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Chapter 1  
 

Introduction 
 

This first chapter provides an overview of the physical properties of single-walled 
carbon nanotubes (SWNTs) and an extensive description of polymer wrapping as a 
selection technique for semiconducting SWNTs. The effectiveness of this method will 
be discussed highlighting its impact on device applications, in particular transistors 
and solar cells. Finally, following a discussion on the experimental techniques, an 
outline of this thesis will be presented. 

W. Gomulya, J. Gao, M. A. Loi, The European Physical Journal B 2013, 86
S. K. Samanta, M. Fritsch, U. Scherf, W. Gomulya, S. Z. Bisri, M. A. Loi, Accounts of Chemical

Research 2014, 47, 2446.
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Figure 1.4 Absorption and photoluminescence of SWNTs dispersed in SDBS/D2O. 

species, while the absorption of metallic tubes takes place in the optical range of 500-
600 nm. By looking at the absorption spectra (Figure 1.4 top), the presence of both 
semiconducting and metallic SWNTs is evident. The intensity ratio between absorption 
peaks of metallic tubes and semiconducting tubes allows a qualitative estimation of the 
population content of the two types. The PL spectrum reveals the presence of more 
than 10 types of semiconducting SWNTs in the final dispersion. 

By performing photoluminescence excitation spectroscopy (PLE), it is possible to 
study a specific PL emission depending on different excitation wavelengths. This 
technique is very effective in assigning the (n,m) indices of s-SWNTs. As an example, a 
matrix of PLE spectra of PFO wrapped SWNTs in toluene is presented in Figure 1.5.[27] 
The satellite luminescence of the highly isolated nanotubes, which are labelled as 
(E11+G) and (E11+G’) are clearly shown in the PLE map. This photoluminescence 
originates from the interaction of excitons with G-phonons, which are in-plane lattice 
vibrations. In the figure, the inter sub-band transitions, E12 and E21 are also evident.  

Time-resolved spectroscopy can offer important insights into exciton dynamics of 
SWNTs. The relaxation dynamics should be significantly different in case of metallic 
and/or semiconducting SWNTs because these components feature inherently different 
electron energy states. Several studies on SWNT ensembles show mono- or multi- 
exponential decay dynamics with time-constants ranging from 5 to 120 ps.[28,29] This 
variation is attributed to the different SWNTs species, heterogeneity in the length of 
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Figure 1.5 Photoluminescence excitation spectroscopy map of dispersed HiPCO in PFO/toluene.[27] 

the tubes, and their purity. When more homogeneous samples are measured, i.e. single 
chirality tubes like (6,4), SWNTs dispersions display mono-exponential decay time 
between 20 and 200 ps.[30] Therefore, time-resolved spectroscopy is an important 
technique to understand the level of SWNT individualization, and to clarify the purity 
of the semiconducting content in the SWNT samples by identifying the mono- or multi-
exponential behavior of the decays. 

Koyama et al. demonstrated the quenching of excitons and the decrease of the 
exciton life-time due to energy transfer between adjacent nanotubes when they are in 
bundles.[31] Similar results were obtained in experiments performed by our group, 
where bi-exponential decay times were observed for bundled nanotubes, and single 
exponential decay was observed in the case of well dispersed SWNTs.[32] 

Vibration-active modes of SWNTs give rise to four distinguishable scattering 
features in resonant Raman spectroscopy. These are: (i) the radial breathing mode 
(RBM) in the range 100-350 cm-1 corresponding to the in-phase movement of all 
carbon atoms in the radial direction;  (ii) the disorder induced D-mode  (1250-1450 
cm-1); (iii) the tangential G-modes: G- mode (~1570 cm-1) due to vibrations of carbon 
atoms along the circumferential direction and G+ mode (~1590 cm-1) due to the carbon 
atom vibration along the nanotube axis; and (iv) the G’ mode (2500-2900 cm-1) 
corresponding to a disorder overtone of D-modes.[33] The occurrence of these Raman 
bands depends on the diameter and on the types of the tube (metallic vs. 
semiconducting) and the specific coordinates. 
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1.4  State-of-the art of carbon nanotubes discrimination 
and separation 

