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CHAPTER 1

INTRODUCTION

In this thesis I will study ultra-fast electronic dynamics in several archi-
tectures of Carbon Nanotubes, unaligned, vertically or horizontally aligned
Single Wall and Multi Wall. Charge transfer and linear and non-linear exci-
tonic interactions will be analyzed with time resolved optical techniques.
This thesis represents the initial step of a wide project whose ultimate goal is
to improve the efficiency of photovoltaic devices based on Single Wall Carbon
Nanotubes (SWCNT) or Multi Wall Carbon Nanotubes (MWCNT). In order
to address this aim, heterogeneous systems are considered, in which different
Carbon Nanotubes (CNT) architectures are combined with nanoparticles or
organic groups. Starting from the basic systems and adding in subsequent
steps the different components up to the complete devices, the project is to
study, for each step, the optical response.

The choice of CNT is motivated by the fact that in these last twenty
years the carbon based materials have been among the main actors of the
fundamental match played in the research field on the solar cells and sensor
devices. In particular the CNT have marked the expanding world of nano-
technologies.
CNT are tubular structures made by rolled-up graphene layers. The direction
along which the graphene foil is rolled defines the CNT chirality, i.e. the
rotational and translational symmetry characterizing the carbon tube, and
the diameter of the CNT.
The CNT can be SWCNT, with only one graphene layer rolled-up in a tube
of diameter ranging from 0.5 nm to 2 nm, or MWCNT which are composed
by a multiple-concentric tubes with an outside diameter from 2 nm to 150
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nm [1].
Some of the CNT principal properties can be resumed in the following points.

a The circumferential boundary conditions of the electronic wave vector
perpendicularly to the CNT long-axis create a peaked structures in
the electronic Density of States (DOS), i.e. the Van Hove Singulari-
ties (VHS). In the SWCNT these peaked structures are well separated
and SWCNT can be either semiconducting or metallic, depending on
their diameter and chirality. In the MWCNT, because of the larger
diameters, the VHS are energetically much more dense.

b The dynamics of the CNT excited carriers can be described by two
approaches. The first one interprets the optical transition in an un-
correlated, single particle model. The other one takes into account the
multiparticles correlations. The high Coulomb interaction, characteris-
tic of one-dimensional systems [2, 3] allows an excitonic description of
the CNT optical response.

c The CNT electrical conductivity [4] is closely connected with their
graphitic structure and with their one-dimensional nature. The re-
sult is a high current density that can be carried by these systems.
Moreover the CNT geometrical configuration enhances the current di-
rection control. Finally the one-dimensional character is also related to
a variety of exotic and intriguing phenomena, like Luttinger liquid and
superconductivity behavior, as shown by systems derived by CNT [5].

d CNT are extremely reactive carbon allotropes mainly because of two
characteristics: the tubular structure results in an increased π orbital
misalignment and the large specific surface area available for the reac-
tions with different functional groups [6].

e The mechanical properties, depending on the strong C=C double bonds
exhibit a the high strength and a large elastic modulus.

All these properties are principally connected to the unique CNT one-dimensional
character, which makes them extraordinary systems in order to address the
technological needs in improving the device performances.
In effect CNT can be employed in a large range of technological applications,
from sensor devices to energy storage and photovoltaic cells [4, 6].
In particular concerning the photovoltaic technology, the CNT are materials
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suitable to face several among the principal fundamental and technological
challanges at stake. These issues can be resumed in the following points:

1 enhancing the device absorbance and extending it to a larger range of
the visible frequencies,

2 avoiding the immediate recombination of the photo-excited
electron-holes pairs,

3 increasing the photoexcited carries transport to a collecting electrode.

Concerning the first one, the optical transitions between the VHS, in valence
and conduction bands, characterizing the CNT optical behavior, can increase
the absorbance selectively at visible and near infrared photon wavelengths.
Moreover in the excitonic description of the photo-excited SWCNT, recent
measurements have revealed Multiple Exciton Generation (MEG) effects cor-
responding to an increase of absorption in the violet region.
The second issue represents the most crucial challenge for the CNT-based
devices. In fact to address it, composite systems have to be considered, in
which the charge transfer between heterogeneous components can prevent
the electron-hole recombination. Several hybrid materials have been realized
with CNT as a crucial component, by exploiting their high chemical reac-
tivity. For examples hybrid materials as SWCNT-TiO2 revealed a doubled
value of the Incident Photon to Charge Carrier Efficiency (IPCE) compared
to the pure TiO2 [6]. In composite systems of MWCNT with nanoparticles
electron-donor groups the IPCE have been measured with very promising
results, opening the possibility of further improvements through a change of
the electron donor groups [7]. The researches around this hybrid compounds,
in which CNT are combined with organic and inorganic groups, is growing
[6].
Regarding the third issue, the SWCNT reveal outstanding electrical and ther-
mal conductivity [8], and in MWCNT systems the relevant number of shells
may promote multi-channel transport pathways, resulting in a further in-
crease of the electrical conductivity [9].
From this summary overview about the state of art on CNT, what emerges is
that these systems represent in general a challenge for the physical research
and the engineering perspectives.
In order to increase our knowledge on the CNT systems and to enhance their
technological application possibilities, a growing effort, in these last years,
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has been focused to the improve of chirality selectivity. This is justified by
the possibility of studying the CNT optical response under well controlled
electronic conditions and by the need of selecting semiconducting or metallic
SWCNT, depending on their intended use [4]. Indeed, semiconducting and
metallic CNT present different performances, the former used in applications
involving charge transfer processes, the latter as interconnecting components
because of the conductive character. Although this research is meaningful,
an other field of studies has to be addressed. All the optical devices in fact
contain CNT ensembles, where often semiconducting and metallic tubes are
present and combined with several other systems (nano-particles, molecules,
metallic connector, substrate...). Therefore it is essential to undertake an
experimental analysis of the complex CNT ensembles as a prior step toward
a deeper understanding of the composite systems.
In this framework another choice is necessary. To improve the performances
of the photovoltaic systems, the most common and really interesting strategy
is advance by trial, combining different component and searching for better
response. But clearly this is no longer sufficient. The device efficiency is
really an overall response, taking into account the responses of the single
components. Therefore a fundamental knowledge of the charge carriers dy-
namics, charge transfer and charge transport into and between the different
parts of the whole system is absolutely necessary in order to achieve the goal
of increasing the efficiency, choosing the better configuration and the most
useful components.
Therefore the aims of this thesis are as follows.

• The first aim is to undertake an experimental analysis of the complex
CNT ensembles.
The idea developed in this thesis is to consider, as basic systems, CNT
ensembles in specific architectures, i.e. CNT bundled unaligned, ver-
tically aligned, horizontally aligned. In fact analyzing the optical be-
havior of different controlled CNT architectures could allow a rational
choice of the better CNT ensembles to be combined with other useful
groups in order to increase the device performances.

• The second aim is to more deeply analyze the fundamental dynamics
involved in these CNT architectures. The mechanism of interactions
between the excited charge carriers will be studied in order to under-
stand how to improve the device efficiency. To catch the charge carriers
dynamics in femtosecond temporal regime, time resolved optical tech-
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niques, employed here, are certainly powerful tools.
With these techniques the ultrafast charge interactions and inter-tube
charge transfer processes in the different CNT architectures can be re-
solved. In particular this analysis should point out what are the CNT
ensembles with a smaller degree of photo-excited electron-hole recom-
bination and with a greater possibility to enhance the photon-current
conversion efficiency.
Moreover time resolved measurements allow to distinguish between lin-
ear and non-linear responses of the photo-excited CNT systems. In the
non-linear regime the temporal evolution of the photo-excited popula-
tion depends on the square of the population density with two conse-
quences on the photon-current conversion efficiency: the processes of
annihilation between two excitonic states corresponds to a non-linear
effect, resulting in a lower charge availability for current generation.
But the non-linear processes can also be the fingerprint of Multiple Ex-
citon Generation, which represents an important improvement in the
absorption efficiency for the solar cells devices [10].

• In the choice of the CNT architectures particular attention will be ap-
plied to MWCNT ensembles. Indeed an open challenge is a deeper un-
derstanding of the MWCNT behavior. They represent a significantly
challenging system and as yet no coherent understanding of their prop-
erties exists. The more and more promising performances, shown for
example by systems of MWCNT and metallic nanoparticles, require to
disentangle key theoretical issues. The transport properties have to be
identified. Moreover MWCNT have revealed optical behavior with both
HOPG-like and SWCNT-like character. The evidence of the excitonic
nature of the charge carrier dynamics in MWCNT can open new theo-
retical and technological perspectives. The comparison between static
optical response and transient optical response of these materials can
be crucial in order to address the last two issues.

