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Chapter 1

Introduction
This chapter provides a brief overview of the physical properties of single-walled
carbon nanotubes (SWNTs), of the methods for sorting semiconducting nanotubes
and of their application in electronics. The use of SWNTs to create nano-hybrid
systems will be discussed. Moreover, the experimental techniques used in this
thesis will be briefly introduced and finally, the scope and the outline of this thesis
will be described.

Physics of one-dimensional hybrids based on carbon nanotubes

1.1 Background
Carbon nanotubes, especially single-walled carbon nanotubes, have been termed
“materials of the 21st century”. It is commonly stated that carbon nanotubes were
firstly discovered in 1991 [1] while the discovery of single-walled carbon nanotubes
(SWNTs) was in 1993 [2] by Sumio Iijima. This quasi-one-dimensional material has
attracted tremendous scientific interest and has become one of the most popular
objects in physics and material science over the last two decades.
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Figure 1.1 The wrapping vector of graphene sheet defines the structure (chirality and diameter) of
carbon nanotubes. The red lines indicate which are the rolling directions for zigzag and armchair
tubes.

A carbon nanotube can be pictured as a graphene sheet rolled into a cylinder with
diameter in the range of 0.4 nm to 3 nm. [3, 4] The starting and ending lattice points
dictate both the diameter and chirality of the SWNT. The (n, m) nanotube naming
scheme can be thought as a vector Ch (Ch=na1+ma2) in an infinite graphene sheet
that describes how to "roll up" the sheet to obtain the nanotube. a1 and a2 are the
unit vectors of the graphene layer in real space. SWNTs can be either symmetric
(zigzag and armchair (see red lines in Figure 1.1) or chiral. The chiral angle is in
the range of 0° to 30° and diameters are given by d = (a0/π)(n2 + m2 + nm)1/2,
where a0 is the length of the graphene primitive vector.
With the development of several techniques to produce carbon nanotubes, this
material has become nowadays commercially available. State of the art techniques
for the synthesis of SWNTs include arc discharge (AD), pulsed laser vaporization
(PLV), high pressure carbon monoxide (HiPCO) synthesis, and chemical vapor
deposition with Cobalt and Molybdenum oxide as catalyst (CoMoCAT). Generally,
SWNTs produced with different techniques show different diameter distribution
2
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Chapter 1
(CoMoCAT SWNTs: 0.7-1.2 nm; HiPCO SWNTs: 0.8-1.2 nm; PLV SWNTs: 11.4 nm; AD SWNTs: 1.2-1.4 nm).

1.2 Electronic properties of SWNTs
1.2.1 Band structure of SWNTs

π*

π

Figure 1.2 The band structure (top) and Brillouin zone (bottom) of graphene. The red parallel lines
correspond to a set of discrete energy subbands for carbon nanotube. [5]

The electronic structure of carbon nanotubes is usually described on the basis of
the band structure of graphene. Figure 1.2 shows the band structure (top) and
Brillouin zone (bottom) of graphene. The valence band ( π -character) and the
conduction band ( π *-character) touch at six points that lie at the Fermi energy, but
only two of these points are inequivalent (the K and K' points). In the case of
SWNTs, the quantization of the circumferential momentum leads to the formation
of a set of discrete energy sub-bands for each nanotube (see red parallel lines in
Figure 1.2). The relation of these lines to the band structure of graphene determines
the electronic structure of the nanotube. If the lines pass through the K or K' points,
the nanotube is a metal: if they do not (as in Figure 1.2), the nanotube is a
semiconductor. More simply, the electronic structure can be deduced from the
chiral indices by a relation following which nanotubes possessing chiral indices
satisfying (n-m)=3q (q integer) are metallic or semimetallic while all the others are
semiconducting.
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Physics of one-dimensional hybrids based on carbon nanotubes
1.2.2 Density of states of SWNTs
Figure 1.3 shows the density of states (DOS) of two types of carbon nanotubes.
The DOS display sharp peaks which are called van Hove singularities, and are due
to the one dimensional confinement of the electrons. The first and second transition
for semiconducting SWNTs are abbreviated as Ejjs (E11s, E22s etc.), respectively
(Figure 1.3 (a)). The transition energy can be described by the equation:

E sjj = 2 jac −cγ 0 / d t
where j is the index denoting the transition, ac-c is the nearest neighbor C-C distance,
γ0 is the nearest neighbor interaction energy and dt is the nanotube diameter. [6]
However, more accurate calculations of the band energy also depend on the
structure of carbon nanotube. Corrections are partially due to the curvature effect.
In fact, perpendicular polarized optical transitions assigned to, for example, E12 (or
E21) are also possible. These transitions are generally weak and are observed for
light polarized perpendicular to the tube axis. [7, 8] The first transitions in metallic
nanotubes are also reported in Figure 1.3 (b).