Various methods have been developed to mass-produce carbon nanotubes. 
However, all of these methods generate mixtures of semiconducting and metallic 
species. This mixture of electronic properties limits their use in electronic devices. 
Thus, post-growth purification is required to develop SWNT-based devices. The 
methods to disperse and discriminate SWNTs are generally based on the 
functionalization of the SWNT walls. These processes can be divided into two 
categories: covalent functionalization and a non-covalent functionalization.[34] Covalent 
functionalization has been adopted since 1998[35] to increase the solubility of SWNTs, 
by modifying the sidewall or the open ends of SWNT.[36] Covalent functionalization has 
also been reported to be able to discriminate SWNTs based on their electronic 
properties. For example, selective covalent reactions of diazonium salts with metallic 
tubes has enabled the m-SWNTs dispersion in water.[37] However, covalent 
functionalization might modify the electronic properties of SWNT, for example 
functionalization with dichlorocarbene has been found to open the energy gap at the 
Fermi level of the metallic SWNTs, converting m-SWNTs to semiconducting tubes.[35] 
The main drawback of this technique is, therefore, the deterioration of the carrier 
transport by the introduction of scattering sites for charge carriers. Thus, between the 
covalent and non-covalent functionalization processes, the latter are generally 
preferred since they do not affect the physical properties of the nanotubes.[38] 

1.4.1 Non-covalent functionalization of s-SWNTs 

One of the most widely used non-covalent strategies involves the use of surfactants 
in order to disperse SWNTs in water solution. Sodium dodecyl sulphate (SDS),[21] 
sodium dodecylbenzene sulphonate (SDBS),[39] sodium cholate,[40] and many other bile 
salts have been proven as effective molecules for dispersing SWNTs in aqueous 
solution. These molecules have both a hydrophobic group (tail), which orients in the 
direction of the nanotube wall, and a hydrophilic group (head), which is in contact with 
water. Because of the nature of their interaction with the SWNTs, these surfactants do 
not show any selectivity to specific species of nanotubes. Therefore, more advanced 
techniques have been developed in order to obtain the separation of the surfactant-
dispersed SWNTs. 



Selecting s-SWNTs by polymer wrapping: Mechanism and Performances 

10 

Density gradient ultracentrifugation (DGU) (see Figure 1.6a) is the first method 
which showed the isolation of semiconducting nanotubes from the metallic ones.[40] By 
using a mixture of two surfactants in different ratios followed by ultracentrifugation in 
a density gradient medium, carbon nanotubes can be sorted by diameter and band gap 
due to their density difference. The result is a multi-layer colored solution, where 
different colors indicate tubes of different band gaps. Repeated centrifugation 
processes give rise to SWNT fractions with a narrow distribution of nanotube 
diameters. This technique is already applied for commercial purposes, separating both 
semiconducting and metallic Arc Discharge SWNTs with 99% and 98% purity, 
respectively.[41,42]  

Another approach to select s-SWNTs involves gel chromatography (Figure 1.6b). 
This method is based on the specific adsorption of SWNTs in an allyl dextran-based 
gel. The gel media interacts differently with s-SWNT and m-SWNT by specific 
interactions, such as van der Waals forces.[43] Nanotubes with different curvature will 
have different surfactant coverage, thus they will exhibit a different interaction 
strength with the gel. By performing multicolumn gel chromatography, and by 
successively injecting SDS surfactant to the vertically stacked column, SWNTs with 
different diameter and chiralities can be obtained in different columns. Using this 

 
Figure 1.6 (a) Density gradient ultracentrifugation (DGU),[40] (b) multicolumn gel chromatography,[43] and (c) 

agarose gel dielectrophoresis[44] for s-SWNTs separation. 