• The previous item indicates that a large effort has to be done in order
to disentangle crucial questions still not clear. Certainly the researches
made on the CNT are closely connected to the more general field of the
study on carbon based materials and in particular on the graphene and
graphite compounds. For this reason at the end of the present work I
report significant results obtained on High Oriented Pyrolitic Graphite
(HOPG).
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• As illustrated at the beginning of this introduction, this thesis rep-
resents the initial step of a wider project whose ultimate goal is to
consider heterogeneous systems, in which the different analyzed CNT
architectures are combined with nanoparticles or organic groups. Start-
ing from the basic systems and adding in subsequent steps the different
components up to the complete devices, it will be very useful for each
step to study the optical response. On some composed systems, prelim-
inary results have been obtained. CNT composed with ZnO nanorods
and CNT decorated by metallic nanoparticles are considered. All these
composed systems have applications as photo-sensor devices or as a ba-
sis for solar cells.

The outline of the thesis is given below.
In the chapter 2 a description of the experimental set-up is presented. In par-
ticular two pump and probe experimental set-ups are illustrated, in which we
are able to change the pump fluence in two different ranges (high fluence from
10 to 80 mJ/cm2 and low fluence from 0.1 to 0.8 mJ/cm2). The pump and
probe are both at 1.55 eV photon energy. Otherwise the pump energies can
be tuned from 0.8 eV to 4.1 eV in order to match a resonant transition in the
photo-excited CNT electronic structure. Moreover as probe pulse we can use
the supercontinuum ranging from 1 eV to 2 eV and allowing a simultaneous
measurement in time and frequency domain.
In chapter 3 after an introduction to the SWCNT electronic structure and
to the photo-excited charge carrier dynamics in these compounds, the results
obtained on unaligned bundles SWCNT, already published in Carbon journal
[11], are shown.
In the chapter 4 a brief analysis of the MWCNT electronic properties, evi-
dencing the main issue already open, is reported. Then the measurements on
horizontally aligned MWCNT, varying the pump and probe polarizations and
with both pump and probe photon energies at 1.55 eV, are discussed (they
represent the contents of a paper that has been submitted to ACS Nano). A
new result is obtained about the electronic structure of the MWCNT, which
presents peaked structures under 3 eV.
In chapter 5 the time resolved measurements on vertically aligned SWCNT
and MWCNT are shown, with the pump and probe photon energy at 1.55
eV. At the end of the chapter an optical measurement with supercontinuum
as a probe on SWCNT is briefly discussed. The results here obtained lend
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support to the conclusions shown in chapter 3.
In chapter 6 the measurements on horizontally aligned MWCNT with a pump
energy varying from 0.8 eV to 4.2 eV are shown, along with IPCE measure-
ments in the range from 1 eV to 2 eV. A resonance effect is observed, con-
firming the presence of peaked structures also in MWCNT system. Moreover
an evident difference between the spectra with pump photon energy around 1
eV and those with pump photon energy around 4 eV could be explained with
non linear effect as Multiple Exciton Generation. This analysis can reveal if
MEG effects are present also on the MWCNT and this result could represent
the start step for a big improvement in the photo-voltaic performances of
hybrid systems based on MWCNT.
In chapter 7 with the same experimental set-up as in the chapter 6, I present
the results obtained on HOPG, revealing an intriguing effect of band gap
renormalization (the contents of this chapter have been published on JACS
[12]).
In the Conclusion, a summary of the main results is reported. Among these,
the preliminary results obtained on hybrid systems as CNTs and ZnO or CNT
with metallic nanoparticles is reported and the future research lines are cited.

List of acronyms:
Single Wall Carbon Nanotube(s): SWCNT
Multi Wall Carbon Nanotube(s): MWCNT
Carbon Nanotube(s): CNT
Highly Oriented Pyrolytic Graphite: HOPG
Van Hove Singularity(ies): VHS
Photobleaching: PB
Photoabsorption: PA
Exciton-Exciton Annihilation: EEA
Multiple Exciton Generation: MEG
Incident-Photon-to-electron Conversion Efficiency: IPCE
Density of States: DOS
Radial Breathing Modes: RBM
Band Gap Renormalization: BGR
Traveling Optical Parameter Amplifier: TOPAS
Supercontinuum: SC

Publications
The second part of the chapter 3 is from
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G. Galimberti, S. Pagliara, S. Ponzoni, S. Dal Conte, F. Cilento, G. Ferrini,
S. Hofmann, M. Arshad, C. Cepek, and F. Parmigiani. The photoinduced
charge transfer mechanism in aligned and unaligned carbon nanotubes. Car-
bon, 49(15):5246-5252, December 2011 [11].

The second part of the chapter 4 has been submitted on ACN Nano
Journal in December 2011.

The chapters 5 and 6 represent the contents of papers in preparation.
The chapter 7 is from

S. Pagliara, G. Galimberti, S. Mor, M. Montagnese, G. Ferrini, M. S. Grandi,
P. Galinetto, and F. Parmigiani. Photoinduced π−π∗ band gap renormaliza-
tion in graphite. Journal of the American Chemical Society, 133(16):6318-22,
April 2011 [12].



CHAPTER 2

EXPERIMENTAL SETUP

2.1 INTRODUCTION

Two different experimental set-ups have been used. The high fluence set
up scans the 10 - 40 mJ/cm2 fluence regime at 1 KHz repetition rate, with
a tunable pump photon energy varying from 0.8 eV to 4.1 eV, while the
low fluence setup allows 0.1 to 0.8 mJ/cm2 pulse, at higher repetition rate
variable from 54.3 MHz to single shot and at a photon energy of 1.55 eV.

2.2 HIGH FLUENCE SETUP, TUNABLE PUMP ENERGY

2.2.1 The laser systems

The light source of this setup is an amplified Ti:Sapphire laser system (Fig.
2.1). The pulses wavelength is centered around 790 nm with a temporal width
about 150 fs and energy per pulse ≈ 600 µJ. The repetition rate is 1 KHz,
therefore the output power is 0.6 W, and the peak power is 4 × 109 W. As
shown in Fig. 2.2 in the right part, the beam coming from the regenerative
amplifier is splitted by a beam splitter in two different beams, the pump
and the probe. 70% of the original beam is sent through the pump line, as
much more power is required to operate the parametric amplifier, while the
remaining 30% is really sufficient for the probe line.

2.2.2 The pump and probe lines

The probe line described in Fig. 2.2 is long enough to have the same length
as the pump line. In effect the transit of the pump through the Traveling Op-
tical Parameter Amplifier (TOPAS) corresponds to more than 2 m of travel

9
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HIGH FLUENCE SETUP, TUNABLE PUMP ENERGY

Figure 2.1: Photo of the system used to generate the source beam of the high fluence
setup.

and this distance has to be covered by the probe beam. The probe line is
characterized by a sledge which allows to change significantly the probe line
length, when the temporal coincidence between pump and probe has to be
found. The polarizer with the λ/2 plate allows the control of the probe flu-
ence and polarization direction. A final lens of 200 mm reduces the probe
spot size to a diameter of about 10 µm.
The pump line is more complex. The first step of the pump line is a TOPAS.
This is the key component of the setup because it allows a tunable pump
photon energy. The input of the TOPAS is a 300 - 350 mW pulsed beam at
790 nm and with 150 fs pulses, the output is tunable from 1150 nm to 1600
nm, the time length of the pulses is 150 fs and the power is about 40 mW. All
the optical elements after the TOPAS have been chosen in order to minimize
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Figure 2.2: Schematic representation of the high fluence pump-probe setup.

Figure 2.3: Schematic representation of the first part of the high fluence pump-probe
line for the second and the fourth harmonics generation.
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LOW FLUENCE SETUP, SUPERCONTINUUM PROBE

the power losses, as indicated in Fig. 2.2 and in Fig. 2.3.
The polarizer with the λ/2 plate allows the control of the pump fluence and
enables the transit of the signal pulse, stopping the idler component.
When the pump photon energies correspond to the TOPAS first harmonics,
no other non-linear crystal is necessary.
In order to obtain the second harmonic a non-linear crystal is placed in the
focus of a telescope of two lenses. Then a filter cuts the first harmonic and
lets pass only the second harmonic.
For the production of the fourth harmonic another non-linear crystal is nec-
essary. Moreover a suitable filter reduces the second harmonic fluence and a
dispersive prism splits the fourth harmonic from the second harmonic beam.
In the case of the fourth harmonic, a set of mirrors with UV enhanced reflec-
tion efficiency are used. This type of measurements is really complicated by
the need to avoid excessive losses that could over reduce the pump fluence.
In general the high non linearity of this set up system requires great care in
carrying out the experiment.
The last lens on the pump line makes the diameter of the pump spot on
the sample about 80 µm, larger than the probe case, facilitating the spatial
coincidence.

2.2.3 Time resolved reflectivity and transmittivity configurations

The pump pulse, whatever the harmonic is, passes through the chopper el-
ement, that reduces the number of pulses from 1000/sec to 500/sec. The
chopper is synchronized with the acquisition electronic system. In this way
the photodiode acquires one transmitted/reflected probe pulse without ex-
citation of the pump and one transmitted/reflected probe pulse from the
sample excited by the pump pulse, making then the difference between the
two signals. In the left part of the Fig. 2.2 the two final steps of the pump-
probe line for the transient transmittivity and for the transient reflectivity
are reported.

