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Chapter 1 
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1.1 Single-walled carbon nanotubes (SWNT) 

In 1991, the electron microscopist, Sumio Iijima (a researcher at the NEC 

laboratory in Tsukuba, Japan) discovered, while he was studying the carbon material 

deposited on cathodes during the arc-evaporation synthesis of fullerenes, that carbon could 

form tubular structures
[1]

. By using transmission electron microscopy (TEM), he found 

small cylinders made of carbon atoms with diameter of the order of nanometers and called 

them nanotubes.
[2]

 The single graphite layer (graphene), making the tube walls is a 

continuous hexagonal mesh having carbon atoms at the apexes of the hexagons. As 

mentioned carbon nanotubes have radii of few nanometers, while their length can be 

million times larger. Depending on the number of layers composing the tube walls, two 

types of carbon nanotubes can be distinguished, namely single-walled and the multi-walled 

carbon nanotubes
[1]

. 

A single-walled carbon nanotube can be constructed starting from the honeycomb 

structure of a single graphene sheet. Figure 1.1 shows the unit cell and the Brillouin zone 

of graphene. The unit cell can be described using the primitive lattice vectors  ⃗  and  ⃗  

with | ⃗ |=| ⃗ |=  =0.246 nm. The graphene lattice constant    is related to the distance 

between neighboring carbon sites      by    √        nm. The vectors  ⃗⃗  and  ⃗⃗  are 

the reciprocal lattice vectors
[1]

. 
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Figure 1.1 Graphene in real (left) and reciprocal space (right). The vectors  ⃗⃗⃗ ,  ⃗⃗⃗  and 

 ⃗⃗⃗ ,  ⃗⃗⃗  are the primitive vectors and reciprocal vectors. The unit cell contains two carbon 

atoms on sites A and B. The high symmetry points       within the Brillouin zone are 

indicated.
[3]

 

As depicted in Figure 1.2, a single walled carbon nanotube (SWNT) can be 

obtained by taking a rectangular graphene sheet and rolling it into a hollow cylinder. The 

unit cell of the nanotube is spanned by the chiral vector  ⃗ , connecting two equivalent 

atomic points on the circumference perpendicular to the cylinder axis, and the translational 

vector  ⃗⃗, which shows the translational period along the axis. As far as there are infinite 

number of possibilities to roll the graphene sheet into a cylinder, each individual nanotube 

can be uniquely specified by its chiral indices (   ), which define the chiral vector in 

terms of the graphene primitive lattice vectors  ⃗  and  ⃗ :  ⃗    ⃗    ⃗ . Therefore, the 

diameter of a nanotube can be derived from the length of the chiral vector: 

  
| ⃗ |

 
 
  
 
√         
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The typical diameter of single-walled carbon nanotubes is around 1 nm. The angle   

between  ⃗  and  ⃗  is called the chiral angle and can be calculated using the following 

equation: 

     
 ⃗   ⃗ 

| ⃗ || ⃗ |
 

Due to the 6-fold rotational symmetry of the graphene lattice, the value of the chiral angle 

is restricted to        , corresponding to a limitation in the chiral indices      . 

Nanotubes with     (    ) are called zig-zag tubes, because the atoms form a zig-zag 

pattern along the circumference (Figure 1.2). Nanotubes with both equal indices (   ) 

(     ) are called armchair tubes. While zig-zag tubes display carbon-carbon bond 

parallel to the nanotube axis, armchair tubes display bonds perpendicular to the tube axis. A 

third type of nanotubes is called chiral and includes species with indices      .  

 

Figure 1.2   The honeycomb graphene lattice with lattice vectors  ⃗⃗⃗  and  ⃗⃗⃗  and the chiral 

vector  ⃗⃗⃗ , that defines the unit cell of a (4,2) nanotube. The pattern along the circumference 

of zig-zag and armchair nanotubes are shown in red and blue. 
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1.2 Electronic and optical properties of carbon nanotubes 

The unique electronic properties of carbon nanotubes arises from the quantum 

confinement of electrons in the monolayer thickness of the graphene sheet in the direction 

normal to the nanotube axis.
[3]

 Because the quantum confined electrons can only propagate 

along the nanotube axis, the wave vector   ⃗⃗⃗⃗⃗, which is parallel to the nanotube axis, is 

continuous.  However, the wave vector   ⃗⃗ ⃗⃗ ⃗ should satisfy a periodic boundary condition 

along the circumference, leading to quantized values of the allowed   ⃗⃗ ⃗⃗ ⃗. The band structure 

of SWNT then can be obtained by cross-sections of allowed   ⃗⃗ ⃗⃗ ⃗ with the energy dispersion 

of graphene (Figure 3a), and is defined by the diameter and chirality of the nanotube. 