(a) (b)

(c) 
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wrapping mechanism. The simulations performed by Gao et al. suggest that the alkyl 
tails of neighboring polymer chains zip and align driven by van der Waals interactions, 
following the zigzag motifs of the nanotube wall.[51] The solvent, toluene in this case, 
promotes the helical wrapping of the polymer chains on the wall of SWNTs, as seen in 
the molecular dynamics simulations where the calculated potential energy is lower 
compared to the case where the chain is aligned to the nanotube wall. 

After these studies, polyfluorene derivatives either modified in the backbone or in 
the side chains have been also extensively employed for this purpose. Figure 1.7 
summarizes some reported structures of polymers, which have already shown 
selectivity towards SWNTs with different chiralities or diameters. Several works have 
revealed that reducing the length of side chains, such in poly(9,9-dihexylfluorenyl-2,7-
diyl) (PFH),[49,52] results in a less effective sorting of the s-SWNTs, due to lack of the 
“zipping” mechanism. Adding an amine group to the end of the alkyl side chains 
degrades the preferential selection, favouring the presence of m-SWNTs in the final 
dispersions.[32] On the other hand, adding an ammonium ion at the end of side chains, 
such as in poly[(N,N,N-trimethylammonium)-propyl]-(2,7-fluorene dibromide) 
(PFAB), the polymer-SWNTs dispersion in water is promoted.[32] 

Fluorene-based copolymers have also attracted great interest for sorting SWNTs. In 
general, the fluorene-based copolymers show selectivity towards HiPCO carbon 
nanotubes with larger diameter. For example, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-
co-(1,4-benzo-2,1’,3-thiadiazole)] (PFO-BT) was reported to be selective towards 
SWNTs with diameter ~1.05 nm.[49] Poly(9,9-didodecylfluorene-2,7-diyl-alt-
anthracene-1,5-diyl) (PF12-A) shows selectivity to nanotubes with larger diameter, and 
it is claimed that this large diameter selectivity is due to the anthracene unit.[53] In 
contrast to other fluorene copolymers, poly(9,9-dioctylfluorenyl-2,7-diyl and 
bipyridine) (PFO-BPy) can extract almost single chirality small diameter nanotubes 
(97% of (6,5)-SWNTs) using p-xylene as solvent.[54] This result opened the opportunity 
for extracting single chirality s-SWNTs using polymer wrapping. 

A degradable PFO copolymer, poly[(9,9-dioctylfluorenyl-2,7-diyl)-alt-co-1,1,2,2-
tetramethyldisilane] with selectivity for SWNTs with a diameter range from 1 to 1.2 nm 
and large chiral angles was presented by Wang et al.[55] This copolymer presents 
disilane groups, which are degradable under hydrofluoric acid (HF). The possibility of 
removing the polymer wrapped around the SWNTs is very attractive for device 
applications. However, purity is not yet satisfactory for these kind of applications. 
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Modified in the side chains

PFO[49,51] PFH[49,50] PF12[52]

PFDMA[32] PFAB[32]

Modified in the backbone

PF12-A[53] PFO-disilane[55] PFO-BPy[54]

PFO-P[49,50] PFO-BT[49,50]

Block co-polymer

porphyin:fluorene [57] F10:F5[56]

PFO-b-DNA[60]

other polymers

P3DDT[62] polycarbazole[61]  
Figure 1.7 Structure of the polymers that have been demonstrated to sort selectively s-SWNTs in terms of 

diameter or chiral angle. 
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Block copolymers have also attracted interest for nanotube separation. Ozawa et 
al.[56] reported the design of chiral block-copolymer. Solutions of SWNTs from 
polydisperse to near monodisperse, containing different chiralities and diameters, can 
be obtained by tuning the ratio of the blocks of the polymer decylfluoreneand9,9-
bis[(S)-(+)-2-methylbutyl]fluorene (F10:F5). Another block-polymer, porphyin-
octofluorene shows similar selectivity to PFO with the exception of its ability to select 
the (9,5) nanotubes.[57] 