2.3 LOW FLUENCE SETUP, SUPERCONTINUUM PROBE

2.3.1 The laser systems

In the low fluence setup the light source is a Ti:Sapphire mode-locked laser
oscillator. The output pulses wavelength is centered at 790 nm (1.55 eV) and
the temporal length is of about 120 fs FWHM. The output energy is 50 nJ
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Figure 2.4: Schematic representation of the low fluence pump-probe setup.

per pulse at a repetition rate variable from 54.3 MHz to single shot. With
respect to the high fluence set up, the pump fluence is lower, ranging from
0.1 mJ/cm2 to 0.8 mJ/cm2. The use of a tunable repetition rate laser source
allows us to avoid the experimental problem of average heating effects. The
pump fluence ranges from 0.1 mJ/cm2 to 0.8 mJ/cm2. Low-pump-fluence
pulses were obtained at a repetition rate of 540 kHz to maximize the signal-to-
noise ratio. The high repetition rate of this setup allows a lock-in acquisition
resulting in a high resolution in the ∆T/T spectra with respect to the high
fluence setup. Moreover a much wider delay time spectra acquisition is also
possible.

2.3.2 The pump and probe lines

The low fluence setup schematic representation is shown in Fig. 2.4. The
cavity dumper output beam is split into two different beams, the pump and
the probe, via a T=70% R=30% beam splitter. The pump beam passes
through a delay line composed by a mirror assembly mounted on a computer
controlled micrometer translator stage. The minimum displacement step
of the translator stage is 0.1 µm, resulting in a delay time resolution of
0.66 fs. The next step of the pump line is a mechanical chopper, followed
by a half-waveplate and a polarizer, that allow the variation of the pump
polarization and intensity. A f = 300 mm lens is then used to focalize the
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LOW FLUENCE SETUP, SUPERCONTINUUM PROBE

Figure 2.5: Characterization of the supercontinuum pulse.

beam on the sample. (As in the high fluence setup, the sample is not perfectly
on the pump beam focus, in order to facilitate the spatial superposition of
the pump and the probe beams.) A fused silica optical window is located
between the mechanical chopper and the waveplate-polarizer assembly in
order to collect its small reflection via a photodiode and feed the lock-in
amplifier reference with the correct chopper modulation phase. The probe
beam passes through a half-waveplate and polarizer assembly that allow to
change the probe polarization and intensity on the sample.
A f = 200 mm lens is used to focalize the probe beam.

2.3.3 Time resolved reflectivity and transmittivity configurations

The reflectivity or transmittivity signal from the photodiode is sent to the
lock-in amplifier input. As mentioned before, a pump beam reflection mod-
ulated by the mechanical chopper is used as reference phase for the lock-in.
The reflectivity or transmittivity signal is modulated by the presence or ab-
sence of the pump beam, and the amplitude of this modulation is proportional
to the change of the sample transmittivity. Since the modulation is in phase
with the chopper reference, it is easily extracted by the lock-in amplifier and
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acquired by a National Instruments M-Series interface board. The acquisi-
tion software holds these values and the corresponding delay times since all
the desired scans over the selected delay time window are performed. The
acquired values are then automatically averaged and the result is logged to-
gether with the delay times. This averaging procedure further increases the
signal to noise ratio. The static transmittivity is assumed to be the DC com-
ponent [10] of the transmittivity signal which is also detected by the lock-in
amplifier. This acquisition system allows the detection of a 1 × 10−5 ∆T/T
signal.

2.3.4 The supercontinuum generation

The generation of the supercontinuum corresponds to a production of a large
spectrum light pulse, obtained by the propagation of high power excitation
pulses into a medium with non-linear optical properties. The medium is a
photonic crystal fiber. In this fiber the dielectric index of the cladding is
smaller than the index of the core, because of holes in the cladding along all
the fiber length. By engineering the geometry of these holes the dispersion
properties can be useful modified. The four mechanisms, which produce the
supercontinuum generation, are the self phase modulation, the scattering
Raman process, four wave mixing and the solitonic fission [13, 14]. In Fig.
2.5 the characterization of the supercontinuum signal (see also Chapter 2
[14, 11]) is reported. The photon energies contained in the pulse are ranging
from 1.0 eV to 2 eV, the temporal width is about 120 fs. In the range from
1.0 eV to 1.5 eV, a noise is present connected with the solitonic structure of
the pulse.
The fiber is mounted on a swing that allows to change the tilt to facilitate
mating. For focusing the laser beam on the fiber we used a aspherical lens
with focal length 4.5 mm, mounted on a translator to optimize focus position.
This parameter is essential for a good light alignment into the the fiber. After
the fiber, there is an achromatic doublet with a focal length of 10 mm and
optimized for working wavelengths in the range of 650-1050 nm. This is also
mounted on a micrometer translator, in order to parallelize the laser beam.
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CHAPTER 3

EXCITON DYNAMICS IN UNALIGNED
AND VERTICALLY ALIGNED SINGLE
WALL CARBON NANOTUBES

3.1 SWCNT ELECTRONIC STRUCTURE AND DYNAMICS

3.1.1 SWCNT electronic structure

The SWCNT electronic structure is well described in several text books and
scientific papers. In this first part of chapter 3, I want to stress only some
crucial aspects.
The SWCNT electronic structure combines in itself two different characters:
at the same time solid and near-molecular behavior. In fact a single carbon
nanotube can be thought as a single layer of graphene rolled up along one
particular direction [15]. As depicted in Fig. 3.1 the circumferential direction
(perpendicular to the CNT long-axis) corresponds to the numbers (n1, n2),
multiplying the graphene basis vectors a1 and a2. The (n1, n2) parameters
define the CNT chirality, i.e. the direction in the graphene plane along which
the layer is rolled up. There are two particular directions, evidenced in Fig.
3.1, armchair and zigzag, and the others, between these two, correspond to
chiral SWCNT.
The (n1, n2) defines also the cylinder diameter according to this formula
d = a

π

√
n2

1 + n1n2 + n2
2. The diameter ranges from a fraction of a nanometer

to several nanometers.
As shown in Fig. 3.2, the structure of a SWCNT is specified by the chiral

vector Ch = n1a1 + n2a2 along the circumferential direction and by the
translator vector T = 2n2+n1

dR
a1 − 2n1+n2

dR
a2 = t1a1 + t2a2 along the CNT

17
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Figure 3.1: In a single graphene layer the circumferential line and the axis line (perpen-
dicular to the circumferential)are indicated. The principal directions, armchair and zigzag,
and an example of a chiral direction are reported. In left part the rolled-up layer is shown
[15].

long-axis, where dR is the greatest common divisor of (2n1 + n2) and (2n2 +
n1) for a (n1, n2) nanotube. OAB′B is the bi-dimensional unit cell of the
nanotube. Starting from these elements the corresponding bi-dimensional
reciprocal space can be defined. In particular it is useful to define k‖ or kz
as a reciprocal lattice vector parallel to the CNT long-axis and k⊥ as the
reciprocal lattice vector along the circumferential direction. Along the tube
circumference the vector k⊥ is quantized according to the boundary condition

m · λ = |Ch| = π · d⇔ k⊥,m =
2π

λ
=

2π

|Ch|
·m =

2

d
·m (3.1)

where m is an integer taking the values −q/2 + 1, ...0, 1, ..., q/2 and q is the
number of graphene hexagons in the nanotube unit cell. The kz can assume
continuous values.

The CNT electronic properties closely depend on (n1, n2). The CNT
electronic structure can be calculated in the zone folding approximation: the
dispersion of the electronic band for the k-line parallel to the CNT axis is cal-
culated from the energy dispersion of the graphene along the same direction,
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Figure 3.2: In a single graphene layer the chiral vector and the transaltor vector are
shown [1].

whereas, along the circumference, the boundary conditions on the electronic
wave functions enable only a discrete number of k⊥ values each correspond-
ing to a definite m value.
In particular, SWCNT can be either metallic or semiconducting, metallic if
one allowed k-line passes through the K-point in which the DOS is different
from zero at the Fermi Level, semiconducting if the k-line does not contain
the K-point (Fig. 3.3).
In Fig. 3.4 an example of band dispersion is reported. Along the kz line

Figure 3.3: (a) Metallic case. (b) Semiconducting case
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Figure 3.4: Example of CNT band structure in zone folding approximation. In the left
energy dispersion versus the k vector parallel to the CNT axis. In the right panel the
corresponding DOS characterized by the VHSs.