When   ⃗⃗ ⃗⃗ ⃗ crosses the K points, the energy dispersion passes through the Fermi level 

without forming a bandgap (metallic SWNT) (Figure 3bc). Otherwise, an energy bandgap 

is formed by the two parabolic bands resulting in semiconducting SWNT (Figure 3d).
[4]

  

The left part of the graphs on Figure 1.3b-d show the density functional-based 

tight binding (DFTB) modeling of the 1D energy dispersion relations for the (6,6), (9,0) 

and (7,5) nanotubes. There is no energy gap for the (6,6) armchair  and (9,0) zig-zag 

metallic nanotubes, whereas the (7,5) chiral nanotube shows a real energy gap. For a 

general (   ) zigzag nanotube, the energy gap becomes zero when   is a multiple of 3; 

however, when   is not a multiple of 3, an energy gap opens. Armchair nanotubes always 

demonstrate metallic properties. The number of branches in the dispersion relation of 

nanotubes depends on the unit cell size. Since chiral SWNTs usually have larger cell size, 

the number of branches is higher compared to zig-zag and armchair species.  
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Figure 1.3 (a) 2D energy dispersion relation of graphene (b) 1D energy dispersion relation 

and Density of States (DOS) obtained using density functional-based tight binding (DFTB) 

method for (b) armchair (6,6), (c) zigzag (9,0), and (d) chiral (7,5) carbon nanotubes. 

Right side of the plots in Figure 1.3b-d represent the density of states (DOS), 

which is the number of available electronic states per energy interval for the three nanotube 

species.
[5]

 The shape of the DOS depends critically on the dimensionality of the material 

under investigation. In case of one dimensional system as SWNTs, the density of states 

consists of a set of sharp peaks called van Hove singularities. The position of the van Hove 

singularities depends only on the electronic type of the carbon nanotube and goes with  ⁄ , 

independent of the chirality. The Kataura plot (Figure 1.4a) shows the position of the van 

Hove singularities with respect to the Fermi energy as a function of the nanotube 

diameter.
[6]
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Figure 1.4 (a) Kataura plot showing the position of the van Hove singularities in the 

density of states of carbon nanotubes as a function of nanotube diameter. Red circles 

correspond to metallic and black circles correspond to semiconducting nanotubes. (b) 

Photoluminescence map for SWNTs. Each peak in the intensity corresponds to a     

transition of a (   ) nanotube specie.
[7]

 

The accumulation of electronic states at the van Hove singularities implies that the 

absorption of a single-walled carbon nanotube will be dominated by the transition between 

these peaks (Figure 1.3b-d). As far as the position of the van Hove singularities is defined 

by the chirality of the nanotube, chiral indices can be identified from the absorption spectra 

by comparing the position of the absorption peaks using the Kataura plot. This approach 

makes possible to identify metallic nanotubes from absorption spectra. However, for 

samples containing a wide selection of different nanotubes chiralities, a detailed analysis of 

the indices becomes more complicated, because sharp absorption peaks of specific (   ) 

nanotubes with similar transition energy     values form broad absorption features in the 

spectrum. However, if the diameter range and chiralities present in the sample are known, 

the absorption spectra can be easily calculated.
[8]

 

Transitions in metallic and semiconducting nanotubes are usually denoted as    , 

   ,     and    ,        , respectively. Transitions as the     and     are dipole-forbidden 

and very weak thus can be observed only using cross-polarized light. These measurements 

can be used to probe the asymmetry between valence and conduction bands. 

Samples containing isolated SWNTs allow for the detection of photoluminescence 

in semiconducting nanotubes. Photoluminescence maps as the one reported in Figure 1.4b, 
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can be measured by exciting a sample with monochromatic light in a broad energy range, 

covering    , i=1-4, and detecting the emitted light (    transition).
[9]

 The intensity of the 

observed features can be related to the relative abundance of specific (   ) 

semiconducting nanotubes, if the nanotubes are well individualized. In fact, this method is 

limited to isolated semiconducting nanotube, since non-radiative electron-hole 

recombination inhibits the     emission in metallic nanotubes and bundling opens many 

non-radiative channels.
[10]

 Light emission from isolated metallic SWNTs or bundles 

containing both semiconducting and metallic nanotubes is strongly suppressed.
[11]

  

Interest in utilizing SWNTs as semiconducting material in electronic devices 

strongly increased during the last 15 years since semiconducting carbon nanotubes are one 

of the best candidates to achieve ballistic transport through the valence and conducting 

bands owing to the light mass of the C atoms. In transistors charge transport is defined as 

ballistic when the FET channel is shorter than the electron mean free path length of the 

carriers in the material bridging the electrodes.
[12]