DOS (a.u)

(13, 3) SWNT

E22S

(a)

(13,10) SWNT

(b)

E11M

E11S

Energy

Energy

Figure 1.3 Diagram showing energy versus density of state in SWNTs. The optical transitions
associated from the van Hove singularities are indicated for semiconducting (a) and metallic tubes
(b).

The band structure of carbon nanotubes with different (n, m) indexes together with
an empirical plot describing the relationship between the nanotube diameter and its
band gap energies known as “Kataura plot” was reported. [9] Figure 1.4 shows the
updated version of the “Kataura plot” obtained recently by S. Maruyama. The
Kataura plot is very useful because it allows to estimate the diameter distribution of
a SWNT sample by measuring the energy of the absorption peaks.
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Figure 1.4 Kataura plots (http://www.photon.t.u-tokyo.ac.jp/~maruyama/index.html).

1.3 Optical properties of SWNTs
In principle, the structure of an individual SWNT in an ensemble can be recognized
with the aid of absorption spectroscopy. However, early optical studies of carbon
nanotubes were obstructed because of their tendency to aggregate. SWNTs have a
natural tendency to form bundles as soon as they are synthesized. In bundles their
absorption spectrum exhibits severe inhomogeneous broadening as the result of
mixing between the energy states of different nanotube structures. Fluorescence
could not be observed from nanotube bundles because photoexcited carriers relax
along efficient nonradiative channels provided by the metallic SWNTs present in
the bundle. Only in 2002, almost one decade after the discovery of SWNTs,
O’Connell et al. reported the first photoluminescence spectra from SWNTs
dispersed with sodium dodecyl sulfonate (SDS) in water. [10] After this first report
many methods have been developed to separate SWNT bundles. All these methods
includes mainly two steps: sonication to break the bundles and centrifugation (or
ultracentrifugation), to separate individualized nanotubes from remaining bundles.
More details about some of the techniques used will be given in the following.
Figure 1.5 (a) shows the absorption and photoluminescence spectra of the SWNTs
dispersed with SDS in D2O as reported in the paper of O’Connell. [10] The
schematic explanation of the origin of absorption and fluorescence in an individual
SWNT is also reported in the same figure (b). [11] These first results provided a

5
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simple and practical spectroscopic route to enlighten the detailed composition of
nanotube samples.
Wavelength (nm)

(b)

(a)

Frequency (cm-1)

Figure 1.5 Absorption and photoluminescence spectra of SWNT dispersion in D2O with SDS (a);
Schematic density of electronic states for a single nanotube structure. Solid arrows depict the optical
excitation and emission transitions for semiconducting SWNTs (b). [ 10, 11]

Before these seminal experiments the optical spectra of carbon nanotubes were
explained by a simple free electron picture of a SWNT excited state as shown in
Figure 1.5 (b). However, this model failed to describe accurately many
experimental observations. [12] The model does not consider electron-electron and
electron-phonon interactions which have strong influence on the physics
underlying the properties of one-dimensional systems.

6
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Figure 1.6 Schematic presentation of the excitonic nature of SWNT excitation. The DOS of a SWNT
(top) showing the two-photon excitation (black arrows) and fluorescence (red arrow) in the excitonic
picture; PL excitation spectra of SWNTs with two-photon excitation energy (black circle) and
fluorescence emission energy (red line) corresponding to (9,1), (8,3) (6,5) and (7,5) tubes (bottom).[13]

The first experimental proof of the excitonic nature of SWNTs excitations was
obtained by using two photon spectroscopy. [13] Two photon transitions obey
distinct selection rules from those governing linear excitation processes. A
Rydberg series of exciton states, analogous to the hydrogen atom excited states can
be found in SWNTs. The even states are denoted as 1s, 2s, 3s and so on, and the
odd wave functions are labeled as 2p, 3p and so on. [14] Because of the weak spinorbit coupling in SWNTs, all optically active excitons are singlet. One-photon
excitation requires the final and initial states to exhibit opposite symmetry. In
contrast, a two-photon transition is allowed only when the final state has the same
parity as the initial state. Thus, one-photon transition access the lowest lying 1s
exciton while the two-photon transitions access only the excited states of the
exciton (2p state). Figure 1.6 (top panel) shows the excitonic levels for SWNTs in
the case the excitonic model will be true. The excited exciton state (2p) can be
populated by two-photon excitation, then relax to the 1s exciton and only then
recombine radiatively. The experimental results in Figure 1.6 (lower panel) report
the emission energy of the SWNT sample vs the energy of the two-photon
excitation. The divergence of the experimental emission peaks from the red line in
the figure indicates unambiguously the excitonic nature of the photoexcitations in
SWNTs.
7
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After this first report many spectroscopic techniques have been used on the
study of the excitonic properties of SWNTs. Steady-state spectroscopy including
absorption (Abs), photoluminescence (PL), photoluminescence excitation (PLE)
can provide information for the identification of SWNT species in an ensemble and
to determine the nanotube quality. It should also be noticed that the optical
transition energy of SWNTs are not invariable in different environments and the
shifts are related to the dielectric constant of the environment, which is also an
indication of the excitonic nature of the photoexcitations in SWNTs.
(a)