(parallel to the CNT long-axis) the energy dispersion is that of the HOPG,
but for the same kz values there are different quantized k⊥, each correspond-
ing to a different band. When the dispersion curve reveals a flat behavior,
in the DOS a peak appears. Therefore the same kz line is characterized by
several peaked structures, called Van Hove Singularities (VHS). The density
of states for one dimensional electronic bands is given by

n(E) =
2

q|k‖|
∑
i

∫
dkzδ(kz − ki)|

∂E(k⊥, kz)

∂kz
|−1

(3.2)

where ki is given by E−E(k⊥, kz) = 0. As reported in [1], according to some
calculations, the derivative can be expressed as

|∂E(k⊥, kz)

∂kz
|−1 ∝ |E|√

(E)2 − E2
m

(3.3)

where Em ∝ |3m− n1 − n2|. It is clear that the the density of state diverges
for some energy values.
A VSH in the valence band with a definite m number corresponds to a VHS
in the conduction band with the same m number. The optical transition
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Figure 3.5: Band structure ab-initio calculation (with ABINIT program) of the (5,0)
SWCNT. The presence of a band at the Fermi level shows that this SWCNT is a metallic
tube even if the zone folding approximation expects a semiconducting behavior.

between them are favored according to the dipole selection rules [1]. The
high density of states for different energies represent a favorable condition
for the presence of excitonic states. We will return to this point later, but
now we underline that these excitonic states can reveal a localized character,
quite as in the molecular energetic levels [16, 17].
This mingling of solid and molecular properties makes the SWCNT extremely
interesting systems from a theoretical and a technological point of view.
This analysis based on the zone folding approximation represents a too strong
approximation when the tube has a small diameter and the wall curvature
has to be considered. For example in a zone folding approximation for the
(5,0) SWCNT, a semiconducting behavior with zero DOS at Fermi energy
level is predicted, but the curvature effect [18, 19] leads to strong σ − π
hybridization, modifying the band structure and giving a metallic character
to this CNT. In Fig. 3.5, for a (5,0) CNT, the ab-initio calculation, that I
performed with Abinit program (http://www.abinit.org/) during the present
thesis work, takes into account many-body effects. The metallic behavior
evidences that the curvature produces different results compared to the zone
folding approximation.
The many body character affects also the description of the SWCNT optical
response. In SWCNT the excitonic effects are strongly increased, first of
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all because of the reduced dimensionality which in general favors a smaller
separation between the photo-excited electron and the corresponding hole
and an increase of the Coulomb force. The second reason, typical of the
SWCNT case, is connected to the configuration of the electric field which
holds together the electron and hole pair. In effect the electric field is located
principally outside the tube where the dielectric screening is reduced and
therefore the interacting force is increased. [3].
The absorption spectra have been simulated taking into account the excitonic
effect revealing a significative modification of the response compared to the
case without many-body effects and the experiments confirm this result [3, 20,
21, 18, 19]. Moreover in the last years the time resolved optical measurements
are described in terms of excitonic behavior [22, 23, 24].
In this thesis the excitonic description will be principally assumed.

3.1.2 SWCNT electronic dynamics

Several research activities have been devoted to the problem of the photo-
excited carrier dynamics in SWCNT. Focusing on photon excitation energies
in the infrared-visible range, I try to resume this vast theoretical and exper-
imental field identifying two main topics:

1− the two models by which the photo-excited charge carrier dynamic is
described, single particle and excitonic model;

2− the two optical responses to the exciting pulse, i.e. linear and non-
linear, observed in the excitonic model.

1− The studies up to 2004 focus principally on the electron-electron and
electron-phonon dynamics. In particular time resolved photoemission mea-
surements have been interpreted introducing an internal thermalization of the
photoexcited electron gas due to the electron-electron scattering processes.
The excited electron population has a kinetic energy ranging from 0 eV (just
above the Fermi level) up to 2 eV, revealing a corresponding decay time which
decreases from 200 fs to 10 fs. A much slower electron-phonon interaction,
described with the two temperature model, develops on a picosecond time
scale producing a cooling of the thermalized electron gas [25, 26].
In a more general framework, as described in ref. [1], the charge carriers dy-
namics can follow different relaxation paths. When the second VHS, in semi-
conducting CNT, is involved, the intraband scattering process takes place in
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Figure 3.6: Scheme of the possible charge carriers dynamics in SWCNT [27]

100 fs, bringing the excited electron from second to the first VHS in con-
duction band. The decay time from this first VHS is of the order of some
pico-seconds. In particular in time resolved photoluminescence experiments
[28, 24] on isolated CNT, a decay time of several tens of ps have been mea-
sured [24]. When the CNT are not isolated, also inter-tube charge carriers
relaxation channels open [25, 1, 29], with a time constant of about 1 ps.
This intertube decay process is considered a reason of the photoluminescence
quenching, together with the various impurities constituting traps states for
the excited electron-hole pair [27].
A summary diagram is reported in Fig. 3.6.
Since about 2005, the results of the time resolved optical measurements have
been interpreted taking into account the interaction between electron and
hole, within an exciton model framework [22, 30, 16, 31, 32, 33].

In this context in semiconducting SWCNT the electron excited in conduc-
tion band and the corresponding hole in the valence band represent a unique
excited state, which can be described as shown in Fig. 3.7. In the left part
of the figure, the indexes -1,-2,-3 indicate the m numbers characterizing the
discretized k⊥ and the associated VHS in conduction band, the indexes 1,2,3
the corresponding VHS in valence band. An optical transition can promote
one electron to the ith VHS in conduction band from the correspondent VHS
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Figure 3.7: At the left part the simplified band dispersion for a semiconducting tube. In
the right part the correspondent excitonic transition, described in the text [22].

in valence band. Therefore an excitonic state is built with an electron in the
conduction VHS and the hole in the valence VHS and this state is defined
Eii. For example transition A in the left panel of the Fig. 3.7 is from the
ground state to E11 excitonic state. The transition between ground state
(GS) and Eii excitonic state correspond to ∆m=0. These transitions are
possible, according to the selection rules, with the electric field polarization
parallel to the carbon nanotube axis [1].
The photo induced transition between Eii and Ejj levels corresponds to the
excitation of an electron from a VHS already in an excited state in conduc-
tion band to an higher state and the creation of the hole in the corresponding
valence subband (see for example the transitions of Photo-Absorption PAi
in the right panel of the Fig. 3.7). Also this transition PAi corresponds to
∆m=0 and can take place with field polarization parallel to CNT axis. The
photon energy can be transferred to the system, according to the conservation
laws, only taking into account the whole e-h exciton system and its binding
energy.
Other possible transition are Eij in which the electron and the hole of the
excitonic state belong to VHS (in conduction and valence band respectively)
with different m number and therefore the ∆m6=0. The transition generat-
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Figure 3.8: In the left panel the picture of photo bleaching process. In the right panel
the photo absorption process.

ing such excitonic states are possible only with an electric field polarization
perpendicular to the CNT axis.

As described in Fig. 3.8 the possible processes connected to the excitonic
transitions can be a photo-bleaching (PB) and a photo-absorption (PA) pro-
cess. In the photo-bleaching process, shown in the left side of Fig. 3.8, the
pump pulse promotes charge carriers from the ground to an excited state
and the absorption of the probe pulse, at the same photon energy, decreases
because of the final state filling effect, with a corresponding enhancement
of the probe transient transmission values. In the second process, described
in the right part of Fig. 3.8, the pump pulse creates excitons from ground
to an higher excitonic states, as, for example, E22, that suddenly, in a few
tens of femtoseconds, decay on the E11 state, as described in literature [30].
If the probe polarization complies with the selection rules and the photon
energy is resonant with the transition E11 → E33 , the probe pulse promotes
excitons from the E11 state to a higher excitonic level E33. In the transient
transmission spectra this process corresponds to an enhancement of the probe
absorption (photo-absorption effect).
2− The processes described above are linear processes, in which the fluence
of the exciting pulse is proportional to the excited density population.
Non-linear excitonic processes have been studied and well described in lit-
erature on spatially confined systems, as nanocrystal [34]. In the last years
they have been measured also on the carbon nanotubes, with very promising
perspectives [10]. Generally, in the non-linear excitonic processes, the descrip-
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tion of the carrier population dynamical evolution involves a quadratic term
of the population itself. For example under high exciton density conditions
the population temporal behaviour is determined by the scattering process
between two excitons, called exciton-exciton annihilation (EEA), which cre-
ates a single exciton state at a higher energy allowed by the conservation
laws. In SWCNTs different models have been studied in order to describe
the EEA event. Principally it is a rate equation approach containing an ex-
citon population quadratic term [2]. Other methods are developed in which
the probability of scattering between two excitons is proportional to the mo-
bility of the exciton along the carbon nanotube axis [35]. Finally the EEA
has been described also trough an exponential function with a characteristic
time around 1 ps [10].
Non-linear processes are also involved when the correspondence between one
exciting photon and one excited exciton is lost. In this case one photon at
energy n-times larger than the first level E11 can generate n-excitons on the
E11 levels. The Multiple Exciton Generation (MEG) is realized. The great
importance of these studies is connected with the efficiency of the photon-
current conversion in photovoltaic devices.
In the next paragraphs I will consider the linear processes described above on
the bundled unaligned SWCNTs. In the next chapters on aligned MWCNTs
and SWCNT I will discuss also the non-linear phenomena.

