it is approximately a few Ångstroms (~atomic diameters) away. The tip is held at zero voltage, or "ground". Meanwhile, a bias voltage is placed on the sample, on the order of a few millivolts to a few volts. This voltage bias induces a "tunneling" current to flow between the tip and the sample. This current is exponentially dependent upon the distance between the tip and the sample which means that for a small change in the distance between the tip and the sample the current changes.
The XY Scan Control: The tip can be scanned across the surface using a crystal called a piezo electric which changes its size by very small amounts when a voltage is applied to it. As the tip is moved in the x or y direction along the surface of the sample, the current will vary according to whether the tip is right on top of an atom (smaller distance), or on top of a space between atoms (larger distance). So an individual atom can be "seen" as an increase in the tunnelling current as the XY scan control moves the tip across the surface of the sample.
The Feedback Control: In practice, since current falls off exponentially with distance, the current when the tip is on top of an atom is much larger than the current when the tip is between atoms. We could just record the current as a function xy position on the surface, but because the current is exponential in the tip-sample distance this would give a distorted image in which the atomic peaks would look much higher than they actually are.

What we are really interested in is the actual height of atoms on the sample surface. To measure this height it is employed  a feedback loop to keep the current constant by adjusting the height of the tip. The height of the tip is controlled by a piezo electric crystal. A piezo electric crystal is a material which expands linearly when a voltage is placed across it. The expanding crystal pushes the tip closer to the sample. So the voltage needed to expand the piezo to keep the current constant varies linearly with the actual height of the atoms on the sample. Now by reading the feedback voltage, we can just read directly the height of the tip.
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Fig 14 Absorbance spectrum of purified (solid line) and as prepared (dotted line) thin films of SWCNT produced by electric arc technique. Image taken from [27].
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