Continuum

Continuum

EBind

EBGR

Exciton

Ground state

(b)

ESP

EPL

EBind

ΔEPL
ESP

EBGR

Exciton

EPL

Figure 1.7 Energy diagram of the continuum state and the bright excitonic state of SWNT in the
media with low dielectric constant (a) and high dielectric constant (b). [15]

The optical transition energies of individual SWNTs shift to lower energies
with increasing of the dielectric constant of the environments. Figure 1.7 shows the
energy diagram of the band gap renormalization and exciton binding energies of
SWNTs in a low dielectric constant (a) and a high dielectric constant (b) media. [15]
This diagram is derived by considering a single-particle Hamiltonian with twoparticle interaction terms representing the electron-electron and electron-hole
interactions. ESP represents the single-particle band gap. The electron-electron
repulsive energy is EBGR and Ebind is the exciton binding energy. The optical
transition energy (EPL) is then derived as EPL = ESP+ EBGR-EBind. The increase of
medium dielectric constant leads to a decrease of the electron repulsive energy
(EBGR) as well as of the exciton binding energy (EBind) due to screening effect.
However, the reduction compensates each other and induce a relatively small
change in EPL.
It should be pointed out that this model can only qualitatively describe the
energetic structure of SWNT, but fails to predict the relationship between the PL
energy and the dielectric constant of the media in few cases. Recently, there have
been also several attempts aiming to elucidate a scaling relationship between the
shift of EPL in different environments and the structural properties of nanotubes. [16,
17]
A semiempirical relationship that has been proposed is:
8
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∆E11= k (E11Vac)a Rb
where ∆E11 is the difference of optical transition energy in vacuum (E11Vac) and in a
medium (E11med) (∆E11=E11Vac-E11med), k is constant in a certain medium, a and b are
variables. However, the values of a, b are still a matter of debate in literature.
The photoluminescence efficiency of individual SWNT is generally dependent
on the structure of the nanotube. Recently, Tsyboulski et al. demonstrated the
difference in fluorescence quantum yields of SWNTs with different structure by
using single-nanotube photometry [18] which shows good agreement with the
calculated results from Oyama et al. [19] In general, smaller diameter SWNTs show
higher PL efficiency than larger diameter ones and type (ІІ) SWNTs (n-m=3q+2)
show higher efficiency than type (І) (n-m=3q+1) carbon nanotubes. However,
measured quantum efficiencies are very low, latest reports vary from less than 0.1
% to 20 %. [20]
Generally the low PL efficiency of SWNTs is attributed to the existence of
optically “dark” states below the first bright exciton. [21] Figure 1.8 shows a
schematic diagram of excitonic states and continuum bands of a semiconducting
SWNT. One-photon optically active (bright) excitons are denoted as E11S and E22S.
Dark exciton (DE) lies 40-100 meV below E11S state. Triplet excitonic states lie
below singlet states (bright and dark) and are considered less important in the
photophysics due to the weak spin-orbit coupling in SWNTs.

Continuum

E22S

~ 40 fs

Continuum
~ 50 fs
Singlet

E11S

40-100
meV

DE

~ 3 ps

Triplet
EAbs

EPL

~ 300 ps

Ground

Figure 1.8 Energy diagram and relaxation pathways for semiconducting SWNTs. [22, 23]
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The dynamics of SWNT excitons has also been accessed with several
spectroscopic techniques such as pump-probe spectroscopy [24, 25] and time-resolved
photoluminescence spectroscopy. [26] The pathways and the kinetics of the exciton
relaxation are summarized in Figure 1.8. In a semiconducting SWNT, the intraband
relaxation occurs in ~ 40 fs, followed by a relaxation into the bright exciton (E11S)
state (~ 50 fs). Photoluminescence from semiconducting SWNTs could then be
observed. However, the existence of dark exciton states is the bottleneck for the PL
emission and the relaxation into this dark excitonic state is considered to occur in a
few picoseconds. The reported results on the PL lifetime of dispersed SWNTs
show large variation that in the range between picoseconds and nanoseconds. At
this stage of the research, it is only possible to state that such variation is most
probably due to extrinsic effects, such as defects at the end of carbon nanotubes,
defects on the tube walls and the influence of the external dielectric constant, etc.
[27-29]

Raman Intensity

G

RBM
D

300

600 900 1200 1500 1800
-1
Raman Shift (cm )

Figure 1.9 Raman spectrum of a HiPCO SWNT.