3.2 BUNDLED UNALIGNED SWCNT

3.2.1 Abstract

In this section the paper published in Carbon journal is reported [11].
Using time-resolved reflectivity measurements on unaligned and aligned bun-
dled single wall carbon nanotubes with a pump energy of 1.55 eV, quasi-
resonant with the second Van Hove Singularity of semiconducting tubes, a
positive sign of the transient reflectivity is detected in unaligned nanotubes.
In contrast a negative sign is detected in aligned nanotubes. This discovery
addresses a long-standing question showing that in unaligned nanotubes the
stronger intertube interactions favor the formation of short-lived free charge
carriers in semiconducting tubes. A detailed analysis of the transient reflec-
tivity spectral response shows that the free carriers in the photo-excited state
of semiconducting tubes move towards metallic tubes in about 400 fs.
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3.2.2 Introduction

In these last years a significant effort has been addressed to identify the car-
bon nanotube (CNT) orientation most suitable for CNT-based electronic de-
vices. The performance of these devices, ranging from field effect transistors
to nano-photovoltaic systems, strongly depends on non equilibrium carrier
transport and on charge transfer mechanisms from semiconducting to metal-
lic nanotubes [8, 15, 36, 37] Therefore, a correct understanding of intertube
interactions and charge transfer mechanisms is a key issue for a significant
advance of the technology of CNT-based devices. Here, by performing time
resolved reflectivity measurements on aligned and unaligned single wall car-
bon nanotube (SWCNT) bundles we unveil the physical mechanism at the
basis of the charge transfer from semiconducting to metallic tube. A large
number of studies have shown that at equilibrium [38, 39, 40], the intertube
interactions in SWCNT bundles are weak and similar to the coupling between
adjacent graphene planes in 3D crystalline graphite or the interball coupling
found in solid C60. This weak intertube coupling is dominated by the van
der Waals interactions with a nonzero covalent bonds contribution. This be-
havior has a significant influence on the vibrational [38, 39, 41, 42, 43, 44]
and electronic states of carbon nanotubes [45, 46, 47].
Nonetheless, the effect of the intertube interactions in bundled CNTs, rele-
vant to charge transfer mechanisms, remains unclear. A number of theoretical
studies have been performed to address the effects of intertube interactions
in bundled nanotubes. These studies suggest that the dominating intertube
van der Waals interactions, while promoting the nanotube bundling, have the
effect of energy shifting and broadening the optical transitions. In particu-
lar, the broadening of the absorption spectral features, in bundled nanotubes,
originates from the intertube electronic properties perpendicular to the tube
axis. Moreover, the curvature of the nanotube wall in CNTs induces a down-
shift of the conduction bands by enhancing the σ−π hybridization [39, 27, 48]
Although these mechanisms are well understood, the absence of a strong lumi-
nescence in CNT bundles remains unclear. This is a key question concerning
the charge transfer processes since it has been argued that the non-radiative
channel, quenching the radiative channel (fluorescence), can originate from
possible charge transfer from the semiconducting to the metallic tubes [27]
Nevertheless, this is still an open question and optical spectroscopies in the
time domain, with a suitable time resolution, might reveal the changes of
the optical properties induced by nonradiative mechanisms [25, 22, 33, 30].
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Recently, this kind of experiments have been performed on CNT with a well
defined chirality. However, making CNT with a defined structure and with
intertube interactions not affected from other atomic species (contaminants,
surfactants or molecule) still remains a major challenge [29, 49] In this frame-

Figure 3.9: (a) Schematic electronic structure of both semiconducting and metallic un-
aligned bundled SWNT. The energy positions of the bands (A, B, C and D) are estimated
by the reflectivity spectrum reported in (b). The arrows TA, TB, TC and TD indicate
the transitions from the ground state to unoccupied states. PA1, PA2 and PA3 refer to
photoabsorption processes induced by the laser pump nearly resonant with TB transition.

work, in order to highlight the dependence of the charge transfer channel on
the bare intertube interactions, time-resolved reflectivity measurements in
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the femtosecond timescale have been carried out on aligned and unaligned
SWCNT bundles with different chirality, grown in the same experimental
conditions [50]. The experiments have been performed by using a conven-
tional one-color pump-probe set-up (pump and probe both at 1.55 eV), along
with a novel pump-probe set-up in which the probe is a broadband white
light pulse (supercontinuum) [14]. By using the supercontinuum pulse as a
probe, it is possible to achieve spectral resolution: this allows to detect in
the frequency domain the relaxation dynamics of the carriers excited through
a resonant absorption transition into the conduction band. By setting the
pump frequency quasiresonant with the second Van Hove singularity of the
carbon compounds a positive sign of the transient reflectivity is detected in
unaligned nanotubes, whereas a negative transient reflectivity is detected in
aligned nanotubes. This important difference demonstrates that in unaligned
nanotubes the stronger intertube interactions favor the formation of shortliv-
ing free charge carriers in semiconducting tubes that decay through a charge
transfer nonradiative process toward the metallic tubes. A detailed analysis
of the transient reflectivity spectral response shows that the free carriers in
the photoexcited state of semiconducting tube transfer to the metallic tubes
in about 400 fs. The important results emerging from our findings are: (i)
bundling and unalignement induce strong intertube interactions yielding a
free-electron mobility of the excited carriers in semiconducting tube; (ii) the
photoinduced charge delocalization favors the charge transfer from semicon-
ducting to metallic tube.

3.2.3 Experimental

Sample preparation

Aligned and unaligned CNT bundles were synthesized in the Analytical Divi-
sion of the TASC-IOM-CNR laboratory, where the catalyst depositions and
Chemical Vapor Deposition (CVD) processes are performed in an ultra high
vacuum experimental apparatus (base pressure < 1 · 10−10mbar). In this
apparatus it is possible to control the chemical state of the catalyst (before
and after the growth) via X-ray photoemission spectroscopy (XPS) and to
monitor all the CVD parameters (i.e. precursor gas purity, pressure and
pressure gradient, sample temperature, gas fluxes, etc.). Pure aligned and
unaligned SWNT bundles were grown via CVD technique by using the same
CVD parameters [50]. Only the precursor gas pressure has been changed in
order to obtain aligned and unaligned bundles. SWCNT were characterized



30
SWCNT UNALIGNED AND ALIGNED

BUNDLED UNALIGNED SWCNT

Figure 3.10: One-color (hυ = 1.55 eV, fluence of 0.2 mJ/cm2) transient reflectivity
spectra collected on both aligned (a) and unaligned (b) SWCNT. The TR spectrum of
the substrate is also reported (inset in (b)) in order to exclude its contribution on the TR
signal of unaligned bundles. The spectra of unaligned and aligned SWCNT are well fitted
with one exponential curve convoluted with a gaussian (representing the laser pulsewidth).
The SEM images are also reported.

by microRaman and SEM measurements (see 3.2.6 paragraph).

Laser system Time-resolved reflectivity

Time resolved measurements have been performed with two laser systems, to
investigate different pump fluence regimes. An amplified 1 kHz Ti:Sapphire
laser system, producing 150 fs, 1.55 eV light pulses, permits to excite the
samples with pump fluences in the range 10-100 mJ/cm2, whereas with a
cavity-dumped Ti:Sapphire oscillator, producing 120 fs, 1.55 eV light pulses,
the samples have been excited with pump fluences ranging from 0.1 to 0.8
mJ/cm2. The incidence angle of the laser pump is about 5◦ with respect
to the sample normal direction. This laser system is also equipped with a
supercontinuum generation unit [14], to collect TR spectra with both time
and frequency resolution, with an energy range from 1.1 to 2.0 eV. (see
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paragraph 3.2.6).

3.2.4 Results and discussion

Because of the one-dimensional nature of the electronic bands, the density
of states of SWCNT exhibits a series of characteristic Van Hove Singulari-
ties (VHSs) detectable in the near IR and visible spectral regions (Fig. 3.9a).
Fig. 3.9b shows a representative reflectivity spectrum, collected on unaligned
SWNT bundles. Four structures located at about 0.8 eV (TA), 1.35 eV (TB),
2.2 eV(TC) and 3.1 eV (TD) are clearly detected. The features TA,TB and
TD are assigned to the inhomogeneously broadened interband optical transi-
tions from the valence subbands to their respective conduction subbands in
semiconducting SWCNT as schematically shown in Fig. 3.9a. Instead, the
band TC is assigned to an interband transition in metallic SWCNT [25, 22].
When the photon pump energy is resonant with a VHS, a transient photo-
bleaching is usually expected in the one-color time-resolved optical spectro-
scopies. Absorption of the pump pulse excites electrons into conduction band,
creating holes in the valence band. Until these carriers relax, transient filling
effects on the final states are observed. For the photobleaching effect, the
transient signal is positive in transmittivity and negative in reflectivity (such
as in the absorption) [22, 33, 30, 51]. Fig. 3.10 shows the one-color tran-
sient reflectivity on unaligned SWCNT bundles (Fig. 3.10b) together with
the spectrum acquired on aligned SWCNT bundles (Fig. 3.10a). While the
negative TR signal on aligned SWCNT reveals the photobleaching process
in agreement with literature [22, 33, 30, 52], the positive TR signal on un-
aligned SWCNT is the fingerprint of a new relaxation channel that increases
the reflectivity. We attribute the positive TR signal to a free-electron like
character of the carriers excited in the B band of semiconducting tubes. The
TR negative sign of the substrate including the catalyst nanoparticles sug-
gests that the contribution of the substrate (inset in Fig. 3.10b) is negligible.
Moreover, the different orientation of the laser polarization with respect to
the CNT axis in the unaligned and aligned bundles can not justify a different
sign in the transient optical response. At this pump photon energy, the VHS
optical transitions are excited only with an electric field parallel to the tube
axis. Due to the near-normal incidence of the laser pump, we expect strong
excitation mainly in the unaligned bundles, where the laser polarization, in
a statistical sense, can be found parallel to the tube axis [53]. However,
also in the vertically aligned bundles the excitation of the VHS transitions
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Figure 3.11: (a and b) One-color transient reflectivity spectra collected on unaligned
SWCNT bundles by changing the pump laser fluence. The spectra are collected at different
fluence regimes: high fluence (from 10 to 80 mJ/cm2) and low fluence (from 0.1 to 0.8
mJ/cm2). (c and d) Pump fluence dependence of the maximum of the transient reflectivity
spectra and (e and f) of the relaxation time, estimated by fitting the spectra with one
exponential decay curve convoluted with a gaussian. The solid curves represent the best
fit of these data with a linear (d, e and f) and an exponential curve (c).