 Calculations have shown that the mean 

free path for carriers in SWNTs, taking into account the elastic scattering with acoustic 

phonons, is in the range of 300 nm,
[13]

 while the mean free path for scattering due to defect 

is in the 1    range. A few reports have already demonstrated ballistic transport in SWNT-

based devices
[13–16]

  

1.3 Synthesis of SWNTs 

The method of preparation is essential for the maintenance of the nanotube 

physical characteristics, such as length, chirality, and diameter. Current challenges for the 

different synthesis methods are the development of large-scale and low-cost technique 

yielding high-quality single-walled carbon nanotubes, and on the other hand, obtaining 

control over the structural and electronic properties. Today the most commonly used 

methods are laser ablation,
[17]

 arc discharge,
[18]

 chemical vapor deposition
[19,20]

 and gas-

phase catalytic growth from carbon monoxide
[21]

. During nanotube synthesis, impurities in 

the form of amorphous carbon, catalyst particles, and non-tubular fullerenes are also 

produced. That is why subsequent purification steps are required to separate these 

impurities from the tubes. Moreover, the as-synthesized raw material, even in absence of 

impurities, contains both metallic and semiconducting species, so direct commercial 

application of this material is limited to the use of their mechanical properties.
[22,23]

 In the 
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following the major synthetics roots will be briefly described with special attention for the 

one that will be mentioned in the following of this thesis. 

Chemical vapor deposition. CVD synthesis is achieved by thermal decomposition of a 

hydrocarbon source in an inert gas atmosphere using an energy source, such as plasma or a 

resistively heated coil, to transfer energy to the carbon-based molecules.
[19,20,24]

 Methane or 

carbon monoxide are commonly used as gaseous carbon sources. The process occurs in the 

presence of a metal catalyst (transition metals such as Fe, Co, Ni are commonly used). 

Diameter and wall number (SWNT or MWNT) of carbon nanotubes are usually determined 

by the temperature, the catalyst and the atmosphere. The CVD technique allows excellent 

control of the diameter and growth rate. 

In the CoMoCAT method,
[25]

 SWNTs are grown by CO disproportionation at 

          using a supported catalyst. The technique is based on a unique Co-Mo 

catalyst formulation that inhibits the formation of undesired forms of carbon. During the 

SWNT reaction, cobalt is progressively reduced from the oxide state to the metallic form. 

Simultaneously, molybdenum is converted to the carbidic form (Mo2C). Co acts as the 

active species in the activation of CO. The role of the Mo is to stabilize Co avoiding its 

reduction and acting as carbon reservoir to moderate the growth of carbon inhibiting the 

formation of undesirable forms of carbon. This method can be scaled-up without losses in 

SWNT quality. By varying the operation conditions, SWNTs can be produced with 

different diameter ranges.  

 The HiPco process is a method for production of SWNTs in a continuous-flow 

gas-phase using an iron pentacarbonyl catalyst, Fe(CO)5, and CO as the carbon sources
[21]

 

under high-pressure (30–50 atmosphere) and high-temperature (900–1100 °C). Upon 

heating, the Fe(CO)5 decomposes and the iron atoms condense into clusters. These clusters 

serve as catalytic particles upon which SWNT nucleate and grow via CO 

disproportionation:      
 
⇒     (    ).  

Electric Arc Discharge. Typical synthesis condition for the carbon arc discharge method 

employ a direct current of 50-100 A and a voltage of 20-25 V operating in an inert 

atmosphere. The magnitude of the required current is proportional to the diameter of the 

electrode. Direct current creates a high-temperature discharge between electrodes, which 

results in the vaporization of one of the carbon electrodes. The electric arc deposit typically 
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consists of a hard, gray outer shell made of pyrolytic graphite, and a soft, fibrous dark core 

containing about two-thirds columnar growth of carbon nanotubes, and one-third closed 

graphite nanoparticles.
[26]

 The electric arc discharge synthesis results in a mixture of 

components, so it requires the separation/purification of the carbon nanotubes post 

synthesis. In order to increase yield of the semiconducting nanotubes, the graphite anode is 

usually mixed with transition metals such as Fe, Co, Ni, Y. The resultant nanotubes, called 

SO nanotubes, have typical diameter of around 1.5 nm and length in the range between 1 

and 5   . 