One of the important parameters when working with carbon nanotubes and in
particular when manipulating them is their structural integrity. Raman spectroscopy
is the tool that is widely used for the study of the structure and optical properties of
SWNTs. Figure 1.9 shows a typical Raman spectrum of SWNT sample grown by
high-pressure CO synthesis (HiPCO). The important features of the carbon
nanotubes Raman spectra are distributed in different spectral regions. The first
spectral region of interest is the one at low energy, generally between 100 and 300
cm-1 where the radial breathing modes (RBMs) are observed. These modes
correspond to the expansion and contraction of the nanotube in radial direction.
The energy of the ωRBM depends on the nanotube diameter d (in nanometers) and
can be estimated as ωRBM = A/d + B, where A and B are both constants. [30, 31]
10

thesis_Gao-1.doc

Chapter 1
Consequently, the diameter distribution of a mixture SWNTs can be deduced
performing Raman measurements. The second range is located around 1600 cm-1,
exhibits the tangential modes called G-band, which corresponds to the planar
vibration of the carbon atoms. G modes display different line shapes depending on
the electronic characteristics of the nanotube, i.e., if they are metallic or
semiconducting. The profile of each G-band in semiconducting tubes is generally
narrow and symmetric, while the G- band of metallic nanotubes displays a broad
low-frequency mode. Moreover, the peak energy of the G-band changes upon
doping of the nanotubes. A positive (or negative) charge on the nanotube leads to a
strengthening (or softening) of the C-C bond and an upshift (or downshift) of Gband.
The spectral range around 1350 cm-1 present peaks called D modes, they are
present in all graphite-like carbon and originates from structural defects. [32] The
ratio of the intensity G/D modes is conventionally used to quantify the structural
quality of carbon nanotubes.

1.4 Methods for sorting semiconducting SWNTs
Due to the van der Waals forces SWNTs are produced in bundles and are not
soluble in water or common organic solvents. Great effort has been made in order
to obtain the dispersion of SWNTs in liquids and further to sort SWNTs with
uniform structure or electronic properties. Many small molecules and
macromolecules have been used for the separation of SWNTs. Those include
surfactants (SDS, SDBS, DOC sodium cholate), [33-35] polymers
(poly(vinylpyrrolidone) (PVP), poly(maleic acid/octyl vinyl ether) (PMAOVE) [36,
37]
and single-stranded DNA. [38] However, most of these dispersants show no
selectivity, which means all kinds of SWNTs in the raw sample are present in the
final dispersion. However, to achieve optimal performance in all conceivable
applications, SWNTs should be monodisperse with respect to their electronic type,
diameter and chirality.
Here we will discuss a few state of arts post-synthetic approaches for the
sorting of SWNTs by diameter or electronic properties including density gradient
ultracentrifugation (DGU), gel electrophoresis, chromatography (ion exchange
chromatography and gel chromatography) and conjugated polymer wrapping.

11
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Figure 1.10 SWNTs sorted by diameter following DGU. Smaller-diameter SWNTs settle at higher
points in the centrifuge tube and larger diameter and bundled SWNTs settle at progressively lower
points in the centrifuge tube (left). Optical absorbance spectra for different fractions (right). [39]

Figure 1.10 shows the effectiveness of sorting SWNTs by diameter using
density gradient ultracentrifugation (DGU). This technique is generally used for
purifying cells, viruses and subcellular particles in life sciences. In this method, a
density-gradient media is intentionally formed in the centrifuge tube commonly by
using the mixture of an aqueous solution of 60% (w/v) iodixanol and surfactant
solution, after which the SWNTs are loaded. During ultracentrifugation, SWNTs
sediment through the gradient until they reach their respective isopycnic points (the
point where the SWNT density matches the density of the gradient). The net result
is that the SWNTs will form layers in the centrifuge tube according to their
buoyant density, which depends on the diameter of SWNTs. [39] The separation of
metallic SWNTs and semiconducting species could also be achieved with this
technique by using co-surfactant mixture, which is attributed to inequivalent
binding of the two surfactants as a function of the SWNT electronic structure. [40]
Gel electrophoresis (GEP) has also proven to be an efficient method for SWNT
separation. Electrophoresis is a procedure which enables the sorting of molecules
based on size and charge. Using an electric field, nanometer scale objects can be
made to move through a matrix, e. g. gel. The nano-objects will move through the
matrix at different rates toward the anode if negatively charged or toward the
cathode if positively charged. The rate of the movement is determined largely by
their mass when the charge to mass ratio of all species is uniform. This technique is
very promising for bulk-scale separation according to electronic type. The
drawback of GEP is the purity of sorted semiconducting SWNTs that is generally <
95%. [41]
Ion-exchange chromatography (or ion chromatography) is a process that allows
the separation of ions and polar molecules based on their charge. It has been
recently used for the separation of SWNTs wrapped with single-stranded DNA.