cannot be excluded even at near normal incidence, considering the imperfect
alignement of the CNT that prevents them to be perfectly normal to the
incident electric field of the pump beam. As a consequence, the laser pump
excites the same VHS transition in both samples, the only difference being
the excitation intensity. In agreement with literature [53, 54, 1], due to the
dependence of absorption efficiency on the relative CNT - electric field ori-
entation, we conclude that only the density of the photoexcited carriers and
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not the sign of the transient reflectivity is affected by the excitation of the
VHS transitions. The positive TR sign can be rationalized considering that
in the aligned SWCNT the intertube interactions are comparable with the
van der Waals interactions among the graphene layers in graphite, whereas
in unaligned SWCNT the intertube interactions are changed by both the
curvature and the spatial anisotropy. In particular, the modified intertube
interactions induce an overlap between the π − bands of adjacent tubes by
allowing the delocalization of the electrons photoexcited in the VHS. Usually,
the presence of VHS or, alternatively, of the strongly bound excitons inhibit
the free-carrier mobility yielding a localization of charge carriers on a length
scale of ≈ 100nm [16]. The modified intertube interactions in the unaligned
bundles, on the contrary, delocalize the carriers excited in these bands, in-
hibiting the photobleaching and favouring the free-electron mobility. The
delocalized charge optical response is expected to behave as a Drude electron
gas. In this case the imaginary part of the dielectric function can be written:

ε2 = ω2τ/ω(1 + ω2τ2) (3.4)

where ω2
p = (Ne2)/(ε0m) is the plasma frequency, N the carrier density,

e and m the charge and the mass of the electron, e0 the vacuum dielectric
constant. For an ideal free-electron metal, the reflectivity approaches unity
below the plasma frequency. Above the plasma frequency, the metal is trans-
parent and the reflectivity decreases rapidly with increasing frequency. When
free-electron carriers are created by the laser pump, the Drude-like behaviour
of the carriers enhances the reflectivity. Therefore, the transient reflectivity,
which is the reflectivity signal of the probe modified by the presence of the
laser pump, is positive and it can be directly related to the CNT orientation
(aligned or unaligned SWCNT bundles). To further support this finding, TR
measurements on films with different CNT density, length and substrates
have been performed. The TR positive signal shows no dependence on these
sample characteristics (see paragraph 3.2.6). Moreover, to rule out spurious
effects such as nonlinear processes and sample damage the experiments have
been repeated varying the laser fluence from 10 to 80 mJ/cm2 and from
0.1 to 0.8 mJ/cm2 (shown in Fig. 3.11a and b). In Fig. 3.11c and d the
dependence of the maximum of the TR signal on the pump laser fluence is
shown. For pump fluence ranging from 0.1 mJ/cm2 to 0.8 mJ/cm2 (Fig.
3d), TR signal linearly increases with fluence, whereas the saturation effect
takes place (Fig. 3.11c) above 40mJ/cm2.
To estimate the carrier density excited (N(E)) in the π∗ band the following
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formula can be used [55]∫ ∞
0

N(E)dE = (1−R)Fα/hυ (3.5)

where hυ is 1.5 eV, the reflectivity R = 0.4 and the absorption coefficient
α = 2 × 105 cm−1. Therefore at a laser fluence F = 40mJ/cm2, the initial
photo-carrier density is 20 × 1021cm−3. This value is comparable (includ-
ing non-linear optical processes that become important at this high pump
fluence) with the carriers density from 0 to 1 eV (6.5× 1021cm−3) observed
in graphite [55]. This result proves that at the pump intensity used in this
experiment and at a photon frequency quasi-resonant with the second VHS
a very high density of carriers can be excited in the π* band of the semicon-
ducting tube. To obtain information about the dynamics of the excited state
carriers, the spectra reported in 3.11a and 3.11b are fitted with exponential
curves convoluted with a Gaussian representing the laser pulse width.

The TR spectra of both aligned and unaligned SWCNT bundles are well
fitted by one exponential curve with a decay time (≈ 100fs) comparable
with the laser pulse width (3.11a and 3.11b). Moreover, the dependence of
the relaxation time on the fluence (3.11e and 3.11f) excludes radiative re-
combination processes [31]. This result is in agreement with the dynamics of
the bundles reported in literature [33, 1] and it can be justified considering
that in CNT the carrier dynamics strongly depend on the excited state. In
particular, when electrons are excited in the first VHS of the semiconducting
tubes (A) the lifetime is ≈ 1ps [33], whereas in the second (B) the lifetime
is ≈ 130fs. Meanwhile, the luminescence from isolated CNT has a longer
lifetime (≈ 30ps) than that on unaligned bundles. This can be explained
considering that the carriers excited into the second VHS relax very rapidly
to the band gap of the semiconducting tube (intraband scattering). Then
in isolated nanotubes the electron and the hole recombine across the band
gap, whereas in bundled nanotubes the tunneling into nearby metallic tubes
or into semiconducting tubes with a smaller band gap turns off the lumines-
cence. The excited carriers in the metallic tubes, as shown in time-resolved
photoemission experiments [25, 56, 26], lose their energy rapidly, therefore
quenching the luminescence of CNT bundles efficiently [25, 56, 26, 27]. In this
experiment, the presence of a fast relaxation channel on unaligned SWCNT
bundles confirms that electrons are excited in the second VHS. This behavior
is compatible with a free character of the excited carriers in the semiconduct-
ing tubes that favors the charge transfer towards metallic tubes and semicon-
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Figure 3.12: (a) 3D image of the time resolved reflectivity spectrum collected on un-
aligned SWCNT bundles by using the supercontinuum probe and a hυ = 1.55 eV pump.
On the bottom a scheme of the charge transfer. At τ = 0 the carriers are excited in the B
band of the semiconducting tubes by the laser pulse. Some of the carriers are excited by
the same pulse into the D band (PA3 transition in (b)). After 400 fs (c), carriers in the
excited-states of semiconducting tube move towards the metallic tube and a negative TR
signal due to TC transition appears in the probe spectrum. On the right, image profiles
extracted at photon energies of the probe corresponding to PA3 (d) and TC transitions
(e).

ducting tubes with smaller energy gap. The mechanisms so far described can
be understood in more details looking at the optical response of photoexcited