1.4 SWNTs sorting techniques 

From the description of the synthetic techniques, as-synthesized carbon nanotubes 

contain both metallic and semiconducting species. Therefore for any application of SWNTs 

in electronics the separation of the metallic and the semiconducting species is essential. To 

date, separation techniques such as Electrophoresis, Density Gradient Ultracentrifugation, 

Gel Chromatography, and Polymer wrapping are the most widely used. In the following 

these techniques will be briefly described. Effective SWNT sorting methods must meet the 

semiconducting electronics requirements: high purity (>99.99% of semiconducting species 

in resulting dispersion),
[27]

 scalability for manufacturing (in order to utilize it in mass 

production), compatibility with wide range of SWNT lengths and diameters.
[28]

  

Density Gradient Ultracentrifugation (DGU) utilizes differences in the buoyant density 

of the nanotubes which have been separated by the use of surfactants.
[29,30]

 The sample to be 

separated is mixed with a surfactant and loaded into a medium with a known density 

gradient. Materials such as iodixanol or sucrose are usually used as a density gradient 

medium. After applying a centrifugal force, nanotubes move towards their isopycnic point, 

which is the position, where their density is equal to that of the surrounding medium. 

Colored layers that appear in solution after DGU, correspond to the different densities, thus 

tubes with different band gap. In general, large diameter nanotubes have smaller density 

than smaller diameter species. However, surfactant coating alters the buoyant density. If 

surfactant coats all nanotubes uniformly, the difference in the buoyant density directly 

related to the diameter of species. In addition, sorting by electronic structure may be 

achieved if a combination of surfactants that exhibit preferences for some (n,m) species is 

used. 
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Figure 1.5 (a) A schematic of surfactant encapsulation and sorting (b) absorption spectra of 

the dispersion after DGU.
[30]

 (Figure modified from
[30]

) 

Sorting by diameter can be achieved by utilizing for example sodium cholate (SC) 

surfactant.
[30]

 Nanotubes distribution after DGU with the mentioned surfactant is shown on 

the Figure 1.5. Electronic type separation has been achieved by using mixture of sodium 

dodecyl sulfate (SDS) and sodium cholate (SC).
[30]

 In this case the position of the metallic 

and semiconducting layers in the centrifugation tube can be controlled by changing ratio of 

the surfactants.
[30,31]

 The sorting of SWNTs according to electronic type has been attributed 

to the unequal binding of surfactants to nanotubes due to difference in polarizability of their 

walls.  

Gel Chromatography.
[32,33]

 Chromatographic techniques are widely used in chemistry and 

biology for materials separation and also found their application for nanotubes sorting. 

First, SWNTs are isolated with a surfactant (sodium dodecyl sulfate (SDS), sodium 

cholate(SC)) and embedded in an allyl dextran/based gel.
[33]

 The surfactant coverage will 

vary depending on the type and structure of SWNTs, thus exhibiting different magnitude of 

van der Waals force interaction
[32]

 between SWNTs and the gel in the chromatography 

column. During the sorting process only the nanotubes with exact (the highest) interaction 

strength (thus identical structure) remains in the column. Size exclusion chromatography 

has shown to be effective in diameter, electronic type and length sorting of SWNTs and can 

be applied for large-scale SWNTs separation.
[32,34]

 However most of the research was 

performed with small diameters SWNTs, while selection of big diameter nanotubes (>1.2 

nm) still remains challenging.   
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Electrophoresis.
[33]

 Electrophoresis separation approaches can be classified into (i) direct 

current electrophoresis (d.c.), which is based on different nanotubes mobilities through a 

gel upon applying external electrical field
[33]

; and (ii) alternating current (a.c.) 

dielectrophoresis, which utilizes the different polarizabilities of metallic and 

semiconducting SWNTs under applied a.c. electric field
[35]

.  

DC electrophoresis exploits the mobility of nanotubes in the electrical field as 

main driving force for separation. However, charge-density difference between the 

nanotubes of different geometry is also expected to influence the movement in the external 

field. As far as the total charge on the nanotube is defined by the surface area, the charge 

density differences are diameter dependent so d.c. electrophoresis theoretically is capable of 

sorting SWNTs by diameter. However, although length separation and purification of 

nanotubes dispersed in an aqueous solution has been achieved using this method, to date 

the separation of nanotubes by diameter has not been realized
[36]

. 

AC dielectrophoresis is the most promising among both electrophoresis techniques
 

[35]
. Upon subjecting nanotube to an external electric field, a dipole moment is induced 

resulting in a translational motion along the field gradient, which depends on both dielectric 

constant of the nanotube    and solvent medium  . Due to the difference in dielectric 

constant of metallic and semiconducting nanotubes, sorting by electronic type can be easily 

achieved. Even though dielectrophoresis separation is promising in sorting SWNTs by 

electronic properties, the method suffers from the disadvantage of limited throughput, and 

low selectivity for SWNTs of different sizes.   