12
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The mechanism can be explained by considering the electrostatic of the DNASWNT hybrid and its interaction with the charged substrate of the ion exchange
resin. [42] A recent study by X. Tu et al. shows that several major single-chirality
semiconducting SWNTs species can be separated from a synthetic mixture by
using DNA molecule with different sequence. [43] However, this DNA-SWNT
nano-hybrid is probably more valuable for biological study than for large scale
SWNT sorting due to the high cost of DNA molecules with specific sequence.

Metallic

(6,5)

(12,1)

Figure 1.11 Photographs of big amount of separated SWNTs via gel chromatography. [45]

Selective sorting semiconducting SWNTs can also be realized by gel
chromatography. [44] Very recently, Liu et al. [45] demonstrated a breakthrough in
obtaining single-chirality separation of single-walled carbon nanotubes by simple
gel chromatography with scale up to liters. Figure 1.11 shows the photograph of
the products obtained with this method. The only negative point of this technique is
the incapability of separating large diameter SWNTs, which are more preferred for
device application. However, this achievement is already a big breakthrough in the
carbon nanotube field and will certainly boost carbon nanotubes in industrial
application.
Another candidate for sorting SWNTs is through non-covalent interaction with
conjugated polymers. Among these polymers, polyfluorene homo- and copolymers show unique selectivity for a narrow distribution of semiconducting
species when dissolved in organic solvents. [46] More details about this sorting
methodology will be shown in Chapters 4 and 5 of this thesis.
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1.5 Application of SWNTs in electronic devices
Both metallic and semiconducting carbon nanotubes offer great possibilities for
electronic device applications.
Metallic carbon nanotubes can be incorporated as electrodes in an individual
device or as interconnects in large scale integrated systems. There have been
several reports on the preparation of metallic carbon nanotube networks in
optoelectronic applications and many protocols have been introduced including
self-assembly, spray, spin coating, layer-by-layer and Langmuir–Blodgett
deposition. [47] Devices with metallic carbon nanotube network as electrodes show
comparable performance to that with Indium Tin Oxide (ITO) as electrodes. [48]
Metallic carbon nanotubes can be a cheaper alternative to ITO for many
applications.
Semiconducting carbon nanotubes can be used as active element in field-effect
transistors.
1.5.1 Field-effect transistors
The basic structure of field-effect transistors (FETs) involves a channel made of
semiconductor, two electrodes: a source (S) and a drain (D), an insulating layer that
separates the channel and source and drain from a third electrode called gate (G).
The conductance of the semiconducting channel (between source and drain
electrodes) can be modulated by applying an electric field at the gate electrode.
Metal electrode

n+

gate
oxide
p-type substrate

n+

oxide
silicon
gategate

Figure 1.12 Schematic of a silicon MOSFET (left) and a carbon nanotube FET (right).

The schematic structures of a silicon Metal-Oxide-Semiconductor FET (MOSFET)
(left) and a SWNT transistor (right) are shown in Figure 1.12. The silicon
MOSFET consists of a p-type substrate with two heavily n doped regions that serve
as source and drain contacts. The substrate is capped with a double layer of SiO2
serving as dielectric and a conductive matter (heavily doped silicon or metal)
serving as gate electrode. Figure 1. 13 demonstrates the schematic of charges in the
FET channel region (Figure 1. 13 (a)-(c)). The source-to-drain path is blocked by a
14
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depletion layer between the p-type substrate and the contact region (n+ doped)
when there is no gate voltage. If a sufficiently positive voltage is applied to the gate,
a thin inversion layer of electrons forms below the gate oxide in the p-doped silicon
and connects the n+ doped reservoirs. At low source-to-drain bias (Vd), the
inversion layer is uniform and the current-voltage characteristics of the device
shows linear behaviour (Figure 1. 13 (a)). With the increase of Vd, the inversion
layer becomes thinner close to the drain contact until ‘pinch-off’ (Figure 1. 13 (b)).
Further increase of Vd moves the pinch-off point toward the source (Figure 1. 13
(c)) and the source-to-drain current remains unchanged. The general output
characteristics of a MOSFET is shown in Figure 1. 13 (d). The dotted line marks
the onset of current saturation.

(a)

Vg >Vth

ground

gate
oxide

n+

inversion

Vg >Vth

(b)
Vd (small)

Vd=Vd, sat

ground

n+

n+

pinch-off

p

n+
p

3

Vg >Vth

(c)

(d)

n+

n+
p

Ids

2

Vd>Vd, sat

ground

1

0
0

2

4

6

8

Vds

Figure 1.13 Schematic of the charge in a MOSFET for different drain voltages. (a) Linear response
region; (b) Pinch-off; (c) Channel length modulation; (d) Current-voltage characteristics of MOSFET
at various gate voltages. The dot line marks the onset of saturation.