36
SWCNT UNALIGNED AND ALIGNED

BUNDLED UNALIGNED SWCNT

SWNT in both the time and frequency domains. In these experiments the
pump photon energy is 1.55 eV, whereas the probe covers an energy range
from 1.1 to 2 eV (Fig. 3.12a). In SWCNT, a photobleaching process is usu-
ally correlated with different photoabsorption channels [22]. In particular,
carriers excited in the B band rapidly decay on A giving rise to PA1, PA2
and PA3 photoabsorption processes, where carriers are photoexcited from A
to B (PA1), from A to D (PA2) and from B to D (PA3) (see Fig.3.9a). By
considering the reflectivity spectrum collected on bundled SWCNT sample
(Fig. 3.9b), the photoabsorption channels could appear at 0.6 eV (PA1), 2.3
eV (PA2) and 1.7 eV PA3). The 3-dimensional (3D) TR spectrum is shown
in Fig. 3.12a together with different extracted line profiles at fixed delay
times (Fig. 3.12b and c) or photon energies (Fig. 3.12d and e). The broad
red line at about hν = 1.55 eV (Fig. 3.12a) covers the laser pump scattered
by the sample. The image profile at delay time τ = 0 fs (Fig. 3.12b) shows
two positive features. The first, broadband and centered at 1.4 eV, is the
TB transition; its positive signal confirms the free-electron character of the
excited carriers discussed in one-color TR at 1.55 eV. This band appears
structured due to the noise in the measurement. The second positive feature
at 1.65 eV is ascribed to the PA3 photoabsorption process.
Electrons are excited by the probe from the B and to the D band in the
pulsewidth. This picture is confirmed by the lack of relaxation processes
before the photoabsorption (PA3 appears at τ = 0 fs in Fig. 3.12b). To
analyze the relaxation dynamics of the PA3 channel, the line profile at hν =
1.65 eV is shown (Fig. 3.12d). From the fitting with exponential curves, the
PA3 decay results very fast and after a pump-probe delay of about 400 fs, a
negative TR signal with a long decay time is observed. In the 3D spectrum,
a dark-purple zone corresponding to a negative TR signal is evident around
the point hν = 1.95 eV, τ = 400 fs (Fig. 3.12e). This negative zone extends
up to 2 eV and appears after τ = 400 fs. In the reflectivity spectrum of Fig.
3.9b, the feature at about 2 eV has been ascribed to the TC transition in the
metallic tubes. As the pump photon energy at 1.55 eV is unable to excite any
transition in the metallic tube, the presence of this photobleaching channel,
which implies a filling of the C band, is the evidence of a charge transfer from
the semiconducting to the metallic tube. These observations can be inter-
preted considering that the pump laser excites a population in the B band
of the semiconducting SWCNT. Some of the delocalized carriers are excited
by the same pump pulse in the D band. By calculating the area of the TR
spectrum at τ = 0 fs (Fig. 3.12b), the intensity of the PA3 photoabsorption
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process can be estimated resulting in a value comparable with that of free-
carriers excited in the B band. Because of their mobility, the carriers transfer
from the semiconducting to the metallic tube within 400 fs, giving rise to a
photobleaching of the TR when the probe photon energy is nearly resonant
with the TC transition. The lack of the B and C band photobleaching in the
reflectivity spectrum reported in literature [22] confirms that the two mech-
anisms are mutually exclusive and that only the free-electron behavior of
the excited carriers permits to switch on the semiconducting- metallic charge
transfer. The slow relaxation dynamics of the C photobleaching (about 2 ps,
see image profile at hν = 1.95 eV of Fig. 4e) agrees with the dynamics of the
photobleaching channels reported in literature on SWCNT [30]. To perform
a quantitative study of the TR spectrum at τ = 0 fs, a differential dielectric
function model has been fitted to the time resolved reflectivity data,

∆R/R = (Rex(εex)−Req(εeq))/Req(εeq), (3.6)

where Rex, εex, Req, εeq are the excited and equilibrium reflectivity and
dielectric function, respectively.
The εeq has been calculated by fitting Req (Fig. 3.9b) with a sum of Lorentz
oscillators which represent the transitions TA, TB, TC, TD. According to
the differential dielectric function model, for reproducing the transient re-
flectivity spectrum, it is necessary to modify the fitting parameters of the
Lorentz oscillators or to add new oscillators. In our case, to properly fit the
differential spectrum ∆R/R (Fig. 3.12b),we need to add one Drude and one
Lorentz oscillator, the first to take into account the free-electron mobility of
the photoexcited carriers in the B band, and the second to reproduce the
PA3 photoabsorption at 1.7 eV. The presence of solitonic structures in the
supercontinuum affects the fitting accuracy of the line profile at τ = 0 fs with
the differential model. However it is possible to extrapolate a value for the
plasma frequency in the Drude model 6.3 of 4×1015sec−1 (2.5 eV), that cor-
responds to a carrier density of 4×1021cm−3. This value, compared with the
carrier density excited by the laser pump 2×1020cm−3 for a pump fluence of
0.2 mJ/cm2 (3.3), confirms the delocalized character of the carriers excited
in the B band of semiconducting tubes.

3.2.5 Conclusion

Time-resolved reflectivity measurements demonstrate that intertube inter-
actions in bundled unaligned SWCNT induce a free-electron character to
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Figure 3.13: SEM measurements on SWCNT bundle unaligned (top) and bundled ver-
tically aligned (bottom)

the photoexcited carriers favoring a charge transfer from semiconducting to
metallic tube. This finding paves the road to new and important technologies
closely connected to the intra- and inter-tube conductivity.

3.2.6 Materials on line of the Carbon paper

Sample Preparation

Aligned and unaligned CNT bundles (Fig. 3.13a, Fig. 3.13b) were synthe-
sized in the Analytical Division of the TASC-IOM-CNR laboratory, where
the catalyst depositions and CVD processes are performed in an ultra high
vacuum experimental apparatus (base pressure < 1 × 10−10mbar). In this
apparatus it is possible to control the chemical state of the catalyst (before
and after the growth) via Xray photoemission spectroscopy (XPS) and to
monitor precisely all the CVD parameters (i.e.: precursor gas purity, pres-
sure and pressure gradient, sample temperature, gas fluxes, etc.). The CVD
processes were done on thin films of 150 nm thermally grown SiO2 support
layer on polished n-type Si(100) substrates, on 10 nm thick Al2O3 support
layers grown via magnetron sputtering on the previous film and on 30 nm
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Figure 3.14: On bundled unaligned SWCNT Raman spectra with RBG mode (top),
Static Reflectivity (left bottom) and Transient Reflectivity (right bottom)

TiN films grown via ALD on Si substrates. We used Fe as catalyst, and
acetylene as the precursor gas. Fe catalyst films were deposited in-situ by
sublimation from heated filaments (Aldrich, 99.9 per cent purity) at a growth
rate of ∼0.6 nm/h. The deposition rate was obtained from the attenuation
of the photoemission peaks of Al 2p for the Al2O3 support layer and Si 2p
for the SiO2 support layer. Samples were clamped between two Ta contacts
and heated by direct heating. Fe films were always monitored by XPS to
detect the presence of contaminants. We operate in the following parameters
window: ∼0.6-8 nm Fe film thickness, 4× 10−8 − 10−3 mbar C2H2 pressure
(≈4 sccm) and 580-600◦C growth temperature. A typical CVD route con-
sists of a preliminary out-gassing of the substrate at 550-600◦C, followed by
Fe deposition at room temperature, and successive ramping-up to the cho-
sen growth temperature. The aligned CNT carpets were grown in the above
experimental apparatus using the same experimental conditions but increas-
ing significantly the growth pressure (C2H2 flux during the CVD process:



40
SWCNT UNALIGNED AND ALIGNED

BUNDLED UNALIGNED SWCNT

Figure 3.15: On bundled unaligned SWCNT (second thicker sample) Raman spectra
with RBG mode (top), Static Reflectivity (left bottom) and Transient Reflectivity (right
bottom

50sccm). In order to exclude extrinsic effects, residual solvents or chemical
treatments during the CNT synthesis have been avoided.

Sample Characterization

All samples were characterized ex-situ, by Scanning Electron Microscopy and
Raman spectroscopy. In particular, the transient reflectivity measurements
were collected on two kinds of unaligned SWNT samples, more and less dense.
In Fig. 3.14a the microRaman spectrum carried out on the more dense un-

aligned CNT sample with a He-Ne laser source (λ=633 nm) is shown. The D
and G bands and the signal from the Si substrate are marked. The prominent
D band in the thicker sample is usually ascribed to defects. The prominent
RBMs (Fig. 3.14b) are detected at 225 cm−1 and 300 cm−1. By using the
relation ωrgb = B + A

dn with A = 234 cm−1 and B = 10cm−1, the estimated
diameters of the nanotubes [57] are between 0.8 nm and 1.2 nm, with an
average value of about 1nm. This result is consistent with the static re-
flectivity measurement. In fact by following the Kataura scheme [15] it is
possible to evaluate the diameter from the energy positions of the features
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Figure 3.16: RBM for the bundled vertically aligned SWCNT (top panel). In the bottom,
Kataura scheme for bundled vertically aligned SWCNT and bundled unaligned SWCNT.

in the reflectivity spectrum (Fig. 3.14c) ascribed to interband optical transi-
tions from various valence subbands to their respective conduction subbands
(see also Fig. 3.12a). Therefore the complex energy structure of this sample,
related to the presence of different diameter and chiralities, is described by
the reflectivity spectrum peaks, in which energy transitions are clearly rec-
ognizable and a photobleaching effect can be predictable for a pump photon
energy of 1.5eV resonant with the second transitions. The one-color transient
reflectivity (1.55eV) at different pump fluences is shown in Fig. 3.14d: the
signal results to be positive for all the analyzed samples, excluding a photo-
bleaching effect. As reported in the paper, the transient reflectivity indicates
that the relaxation dynamics are determined by a single, very fast, process.
In Fig. 3.15 the characterization of the less dense CNT unaligned samples
is reported. The Raman spectrum with a He-Ne laser source (λ=633 nm)
(Fig. 3.15a) indicates a better quality of these samples. The G band is more
structured whereas the D band is less intense. As reported in Fig. 3.15d, the
transient reflectivity is still positive, suggesting that the sign of time resolved
reflectivity is independent on the SWCNT density and on the presence of
defects. In Fig. 3.15b the RBM modes are in an interval comparable to that
of the more dense sample and corresponding to a diameter range between
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0.8nm and 1.2nm. Also in this case an average diameter is about 1.0nm [57].
In Fig. 3.15c the static reflectivity shows the same prominent structures of
Fig. 3.14c. The flatness of the spectrum in the 2-3eV range has to be ascribed
to the weakness of the signal due to the lower density of the sample. In this
case, the transient reflectivity spectrum results well fitted by two relaxation
dynamics. The faster dynamic time is consistent with the value reported for
the more dense SWCNT samples, while the slower dynamic can be influenced
by the substrate (inset in Fig. 3.15d) In In Fig. 3.16a we report the microRa-
man characterization of the vertically aligned SWCNT (SEM image in Fig.
3.13b) with a He- Ne laser source (λ=532 nm), evidencing the presence of
the RBM. One sharp peak and one more large structure are shown, corre-

Figure 3.17: Supercontinuum characterization in the left. ∆R/R on SWCNT unaligned
with Supercontinuum as a probe in the right

sponding in this case to a diameter range from 1 to 1.6nm, larger than in the
unaligned case. Using the Kataura scheme in order to compare in particular
the second vHS transition in the two cases, we obtain the scheme reported in
Fig. 3.16b. It is evident that in both cases, with a pump and probe energies
of 1.55eV, we should expect a photobleaching effect and it is what we get in
the case of aligned CNT, but not on the unaligned CNT sample.