Polymer wrapping.
[37]

 One of the most promising techniques today is polymer-assisted 

SWNT selection. First attempts to disperse and select nanotubes by wrapping were 

performed using single-strand DNA (ssDNA).
[38,39]

 It was reported, that aromatic nucleotide 

basis of ssDNA can bind to nanotube walls via     stacking, thus forming helical 

structures around SWNT. Additionally, the possibility of easily tuning the structure and the 

sequence of ssDNA allows for the efficient isolation and selection of a broad range SWNTs 

species.
[40]
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Figure 1.6 Molecular dynamics simulation of the different wrapping geometries.
[41]

 

Polymer backbones (a) is aligned with SWNT walls (b) forming helical structures around 

SWNT 

In 2007 Nish, et al. extended the concept of nanotube wrapping to the application 

of π-conjugated polymers.
[37]

 Similarly to ssDNA wrapping, the approach is based on 

interaction between the  -conjugated polymer chains and the side walls of nanotubes. 

Molecular dynamics simulations performed by Gao, et al.
[41]

 demonstrated that upon 

mixing of SWNT and polymer in organic solvent,  polymer chains acquire an helical 

conformation around SWNTs (Figure 1.6b). This configuration is more energetically 

favorable due to lower potential energy of the system, compared to the case of polymer 

backbone parallel to SWNT (Figure 1.6a).
[41]

 Polyfluorene derivatives and particularly 

(Poly{9,9-dioctylfluorene-2,7-diyl}, PFO) (Figure 1.7a) have been the first class of 

conjugated polymers which have been demonstrated to select semiconducting SWNTs due 

to their capacity to interact preferentially with nearly armchair carbon nanotubes. But the 

range of selected species was limited only to small diameter HiPCO and CoMoCAT 

nanotubes (0.8 - 1.2 nm).  
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Following this discovery, several approaches, such as the modification of alkyl 

side-chains
[42,43]

 or the polymer backbones,
[44–47]

 have been used to obtain higher or better s-

SWNTs selection. Hence Lee, et al.
[44]

 demonstrated new type of polymer, poly(3-

dodecylthiophene-2,5-diyl) (P3DDT) (Figure 7b), which contains sulfur atoms in a 

backbone and is capable to effectively select s-SWNTs with small diameters. Another type 

of polymers with N heteroatoms in the polymer backbone was reported by Gomulya, et 

al.
[45]

 This polymer, polyazomethine (PAMDD), has shown impressively high effectiveness 

in nanotubes selection allowing of >99.9% pure sSWNT solution. However, the selection 

of the large-diameter nanotubes (>1.4 nm) was not reported before 2013, when Gomulya, et 

al.
[42]

 studied the length modification of PFO alkyl side chains in order to select big 

diameter SWNTs. Modified polymers, such as poly(didodecylfluorene-2,7-diyl) (PF12) 

(Figure 7c) and other polyfluorene derivatives with alkyl chains containing 15 and 18 

carbon atoms (PF15, PF18) demonstrated high selectivity for a wide range of SWNTs 

diameters (0.8 – 1.5 nm). Figure 7d shows absorption spectra of HiPco and SO SWNTs 

dispersed with different polyfluorene derivatives, containing from 6 to 18 carbon atoms in 

their side chains. Nowadays, a number of diverse conjugated polymers are used to select 

semiconducting SWNTs of varying diameter and chiralities.
[46,48]
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Figure 1.7 Chemical structures of the typical polymers used for s-SWNTs selection. (a) 

Poly{9,9-dioctylfluorene-2,7-diyl}, small diameter SWNTs only (0.8 - 1.2 nm) (b) Poly{3-

dodecylthiophene-2,5-diyl} and (c) Poly{didodecylfluorene-2,7-diyl} both small and large 

diameter SWNTs (0.8 – 1.5 nm). (d) Absorption spectra of HiPco (top) and SO (bottom) 

SWNTs dispersed with polyfluorene derivatives in toluene. Black dashed line demonstrates 

absorption of as-synthesized SWNTs dispersed with SDBS in water.
[42] 
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1.5 SWNT-based electronic devices 

1.5.1 Field-effect transistor 

A field-effect transistor is a three terminal device (Source, Drain and Gate) 

(Figure 1.8) that utilizes an electric field applied to the Gate electrode to control the density 

of induced charge carriers in the channel, formed by the two other electrodes (Source and 

Drain). All the components of a typical transistor structure are denoted in Figure 1.8: a 

substrate (in this study the substrate is n++ doped Si that acts as gate electrode), source, 

drain electrodes, and a layer of semiconducting material, separated from the gate electrode 

by a dielectric. As mentioned, the source and drain electrodes define the FETs channel, 

which is characterized by its width W and length L (source-drain electrodes separation).  

  

 

Figure 1.8 Schematic structure of a FET. W and L are the channel width and length, 

respectively. VG is the gate voltage, and VD is the drain voltage. The source electrode is 

grounded. 