As mentioned earlier, single-stranded DNA (ss-DNA) has been explored very early 
for the separation of SWNTs because of its structural features.[34,58] A recent study by 
M. Zheng et al. showed that ss-DNA has great selectivity for single chirality 
nanotubes.[59] Recently, we reported different utilization of DNA in combination with 
PFO. In order to exploit the potential of PFO in recognizing semiconducting carbon 
nanotubes, with the addressability of DNA, a DNA block copolymer (PFO-b-DNA) was 
synthetized.[60] This block co-polymer, which is soluble in water shows selectivity 
similar to the one obtained from PFO in toluene solution, which indicates that the 
wrapping process is dominated by the PFO part; this was also confirmed by molecular 
dynamics simulations. After the successful separation of semiconducting SWNTs, the 
pairing of the single strand DNA sequence was used to self-assemble the nanotubes in 
device structures, by using thiol-functionalized single stranded DNA (c-DNA) attached 
to the transistor source-drain electrodes to address the self-assembly of the SWNTs. 

Several polymers without fluorene units have also been reported to show selectivity 
towards SWNTs. Polycarbazoles show selectivity complementary to that of 
polyfluorene, i.e., they can extract s-SWNTs with low chiral angles.[61] A very recent 
report from Bao et al. demonstrates that polythiophenes with long alkyl side chains can 
also act as efficient nanotube dispersant.[62] The best polythiophene derivative they 
reported is regioregular poly(3-dodecylthiophene) (rr-P3DDT). 

1.5 Polymer-wrapped SWNTs for device applications 

As already mentioned in the previous section, the importance of obtaining highly 
pure semiconducting nanotubes is determined not only by the need to have isolated 
SWNTs to study their physical properties but also by their possible application in 
electronic devices. One of the main attraction of carbon nanotubes is the ballistic 
transport and the consequent very high mobility along the tubes.[63] The bandgap of 
semiconducting SWNTs makes them superior to other competing materials (i.e. 
graphene, that is a semimetal) for transistor and solar cell applications. The electrical 
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properties of carbon nanotubes have been extensively explored since the 
demonstration of the first single carbon nanotube field-effect transistors (SWNT-FETs) 
which showed excellent performances with a hole mobility of 20 cm2/V·s and 105 

on/off ratio.[3] 

1.5.1 Basic operation of SWNT-FET 

SWNT-FETs were first demonstrated in 1998 by Dekker et al.[64] In SWNT-FETs, a 
single-SWNT[64] or network of SWNTs [65] are used to connect two metal contacts, 
namely source and drain electrodes. A third electrode called the gate electrode, 
separated from the active channel by an insulating layer, is used to modulate the 
carrier concentration in the semiconductor layer by applying a bias voltage. By varying 
the voltage on the gate electrode, accumulation or depletion of charge carriers can be 
formed in the semiconductor layer close to the semiconductor/insulator interface.[66] 
The schematic structure of a SWNT-FET is illustrated in Figure 1.8a.  

Carbon nanotubes are intrinsic semiconductors and therefore they should exhibit 
ambipolar properties, i.e. equivalent hole and electron currents depending on the sign 
of the gate bias, due to the fact that the Fermi level of the nanotubes lies in the middle 
of their band-gap. When the SWNTs and the metal electrode are in contact, a band-
bending occurs at the metal-SWNT junction, creating a Schottky Barrier (SB).[67] The 
height of this barrier determines the hole and electron injection from metal to SWNT, 
and greatly depends on the line-up of the metal Fermi level with the valence- or 
conduction-band of the SWNT; for example, the injection barrier between TiC and 
SWNT is similar for both electron and hole, leading to ambipolar transport in the 
device;[68] while the Pd forms a huge injection barrier for electrons, making the device 
exhibit unipolar transport (Figure 1.8b).[69] Carrier tunneling through this SB is the 
main mechanism for the current flow in SWNT-FETs.[70] 