Semiconducting SWNTs, as a conventional semiconductor, can be used as
active material for the fabrication of FETs. Carbon nanotube field effect transistors
(CNFETs) were firstly demonstrated in 1998. [49] In this experiment, the
semiconducting nanotubes bridge two electrodes and define a conducting channel
between them (Figure 1.12 (right)). Modulation of the channel conduction and thus
FET action, was achieved by means of the gate voltage.

15
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1.5.1.1 Ambipolar Schottky CNFETs
Much of the difference between a MOSFET and a CNFET can be explain with the
presence of one-dimensional Schotty barriers at the contacts between the metal and
the semiconducting SWNTs. The role of the Schottky barrier (SB), which is a
potential barrier due to an energy mismatch of the carbon nanotube band relative to
the metal Fermi level, is central to the discussion because it limits carrier injection.
The SB at the contact in CNFETs can be made thin enough to allow injection or
tunneling for either holes and electrons. Because of this, the device can be called
ambipolar Schottky CNFETs. .
Vds < 0 V

Vds < 0 V

h

S

S

Vg < 0 V

e
D

D

D
S

Vds < 0 V

Vg = 0 V

Vg > 0 V

Figure 1. 14 Schematic of the band structure of a Schottky barrier semiconducting SWNT in a FET
with a fixed negative source-drain voltage. With zero gate voltage (middle); with negative gate
voltages holes are injected from the source (left); with positive gate voltage electrons are injected
from the drain (right).

Figure 1. 14 shows how the application of different gate voltage (Vg) leads to the
injection of either holes or electrons along with a fixed negative source-drain
voltage (Vds). In the case of zero gate bias, the current from source to drain is
blocked by the Schottky barrier (Figure 1. 14 middle). In the p-type region, holes
are injected and start to accumulate in the tube when the gate voltage exceeds the
threshold voltage (Figure 1.14 left). The mechanism of electron injection and ntype behaviors is analogous to that in p-type region, but with a positive gate
voltage (Figure 1.14 right). The work function of the metal used as electrodes is
essential for the performance of Schottky CNFETs. Recent reports demonstrated
the possibilities to make unipolar CNFETs by using high work function metal as
Palladium [50] or to make balanced ambipolar CNFETs by using asymmetric
electrodes as Palladium for hole injection and Scandium for electron injection. [51]

1.5.1.2 Progress in CNFETs
The following table demonstrates the progress in carbon nanotube-based electrical
devices in the last few decades.
16
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Year Reference Description
1998
[49]
The first field effect transistor based on single-walled
carbon nanotubes.
2001
[52]
Ambipolar electrical transport in semiconducting SWNTs.
2002

[53]

Carbon nanotube as Schottky barrier transistors.

2003

[54]

Electrically induced optical emission from CNFETs.

2004

[55]

2005

[56]

2006

[57]

Field-effect mobility in semiconducting carbon nanotubes
reaches 79 000 cm2/V s.
Transparent and flexible carbon nanotube transistors with
mobility around 1 cm2/V s.
An integrated logic circuit on a single carbon nanotube.

2007

[58]

Application of carbon nanotube FETs in biosensors.

2008

[59]

Self-aligned SWNT network for FETs.

2009

[60]

2010

[61]

2011

[62]

The role of oxygen/water couple in suppressing electron
conduction in CNFETs.
Hysteresis-free operation of suspended carbon nanotube
transistors.
DNA block copolymer doing it all: from selectivity to selfassembly of semiconducting SWNTs.

Table 1.1 Progress in carbon nanotube-based electronic devices.

As we can see from this table, the field-effect mobility of CNFETs has proven to
be higher than that of silicon MOSFETs (79000 cm2/V s vs 1500 cm2/V s).
Integration of CNFETs into logic circuit and the application of CNFETs as sensors
or optoelectronic devices have also been achieved. It is predictable that this
fantastic material will further provide surprises in the foreseeable future.
1.5.2 Photovoltaic cell
Semiconducting single-walled carbon nanotube can also be used as active materials
in photovoltaic devices. [63, 64] This field has been barely developed, but the studies
by far show great promise. Dominick et al. [64] demonstrated recently a photovoltaic
cell with semiconducting nanotube/C60 heterojuction as active layer, showing an
external quantum efficiency (electron-hole pairs collected at the contact per
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incident photon) higher than 12% when the cell was excited in the near-infrared
spectral range. The power conversion efficiency of this device approaches 0.6%.