To effectively inject holes (electrons) into a SWNT-based channel, the energy 

difference between nanotube HOMO (LUMO) and the work function of the metal must be 

as low as possible. Substantial energy difference leads to Schottky barrier formation and 
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limits the On-state conductance of the FET. If the Fermi level of the electrode is positioned 

in the middle of nanotube bandgap, injection of both, holes and electrons will be hampered 

by Schottky barriers. Thus, efficient electron and hole injection can be achieved only by 

precise choice of appropriate metal work function. Energy barriers are also influenced by 

interfacial electric dipole layers.    

To operate the transistor a voltage VG is applied to the gate electrode, the source is 

usually grounded and the potential difference between the source and the drain is the 

source-drain voltage (VD). When a voltage is applied to the gate electrode, the transistor 

channel will behave as capacitor. If a negative voltage is applied to the gate (VG < 0) there 

will be an accumulation of negative charges in the gate electrode and this will induce an 

accumulation of positive charges at the interface between the active layer and the insulator 

(Figure 1.9a). If subsequently voltage VD is applied between the source and the drain 

electrodes, the induced positive charges will create a current ID flowing from drain to 

source (Figure 1.9b). If VG is turned off, the induced charge disappears and the current ID 

switches off. This is called a p-channel operation of a FET. 

The I-V characteristics in the different operation regimes can be described 

analytically assuming the FET operation follows a gradual channel approximation 

model
[49]

. Gradual channel approximation means that the field perpendicular to the current 

flow generated by the gate voltage is much larger than the electric field parallel to the 

current flow created by the source-drain voltage. This approximation is only valid for long 

channel transistors since it does not take into account the contact resistance, appearing due 

to imperfect alignment of active material HOMO and LUMO with EF of electrode material. 

The model also does not include possible electron and hole recombination that might occur 

when both type of carriers simultaneously are injected into the channel.  

In the case of n-channel operation of a FET, the opposite will occur. When a VG > 

0 is applied, there will be an accumulation of positive charges in the gate and therefore 

negative charges will be induced at the interface. 
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Figure 1.9 Operation of p-type FET: (a) accumulation of induced positive charges on the 

dielectric-semiconductor interface under applied gate voltage (VG < 0) (b) current flow 

from drain to source electrode. Typical current-voltage characteristics of p-type FET (c) 

output and (d) transfer. 

The output characteristic for a p-type transistor (Figure 1.9c) shows that ID 

increases with VD for all applied gate voltages. For high drain voltages, ID saturates and 

becomes almost independent of the VD values. At this point VD = VG and a depletion region 

forms next to the drain electrode, since the difference between the local potential and the 

gate voltage is below the threshold voltage. This is called “pinch-off” point and at this stage 

ID does not increase anymore. The flat part of the output curve is called the saturated 

region. The part of the plot where VD < VG is called the linear region and indicated by linear 

increase of current with VD increase. An illustration of these regions in a FET can be seen in 

Fig. 1.9c. 

The transfer characteristics (ID - VG) (Figure 1.9d) for a FET can be determined 

keeping source-drain voltage    constant and measuring drain current    for various values 

of gate voltage   . Figure 1.9d shows typical transfer curve of unipolar transistor. 

Important device figures of merit, such as on/off ratio and threshold voltage, can be 
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calculated from transfer curve. The on/off ratio is the ratio between the highest drain 

current in the transistor on-state to the lowest drain current of the device in off-state. The 

threshold voltage corresponds to the voltage at which the device switches to on-state. It can 

be extrapolated from the tangential of   
 
 ⁄        curve at     .  

The charge carrier mobility in linear regime      can be obtained from the gradient 

of    versus    at constant    using the expression: 

     
       
   

 

     
 

where   is the transistor channel length,   is the channel width,    is capacitance of the 

dielectric layer,        – is the drain current in linear regime,    – is the source-drain 

voltage. In the saturation regime the charge carrier mobility can be calculated using the 

expression: 

    (  )  
       
   

 

   

 

(      )
 

where        is the drain current in saturation regime and     is threshold voltage of the 

transistor. 