When a fixed negative source-drain voltage (VDS) is applied, a small off-state 
current can take place at a gate voltage of 0 V as a result of the high SB height for both 
electrons and holes. In this condition there is a balanced parasitic current due to the 
thermionic emission of both carriers (Figure 1.8d). By applying a negative gate bias, the 
Fermi level of the SWNT increases, resulting in holes accumulation at the 
semiconductor-gate dielectric interface. This mechanism leads to increase of the band 
bending at the source/SWNT interface, consequently reducing the SB width for the 
hole and increasing the probability of the hole tunneling, with a hole current flow 
between the two electrodes (Figure 1.8c).[67,71] The SB may be significantly thinned at 
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Figure 1.8 (a) Schematic of a SWNT-network FET. (b) Band alignment of SWNT in junction with different 

metal electrode. (c) A Schottky barrier is formed at the metal/SWNT interface at negative bias VDS and VG < 0, 
where holes are injected from the source electrode; (d) VG = 0, where both electrons and holes are blocked by 
the Schottky barrier; (e) and VG > 0, where electrons are injected from drain electrode. (f) Typical output and 

(g) transfer characteristics of an ambipolar SWNT-FET. 

larger gate bias, resulting in higher hole current. The application of a positive gate 
voltage generates an electron injection, analogous to a hole current (Figure 1.8e). 
Figure 1.8f shows the output characteristics, namely the drain current vs. drain bias at 
several fixed gate voltages. When the drain voltage is much smaller than the gate bias, 
the current depends linearly on both gate and drain bias. The current saturates when 
the drain bias is larger than the gate bias. Figure 1.8g shows an example of transfer 
characteristics of an ambipolar SWNT-FET. The drain current is measured as a 
function of the gate bias at a definite drain bias. The gate voltage at which the 
transistor starts to conduct holes/electrons current is called threshold voltage (VTH). 
The threshold voltage is mainly determined by the work function of the gate electrode, 
by the doping concentration of the semiconductor, and by the interface dipole and 
surface states at the semiconductor-insulator interface. 
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contact resistance will increase. Recently, it was reported by IBM that a very short 
channel SWNT transistor (~60 nm) with sub 10 nm contact length could be made 
ohmic by using molybdenum as the contact, making it comparable to silicon based 
transistors.[76] 

The protocols used for SWNT device fabrication can be generally placed in two 
categories. In the first category, s-SWNTs are grown on a substrate by either catalytic 
chemical vapor deposition (CVD) at high temperature (~900 °C) or using plasma 
enhanced CVD at low temperature (~450 °C), then the electrodes are patterned by 
electron beam lithography.[2,77–80] In the second category, pristine s-SWNTs are 
dispersed in aqueous or organic solutions and then deposited by cheap solution-based 
methods on the substrate with pre-patterned electrodes to form random networks of 
nanotubes.[81–84] This process scheme allows for large area device preparation, which is 
certainly more suitable for further device integration and low cost electronics.  

However, many of the device characteristics show low on/off ratio, especially in the 
short channel length devices, due to the presence of residual metallic tubes in solution. 
Figure 1.9 compares to date device performances obtained with SWNTs purified by 
different post treatment techniques. At this stage, polymer-wrapped semiconducting 
carbon nanotubes are one of the most promising candidates for high performance 
solution-processed field-effect transistors.[85] So far, there have been a couple of 
reports on the preparation of s-SWNT dispersions by using conjugated polymers to 
make electronic devices. Lee et al.[62] prepared a s-SWNTs dispersion with regioregular 
poly(3-dodecylthiophene) (rr-P3DDT) and obtained FET devices with mobility as high 
as 12 cm2/V·s and 106 on/off ratio. Currently, the transistors fabricated utilizing this 
SWNT/polymer solutions can achieve mobility as high as 50 cm2/V·s[86] and on/off 
ratio as high as 108.[87] 