1.6 Carbon nanotube based nano-hybrids
The hollow space within SWNTs (so-called pods) can be used to accommodate
small molecules (so-called peas) creating new hybrid system. The first observation
of a carbon “peapod” composed by fullerenes inside SWNTs (C60@SWNT) was
demonstrated in 1998 [65] (see Figure 1.15). The first peapods were a by-product of
SWNTs produced by pulsed laser vaporization of graphite in the presence of metal
catalyst. Under these extreme reaction conditions, both fullerenes and SWNTs
were produced, and C60 penetrated into SWNTs forming a “peapod” structured
nano-hybrid. This first study demonstrated the possibility of encapsulating small
molecules into the hollow space of SWNTs and triggered many following studies
in the last decade on building new nano-hybrid system.
So far, there have been many reports on the encapsulation of various atoms and
molecules inside SWNTs including: fullerenes, fullerene derivatives, alkali metal
and metallocenes. [66-68] Experimental and theoretical investigations have shown
that the physicochemical properties of these new materials are strongly influenced
by their specific interactions and their confinement in the one-dimensional cavity.
[69-72]
Besides fullerene and its derivatives, complex organic molecules have also
been encapsulated in SWNTs and form new class of “peapods”. [73-76]

2 nm

Figure 1.15 A single-walled carbon nanotube containing a row of C60 molecules. [65]

1.6.1 Synthesis of peapods
The mechanism of molecular encapsulation can be generally described as
following: the SWNT interior commonly acts as potential well. When the
molecules have enough kinetic energy to move to the open end of SWNTs and
overcome the small barrier to entrance at the end, they enter into the hollow cavity
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of SWNTs and get trapped inside. Several methods for the synthesis of carbon
peapods have been developed including high temperature gas phase encapsulation,
[77, 78]
solution phase encapsulation, [79] ozone treatment [80] and by using
supercritical CO2. [81] It is obvious that the “matching” between the guest molecules
and the host SWNTs is the key issue to build up such nano-hybrids. If molecular
size is larger than the diameter of the carbon nanotube, no encapsulation can be
achieved. In the case of very small molecules and big-diameter SWNTs, the
interaction between the two components is weak and the molecules can easily
escape from the interior of SWNTs without overcoming any energetic barriers.
1.6.2 Properties of peapods
In highly confined system as peapods, the interaction between encapsulated
molecules and carbon nanotube alters the properties of both components. The
original peapods with C60 inside SWNTs show interesting structure depending on
the diameter of the SWNTs. As the nanotube diameter is increased, a transition of
C60 molecules phase was observed from a linear phase, to a zig-zag, followed by a
double-stranded helix, then a two molecule layer, which can be imaged as the
structure of several tennis balls accumulated in hard cylinders with different
diameters. [82] Chemical reactions inside a SWNT become possible in such hybrids
and turn out to be an efficient and controlled method for the fabrication of doublewalled carbon nanotubes. [83]
The mechanical and electronic properties of carbon nanotubes are also altered
by molecular encapsulation through dispersive interactions, charge-transfer, or
mechanical strain.

1.7 Experimental techniques
1.7.1 Absorption
Absorption spectroscopy refers to a spectroscopic technique in which is measured
the absorption of a radiation from a sample as a function of the energy (or
wavelength) of the radiation. The frequencies where the absorption occurs
primarily depend on the electronic configuration of the materials. This technique
provides qualitative and quantitative information about the electronic configuration
of the system under study. The relationship between the absorbance of the sample
and the intensity of light before (or after) passing through the sample can be
described by the Beer-Lambert Law:
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A = αl = log10 (

I0
)
I

Where A is the absorbance, α is the absorption coefficient, l is the light path length,
I0 is intensity of the light before passing through the sample and I is the intensity of
the light after passing through the sample.
1.7.2 Photoluminescence
Photoluminescence is a process in which the photons absorbed by the sample are
re-emitted at lower energy. It can be described as an excitation to a higher energy
state and then a return to a lower energy state accompanied by the emission of a
photon. Time-resolved photoluminescence is a method where the sample is excited
with a light pulse following the measurement of the dynamics of the decay. This
technique can provide the temporal information combined with spectral data that
can help determine the dynamics of the excitation involved in optical processes. In
this work, steady-state PL spectra was recorded with charge-coupled device (CCD),
silicon-CCD for the visible range and InGaAs one for the near-infrared range.
Time-resolved PL was recorded with Hamamatsu streak cameras, one with
photocathode sensitive in the visible range and the other in the near-infrared range.
The time resolution of our setup is ~3 ps in both visible and near-infrared spectral
region.
1.7.3 Raman
Raman spectroscopy is a spectroscopic technique used to study vibrational,
rotational, and other low-frequency modes in a system. The light (normally a laser
source) interacts with molecular vibrations, phonons or other excitations in the
material, resulting in the energy of the laser photons being shifted up or down. The
shift in energy gives information about the vibrational modes. In this thesis, Raman
spectra measurements were performed with an Invia Renishaw Raman
microspectrometer (50 objective) equipped with 488 nm and 633 nm laser sources.
1.7.4 Transmission electron microscopy
High-resolution transmission electron microscopy (HRTEM) is a microscopy
technique whereby a beam of electrons is transmitted through an ultra thin
specimen, interacting with the sample as it passes through. It provides information
on the structural properties of the sample. In this thesis, the measurement was
performed with an FEI Titan 80–300 high-resolution transmission electron
microscope equipped with a CEOS-designed hexapole-based aberration corrector
for the image-forming lens and the accelerating voltage was at 80 kV.
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1.7.5 Electrical Characterization
Current-voltage characteristics of the SWNT devices were recorded with a
Keithley 4200 semiconductor analyzer in a home-built probe station under high
vacuum (10-6 mbar) (or in air ambience) at room temperature.