1.5.2 Ambipolar FET 

An ambipolar transistor is the one in which both electrons and holes can be 

accumulated depending on the applied voltage (Figure 1.10a).
[50,51]

 The transfer and output 

curves can be understood easily, considering the potentials applied to the source, drain and 

gate electrodes relative to each other. Let us assume that we are applying to the transistor a 

positive drain voltage    and a positive gate voltage      . Just as in a unipolar 

transistor, the gate is more positive than the source electrode, and thus electrons are injected 

from the source into the accumulation layer and drift towards the drain, given that    

      (     - threshold for electron accumulation). Only one polarity of charge carriers is 

present in the channel; this regime is called unipolar. When    is smaller than   , the gate 

potential is more negative than the drain potential by      . While, for         , the 
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source will not inject electrons, but the drain electrode will start injecting holes into the 

channel if             (      - threshold for hole accumulation). Thus, the drain 

electrode will act as a source of holes. The measured drain current will be high, not like in a 

unipolar, n-channel transistor, which would be in this condition in the off-state. If the gate 

potential is in the range   |  |  |  | so that it is higher than       but also       

     , both the source and drain electrodes will inject the respective charge carriers and thus 

both, electron and holes will be present in the transistor channel (Figure 1.10b. This regime 

is called ambipolar regime. The transfer curves of ambipolar transistor exhibit a 

characteristic V-shape with one arm indicating electron transport and other indicating hole 

transport.  

 

 

Figure 1.10 (a) The structure of the ambipolar field-effect transistor (b) transfer 

characteristic of  FET in ambipolar operation regime. 

One of the challenges in ambipolar transistor fabrication is the efficient injection of both 

charge carriers. Optimal charge injection takes place when the work function of the metal 

electrode coincides with the valence band of the semiconductor for hole injection and with 

the conduction band for electron injection. Another challenge is trapping of one or both 

carrier types at the dielectric/semiconductor interface.  
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Here it is also import to underline that the on-off ratio of ambipolar transistors can suffer 

from the simultaneous presence in the channel of both electrons and holes. 

 Semiconducting carbon nanotubes are considered to be good material for FET 

application due to their unique electronic properties. As they are intrinsic semiconductors 

with a band gap around 1 eV, SWNT FETs are able to show ambipolar behavior, in 

particular when the dielectric/SWNT interface is free of water and oxygen contamination. 

As mentioned before, the ambipolar behavior has some undesirable features; nevertheless, 

the ability to control device polarity can presents new opportunities. One of this 

opportunities is the fabrication of light emitting FET.
[52–54]

 Ambipolar transistors were also 

seen as an opportunity for a simpler fabrication of CMOS-like inverter
[4,55]

, however, the 

low off current remains detrimental for this applications.  

Generally, under ambient condition electron conduction in SWNTs is suppressed 

and hole conduction is improved
[56]

. Absorption of moisture on the SWNT surface induce a 

redox reaction, giving rise to p-type behavior.
[57]

 Ambipolarity can be recovered after 

annealing in inert atmosphere. Ambipolarity also suffers from the Schottky barrier at 

metal/SWNTs interface,
[58–60]

 which can eventually suppress electron injection. 

1.6 SWNT field-effect transistor (FET) architectures 

Carbon nanotube field-effect transistors are devices, which incorporate s-SWNTs 

as active channel material
[61]

. To date they are generally divided into single-strand SWNT 

FETs (or parallel array)
[61–66]

 and SWNT-network transistors.
[43,45,47,67,68]

  

Single-strand nanotube FETs have demonstrated excellent performance – sub-1 V 

operating voltages, microscopic size (less than 20 nm)
[65,76]

 and a high potential in 

achievable carrier mobility. Durkop et. al demonstrated extraordinary high field effect 

mobility of 79 000 cm
2
V

-1
s

-1
 measured in ultralong

[77]
 CVD-grown SWNT and estimated 

intrinsic mobility at room temperature to be more than 100 000 cm
2
V

-1
s

-1
.
[63]

 The process of 

single-strand nanotube FET fabrication usually includes either growth of nanotubes directly 

onto a substrate via CVD or solution-processed deposition. FETs fabricated via CVD 

methods demonstrate excellent mobility values,
[14,15]

 however, suffer from the lack of 

control over the metallic SWNT content. Thus Jin et. al
[66]

 exploited thermocapillary effects 

in the purification of CVD-grown SWNTs arrays, achieving mobility of 1 000 cm
2
V

-1
s

-1
, 
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however on/off ratio was limited to 10
4
. The necessity to define electrodes by electron-

beam lithography (EBL) together with inherent statistical approach in this process (i.e. 

uncertainty on the nature and the position of SWNT), does not allow employing single-

strand SWNT architecture for large-scale device fabrication. Furthermore, high on-current 

levels are not easily accessible with a single tube, and an array of oriented tubes will be 

desirable.
[76,78,79]

  

The range of available methods to fabricate SWNT-network FETs is much 

broader, and can be divided into direct nanotubes CVD growth (followed by EBL 

patterning to define electrodes), and SWNTs deposition from solution. Figure 1.11 

summarizes performances of the FETs reported in a literature. Transistors with CVD grown 

nanotubes usually demonstrate high on-currents and high mobilities, however, suffer from 

low on/off-ratios due to high metallic content and difficulties to selective remove m-