It also appears that the removal of the free polymer is essential to achieve high 
performing devices. The residual polymer, which does not wrap nanotubes and is 
deposited together with the random network of nanotubes in the transistor channel, 
hampers the electronic transport, resulting in low carrier mobility. Izard et al. 
performed multiple filtration and iterated rinsing to remove the residual polymer.[85] 
Bindl et al.[88,89] presented a method with multiple centrifugation steps to remove 
excess polymer from the s-SWNTs solution. Bisri et al. utilized a double step 
ultracentrifugation to enrich the semiconducting CoMoCAT nanotubes and remove the 
residual polymers.[90] Compared to the previous centrifugation method, this double 
step ultracentrifugation technique provides a new approach to obtain high purity 
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Lobez et al. recently described a novel strategy for the directed self-assembly of the 
SWNTs by wrapping them with polymers functionalized by phosphate ion and thiol 
groups in the side-chain of polythiophenes (Figure 1.10b).[101] In the first case, the 
SWNTs are assembled to the substrate by electrostatic forces, while in the second case, 
specific gold-thiol interactions are involved. These kind of methodologies seem very 
promising for the selective deposition of SWNT/polymer hybrids onto patterned 
surfaces, especially for device applications. Nevertheless, the real translation of such 
selective deposition toward high performance transistor devices has yet to be realized. 

FET:98%

(a) (b)

Electrostatic
Self-Assembly

Metal-Ligand
Self-Assembly

 
Figure 1.10 (a) Schematic of s-SWNT selection by PFO-b-DNA and its direct deposition to gold electrode by 

complementary DNA .[60] (b) Side chain functionalized polythiophenes used for directed self-assembly of 
SWNTs on specific surface.[101] 

1.5.3 Polymer-wrapped SWNTs for solar cell application 

Another interesting application that was recently demonstrated for polymer 
wrapped carbon nanotubes is the one in photovoltaic devices. Nowadays, solar cells are 
mostly based on single- and multi-crystalline Si, which exhibit power conversion 
efficiency (PCE) up to ~25%. However, due to the complex production techniques and 
high fabrication costs, many alternatives are currently being investigated. One of the 
prime choices to produce efficient and low-cost devices are solution-processed organic 
materials.[102] The highest PCE in organic solar cells has reached 11.1% so far.[103] The 
limited carrier mobility and narrow absorption spectra in the visible range of the 
prevalent fullerene-based acceptor materials can be considered one of the limiting 
factors. The high charge mobility of s-SWNTs makes them interesting candidates to be 
implemented in this class of solar cells.[104] 
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(a) (b)

 
Figure 1.11 Type II heterojunction formed by P3HT wrapped s-SWNTs (a)[105] and s-SWNTs/PCBM (b).[89] 

SWNTs have been adopted as acceptors in the early reports of organic photovoltaics 
in replacement of PCBM. Performance improvements were expected considering the 
higher mobility and the long aspect ratio of the s-SWNTs with respect to fullerenes. 
Nevertheless, the formation of a type II heterojunction has not been certainly verified 
in these systems even if many photophysical and electrical experiments were 
conducted to confirm the possibility of charge extraction from polymer to 
nanotubes.[105–107] By wrapping the s-SWNTs walls with P3HT as illustrated in Figure 
1.11a, two main advantages are obtained: preventing the nanotubes aggregation and 
increasing the charge extraction.[105] A PCE of 0.72% with internal quantum efficiency 
up to 26% was reported for solar cells using P3HT and SWNTs as active layer.[108] 
However, the PCEs for these devices are still much lower than those obtained for 
optimized P3HT/PCBM cells (~6.5%).[109]  