1.8 Outline of the thesis
This thesis is focused on the study of nano-hybrids based on single-walled carbon
nanotubes (SWNTs) and organic molecules. Two different kinds of nano-hybrids
have been investigated. The first one belongs to the family of the “peapods” and
the second one are “polymer-wrapped SWNTs”. Peapods have organic molecules
encapsulated in SWNTs, they show unique structural and photophysical properties
that are very promising for future nano-optoelectronics device application (chapter
2, 3). In chapter 4 and 5 the properties of the polymer wrapped carbon nanotubes
and the experimental parameters governing the selective wrapping are investigated.
Moreover, in chapter 6, we present the fabrication of field effect transistors using
the semiconducting SWNTs selected by polymer wrapping.
Chapter 2 is devoted to the study of peapod with encapsulated α-sexithiophene
(6T) inside SWNTs (6T@SWNT), which was the first visible light-emitting
peapod reported. We reveal the endohedral position of the guest molecules by
Raman spectroscopy and high resolution transmission electron microscopy
(HRTEM). Surprisingly, these are not situated in a single array in the center of the
tube but are instead arranged in two lines along the sidewalls. Density functional
theory (DFT) including van der Waals interactions provides the maximal binding
energy for the molecules in cofacial arrangement. The hybrids show
photoluminescence in the visible range while a reduced lifetime of the excited state
is symptomatic of molecule – SWNT electronic interactions.
Chapter 3 focuses on a systematic study of the physical properties and
electronic interactions in a series of peapods where thiophene oligomers, namely,
α-quaterthiophene (4T), α-quinquethiophene (5T) and α-sexithiophene (6T), are
encapsulated in SWNTs. Each type of peapods shows a considerable
photoluminescence in the visible spectral range deriving from the limited electronic
interaction between the SWNTs and the oligothiophenes. DFT calculations confirm
this finding and show how the electronic structure of the hybrid depends on the
tube diameter and molecular length. The interaction is purely van der Waals like as
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the tube diameters are sufficiently large to perfectly accommodate the “pea”
molecules.
The next chapter is devoted to the selective sorting of SWNTs with
polyfluorene derivatives. We studied the photophysics of SWNT dispersions with
amine-functionalized
polyfluorene
(poly(9,9di-(N,Ndimethylaminopropylfluorenyl-2,7-diyl) (PFDMA)) and its ammonium salts
[(N,N,N-trimethylammonium)-propyl]-2,7-fluorene dibromide) (PFAB) in
different media. We found that the selectivity for SWNTs of PFDMA in toluene is
different from that of poly(9,9-di-n-octylfluorenyl-2,7-diyl) (PFO). With the aid of
high resolution time-resolved photoluminescence measurements, we also
evidenced the energy transfer from large energy gap nanotubes to smaller band gap
ones in SWNT bundles.
In chapter 5, we investigate the origin of the selective interaction of PFO and
SWNTs. By using a combined method of spectroscopic measurements and
molecular dynamics simulations, we conclude that the mechanism responsible for
the selectivity is the same found for the stabilization of the β-phase of polyfluorene.
The alkyl tails of neighboring polymer chains zip and align, through van der Waals
interactions, on similar zigzag motifs on the nanotube wall. The best coverage of
the nanotube wall is obtained when the zipped polymer chains adopt a helical
conformation, maximizing at the same time the π-π interactions between nanotube
and fluorene units and the network of octyl-octyl tails and the zigzag bonds on the
nanotube wall. The geometry that maximizes these attractive interactions for PFO
was calculated to be the (8,6) nanotube, in agreement with experiments.
In chapter 6, we present the fabrication of field-effect transistors with PFO
sorted semiconducting SWNTs. We report for ambipolar operation in solution
processed SWNT transistors. A simple and highly scalable method was
demonstrated for the preparation of semiconducting SWNT dispersion. We further
show the effects of air exposure on the performance of the transistors, with an
increase of the hole mobility increases with exposure to air, and a significant
decrease of the electron mobility.
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