SWNTs on a large scale.
[80,81]

 Solution processed networks can be deposited by drop-

casting,
[67,75]

 ink-jet and roll-to-roll printing,
[82–87]

 blade coating
[68]

, dielectrophoresis-

assisted
[78,88–90]

 and deposition via self-assembly.
[91]

  Some of the mentioned techniques 

allows also to align SWNTs in a FETs channel, thus improving the device 

performance.
[68,69]

 Solution-based techniques today attract more and more attention due to 

their applicability for large-area, low-cost, and flexible electronics fabrication.  
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Figure 1.11 Performance map of SWNT FETs fabricated by CVD and solution-based 

processes. The FETs with aligned and random SWNT networks fabricated from solution 

are depicted with red and black symbols, respectively. The devices are categorized also 

according to their channel length.
[30,44,45,66–75]

 Orange circles indicate works performed in 

Loi´s group and presented in this thesis. 

1.7 Outline of the thesis  

The work described in this thesis mainly focuses on fabrication and optimization 

of SWNT field effect transistors, aiming to improve performance and develop highly 

scalable and reproducible fabrication technique. The outline of the thesis is given below. 

 Chapter 2 discusses performance comparison of FETs based on SWNTs selected 

with poly-9,9-di-n-dodecyl-fluorenyl-2,7-diyl (PF12) and poly(3-dodecylthiophene-2,5-

diyl) (P3DDT) polymers. First we introduce Blade Coating deposition technique for SWNT 

alignment along one of the directions. Using this deposition method we fabricated highly 
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performing ambipolar FETs with a record high on/off ratio of 10
8
. Later we demonstrated 

the importance of the wrapping polymer on the device performance. FETs based on PF12-

wrapped SWNTs show almost symmetric ambipolar characteristics, while the devices 

fabricated with P3DDT-wrapped SWNTs show significantly higher hole current. 

 Chapter 3 shows a study of the carrier transport mechanism in ambipolar FETs of 

semialigned networks of polymer-wrapped carbon nanotubes. The demonstration of 

ambipolar FETs with high on/off ratio provides the opportunity to investigate the transport 

mechanism of both electron and holes in sSWNTs. The ambipolar characteristics persist 

with much improved on/off ratio values (10
6
) when the FET is cooled down to liquid 

N2 temperature. We observe that the mobility values of both holes and electrons decrease 

by cooling, but with some anomalies as a slight increase below 150 K. By scrutinizing the 

gate voltage dependent transport of both holes and electrons, we conclude that the increase 

of the charge carrier mobility is not due to any residual of metallic carbon nanotube species. 

The origin of the observed anomalous temperature-dependent carrier transport is due to the 

transition from a transport regime dominated by intertube interactions, which are influenced 

by the wrapping polymer, to a regime dominated by the intratube carrier transport that is 

determined by the 1D transport properties of the SWNTs. 

 Chapter 4 shows short-channel ambipolar single-SWNT FETs prepared from a 

polymer-wrapped s-SWNT solution obtained with poly(2,5-dimethylidynenitrilo-3,4-

didodecylthienylene) (PAMDD) polymer. No traces of metallic tubes were found in any of 

the prepared field effect transistors (646), implying an estimated purity of our 

semiconducting SWNT solution to be higher than 99.9%. These findings confirm the 

effectiveness of the polymer-wrapping technique in selecting semiconducting SWNTs, as 

well as the high quality of sorted nanotubes for the fabrication of not only nanotube 

network FETs, but also of short channel FETs using single or few nanotubes as active 

material.  

Chapter 5 is devoted to fabrication of carbon nanotubes field effect transistors by 

chemical self-assembly of semiconducting single walled carbon nanotubes on pre-patterned 

substrates. Polyfluorenes derivatives have been demonstrated to be effective in selecting s-

SWNTs from raw mixtures. Here we functionalized the polymer with side chains 

containing thiols, to obtain chemical self-assembly of the selected s-SWNTs on gold 

electrodes. We determine that the selectivity can be tuned by changing the number of thiol 
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groups in the polymer, or by modulating the polymer/SWNTs proportions. Field-effect 

transistors with various channel lengths, using networks of SWNTs and individual tubes 

were fabricated by direct chemical self-assembly of the SWNTs/thiolated-polyfluorenes on 

substrates with lithographically defined electrodes. The network devices show superior 

performance (mobility up to 24 cm
2
V

-1
s

-1
), while SWNTs devices based on individual tubes 

show an unprecedented (100%) yield for working devices. The SWNTs assembled by mean 

of the thiol groups are stably anchored to the substrate and are resistant to external 

perturbation as sonication in organic solvents. 
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