An interesting property of s-SWNTs is that they can act as either donors or as 
acceptors depending on the material that it is combined with. When they are combined 
with C60 or PCBM, they act as donors as illustrated in Figure 1.11b. Ramuz et al. 
reported 0.46% PCE using a P3DDT-SWNT/C60 heterojunction.[110] In this work, a very 
thin layer (<5 nm) of s-SWNTs was used due to short exciton diffusion length. Bindl et 
al. carried out a detailed study in a planar bilayer heterojunction solar cell and found 
that the exciton diffusion length in SWNTs film is limited to ~5–10 nm due to poor 
inter-nanotube coupling.[111] Therefore, by modifying the device structure and 
morphology, an improvement of device performances can be achieved. Bulk 
heterojunctions of SWNT/PCBM are expected to improve the charge separation 
efficiency, and overcome the inter-nanotube charge carrier diffusion problem. Bindl et 
al. investigated and reported a solar cell with this structure, demonstrating peak 
external quantum efficiency up to 18% in the infrared region, and near infrared (NIR) 
power conversion efficiencies of more than 1.3%.[4] By incorporating a s-SWNT aerogel 
in a bulk heterojunction solar cell, the group of Arnold was able to optimize the solar 
cell performances with a power conversion efficiency of 1.7%.[112] This efficiency 
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and NIR range. A double-grating monochromator is used to select a single wavelength 
beam from the lamp spectrum. The monochromatic light is then shone through the 
sample, and the transmission is recorded by a photomultiplier tube (PMT), which 
works in the ultraviolet and visible regions, and by an InGaAs and a cooled PbS 
detector for the near-infrared region. 

1.6.2 Photoluminescence spectroscopy 

Photoluminescence (PL) measurements were conducted by exciting the samples 
with a pulsed laser. A solid-state, frequency-doubled Nd:Vanadate (Nd:YVO4) laser, 
providing single-frequency green (532 nm) output at a power of 5-5.5 Watts was used 
as a main light source for pumping a Kerr mode-locked Ti:Sapphire laser, resulting in a 
laser emission tunable in the range ~720-980 nm, with pulses of 150 fs width and 
repetition frequency of ~76 MHz. The second harmonic of the laser (~360-490 nm) 
was obtained by coupling the mode-locked laser into a nonlinear LBO crystal. 

SWNT samples were generally excited at wavelengths between 760 and 800 nm, 
while the polymers were excited at 380-400 nm. Steady state photoluminescence 
spectra were recorded in transmission mode by a Si-CCD from Hamamatsu (in the 
visible range) and an InGaAs photodetector array from Andor (in the IR range), while 
the time-resolved PL measurements were recorded by streak cameras with either a 
visible- or an NIR-sensitive photocathode (Hamamatsu Photonics) working in 
synchroscan mode (time resolution ~2 ps). All the PL spectra were corrected for the 
spectral response of the setup, and all measurements were carried out in solution 
contained in 2 mm quartz cuvettes and at room temperature. 

1.6.3 Electrical measurements 

The electrical measurements were recorded using a probe station connected to a 
semiconductor parameter analyzer (Agilent E5262A or Agilent E5270B). The output 
characteristics were generated by scanning source-drain voltage from 0 V to ± 60 V 
with 1 V increment, and the gate voltage from 0 V to 50 V with 10 V steps. The transfer 
characteristics were generated by scanning the gate voltage from ± 20 V to �Ø 50 V with 
increment of 1 V, and source-drain voltage from ± 2 V to ± 20 V with 3V or 5V steps. 
All device measurements were performed inside a dry nitrogen glovebox at room 
temperature. 
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1.7 Outline of the thesis 

This thesis focuses on studying the selection of SWNTs by exploiting the polymer 
wrapping method and its interaction mechanisms. The physical properties of the 
polymer-wrapped SWNT are investigated by optical spectroscopy and by transport 
measurements in field-effect transistor configuration.  

Chapter 2 discusses the effect of the solvent on the optical properties of SWNTs. 
Various organic solvents were used to study the solvatochromic shift of the SWNT 
photoluminescence emission as a function of the dielectric constant of the solvents. We 
found that an increase of the dielectric constant results in a red-shift of the PL peak 
and in a lower photoluminescence intensity. The homogeneity of the 
photoluminescence lifetimes shows that the semiconducting SWNT dispersions are 
stable and the nanotubes remain individualized in most organic solvents. 

In chapter 3, we investigate the importance of the temperature in the SWNTs 
selection process using polythiophene with dodecyl alkyl side chains. A comprehensive 
study about the temperature effect was carried out by varying the temperature before, 
during, and after the sonication process. We show that the polythiophene-wrapped 
SWNTs tend to form small clusters in the dispersion, which can be eliminated by 
increasing the temperature of the system after the selection processes. The pre-heating 
of the polymer solution before the sonication process is also found to be important in 
avoiding the formation of carbon nanotube clusters. Furthermore, we demonstrated 
that in order to obtain the highest concentration of SWNTs in dispersion, a precise 
temperature during the sonication, i.e. between 10 °C and 20 °C, is required. 

Chapter 4 is devoted to investigate the impact of the length of the alkyl side chains 
of the conjugated polymer in the SWNT-polymer interaction. We show that SWNTs of 
different diameters can be selected by tuning the length of the alkyl side chains of the 
polymer; i.e., an increase of the alkyl side chain length of the polymer results in the 
selection of s-SWNTs in a wider diameter range (0.8-1.6 nm). With this strategy the 
efficient selection of large diameter tubes by polymer wrapping method was reported 
for the first time. The interaction mechanism of the polymer with long alkyl side chains 
was studied by performing molecular dynamics simulations, confirming the 
importance of the van der Waals interaction between the alkyl side chains and SWNTs 
in promoting the separation of large diameter SWNTs. Field effect transistors were 
fabricated with the large diameter SWNTs showing mobility higher than 14 cm2/V·s 
with ion-gel gating. 
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In Chapter 5, new types of polymers from the polyazine and polyazomethine 
families are introduced for selecting s-SWNT. These polymers contain thiophene rings 
with didodecyl alkyl side chains as the main structure, and contain heteroatoms with 
coordinative properties, nitrogen atoms, in their backbone. The dissimilarities in 
mechanical flexibility between the polyazine and polyazomethine backbones generate 
different interaction between the polymer chains and different SWNT species. 
Polyazomethines have stronger adsorption into the SWNT wall, resulting in a higher 
extraction yield of the SWNTs. FET fabricated by using this dispersion shows high 
mobility (33 cm2/V·s) owing to the high SWNT concentration in the solutions. This 
evidence opens the path to new tailored polymers with direct coordinative atoms to 
improve the extraction yield for large-scale separation of s-SWNTs. 

Finally, in Chapter 6, we show the selection of s-SWNTs by employing 
polyfluorenes with side chains containing thiol groups. The thiol functionalization is 
aimed at promoting the direct self-assembly of SWNTs on gold electrodes. We 
demonstrate that the incorporation of thiol groups at the side chains of the polymer 
disrupts the selection of semiconducting tubes with an increase of the metallic 
population. The metallic SWNT content can be minimized by adjusting the thiol 
content in the polymer. Polyfluorene derivatives with 5% functionalization of the alkyl 
side chains give rise to high purity s-SWNT solutions. Field-effect transistors fabricated 
by direct self-assembly of the SWNTs-wrapped with the functionalized polymer on gold 
patterns show superior performances (mobility up to 1.6 cm2/V·s) with 3 orders of 
magnitude higher on-current compared to transistors fabricated with SWNTs wrapped 
with non-thiol functionalized polymers. 
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