Experimental Set Up

The one-color time-resolved reflectivity (TR) measurements have been per-
formed with an amplified Ti:Sapphire laser system producing 150 fs, 1.55eV
light pulses. The output energy of 600mJ/pulse at 1 kHz of repetiton rate per-
mits to excite the sample with pump fluences ranging from 10-100 mJ/cm2.
The supercontinuum [14] probe reflectivity measurements have been per-
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formed with a cavity-dumped Ti:Sapphire oscillator producing 120 fs 1.55eV
light pulses. The output energy is 50 nJ/pulse at repetition rates tunable
from 5.43 MHz to a single shot. By setting the repetition rate at 100 kHz,
the samples have been excited with pump fluences ranging from 0.1 to 0.8
mJ/cm2. In Fig. 3.17b the transient reflectivity measurements by using a
supercontinuum as a probe is reported along with the supercontinuum char-
acterization (Fig. 3.17a). The supercontinuum pulse has been characterized
by performing a two-photon absorption experiment in a ZnSe crystal. By
comparing the two spectra, it is clear that the structures, below 1.55eV, are
solitonic structures characteristic of the supercontinuum.
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CHAPTER 4

VAN HOVE SINGULARITIES AND
EXCITONIC EFFECTS ON
HORIZONTALLY ALIGNED MULTI WALL
CARBON NANOTUBES

4.1 INTRODUCTION

In the present chapter, I describe the optical transient response of an horizon-
tally aligned MWCNT system. The property of this architecture is to allow
a very high control on the angle between the light polarization direction and
the CNT long-axis and this possibility unveil new and important perspec-
tives as described in the next paragraphs. In general the MWCNT represent
a very intriguing system with several open theoretical issues. At the same
time they are also very promising materials in a large field of technological
applications.
Like in the SWCNT case, several works are devoted to the study of the
MWCNT, in scientific papers and text-books. In this first part of the present
chapter, as in the previous for the SWCNT, I do not want to discuss all the
aspects of this large research field, but only to underline some crucial points
that frame our research.

4.2 AN INTRODUCTION TO THE MWCNT SYSTEM

4.2.1 MWCNT: open issues

One of the most evident character of the MWCNT is the complexity of the
electronic structure, because of the simultaneous presence of several nested
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Figure 4.1: Density of States of a (90,90) SWCNT

SWCNT in each MWCNT. Since a single tube, contained in the MWCNT
system, can have a large diameters (also tens of nanometers), the DOS, like
that reported in Fig. 4.1, presents several energetically close VHS. The first
question is whether the MWCNT optical response, in the visible range, is
similar to that of the HOPG, because of the large number of VHS washing
away the structured peaks, or rather the one-dimensional character makes
the MWCNT optical response really different from that of HOPG and simi-
lar to that of SWCNT.
In the tight-binding model and gradient approximation [58], the result is that
the superposition of the coaxial nanotubes makes VHS peaks disappear, ex-
cept for the common plasmonic structures. The featureless optical behavior
results therefore similar to the HOPG case. In this context in the reference
[59], an individual MWCNT is handled as a solid anisotropic cylinder with
an effective dielectric tensor, whose components are derived from the HOPG
dielectric constant tensor.



Horizontally aligned MWCNTs
AN INTRODUCTION TO THE MWCNT SYSTEM 47

In further ab-initio theoretical studies, focused on the MWCNT static di-
electric constant [60], the difference between the longitudinal response, that
is the sum of the contribution from the SWCNT constituting the multi wall
system, and transverse response, dominated by the outer few layers, is con-
sidered.
Moreover angle-resolved photoemission measurements and density functional
calculations of the electronic band dispersion reported in [61], reveal dispersion-
less behavior of the band perpendicular to the CNT axis, indicating a very
weak inter-tube interaction.
Therefore the general results of these approaches are summarizable in two
main points:

• the featureless behavior of the optical response in the visible range,

• the low interaction between the differing shells constituting the MWCNT
system.

However these first conclusions have been questioned in other works. In the
paper [62] the small inter-tube interactions are supposed to give a contribu-
tion by no means negligible to the electronic structure, opening a band gap at
the Fermi Level. Moreover in the Density Functional Theory approach [63]
the interaction between the two shells of a Double Walled Carbon Nanotube
is calculated and, by generalizing this result, in the MWCNT a static charge
transfer from the outer shell to the inner one is expected.
Also the featureless HOPG-like behavior is questioned. Several works ev-
idence experimental results and theoretical predictions which suggest the
presence of structured peaks under 3 eV. Measurements of photocurrent and
of electron energy loss show that the electronic density of MWCNT is consid-
erably different from that of HOPG and suggest the presence of singularities,
due to the reduced dimensionality [7, 64, 65]. In particular, electron energy
loss calculations predict interband relaxation channels in MWCNT [66].
Other results of photoluminescence and static transmission measurements
have been reported in which the VHS seem to play a crucial role in the
MWCNT optical response [67, 68]. In my opinion the particular processing
to which the MWCNT were subjected in these experiments prevents defini-
tive conclusions, but, at the same time, from all these results it is further
confirmed that the electronic structure of the MWCNT is still a crucial and
open question. Moreover the theoretical description of the nonlinear suscep-
tibility χ3 is essentially missing [69, 70].
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Addressing the questions described above is essential not only from a the-
oretical point of view, but also to rationalize the very promising response
of the MWCNT in photovoltaic devices, as it will be explained in the next
paragraph.
Among the HOPG-like or the SWCNT-like character, another important
question has been long time addressed and absolutely is still to be solved, i.e.
the character of the conductivity in MWCNT. It is a very intriguing challenge
involving different and promising perspectives, also concerning the supercon-
ductivity behavior revealed in the MWCNT systems [71, 72, 5]. But here I
want to underline only one question among the others. The conductivity in
MWCNTs is enhanced because of the presence of several shells, represent-
ing a multi channels for the flow of the current [9, 73], and it is very useful
property because in the photovoltaic devices an enhanced conductivity can
represent a great benefit.

4.2.2 MWCNT: challenging materials

The MWCNT represent a very promising challenging materials for a several
technological applications [74, 59, 7]. Concerning the photovoltaic devices,
as described before, it is known that

the enhanced conductivity in MWCNT, described before, represent a
huge benefit;

the advantage of the MWCNT film is that they can be produced cheaper
than the SWCNT film [75].

The main crucial issues to be addressed are resumed in the following points.

Are there VHS under 3 eV? Do they affect the absorption and represent
a significant factor in raising the photovoltaic devices efficiency? To-
gether with the facilitated conductivity, can the VHS presence explain
the MWCNT IPCE larger than SWCNT case under visible irradiation?
[65]

The interaction of the MWCNTs with substrate (for example Si as in
[64]) or with nanoparticles donor group (for examples copper as [7])
enchances the IPCE value. What are are mechanisms that justify this
behavior?
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Is it possible to choose the geometrical configuration of the MWCNT
film in order to improve the photovoltaic performances? This last ques-
tion has been yet addressed as in [76].

All these issues are pushing toward a further studies. To address these ques-
tions, we have performed a series of experiments reported in the next para-
graph and in chapters 5 and 6. In the following paragraphs in particular I
will report our paper that has been submitted to ACS Nano.

4.3 MWCNT TRANSIENT TRANSMITTIVITY

4.3.1 Abstract

High-resolution time-resolved transmittivity measurements of horizontally
aligned free-standing multi-wall carbon nanotubes reveal an exciton-like and
non-linear behavior that has hitherto been observed only for single-walled
nanotubes. The exciton relaxation channels are rationalized using a rate
equation model that describes the dependence of the transient signal on the
probe polarization. Further the coexistence of linear and non-linear terms is
quantitatively confirmed. The data allows for a much more detailed under-
standing of the complex electronic structure of multi-wall carbon nanotubes
and their functionality in optoelectronic applications than previous studies.

4.3.2 Introduction

An understanding of optical transitions and the underlying electronic struc-
ture of carbon nanotubes is of central importance to their characterization
and numerous potential optoelectronic applications. For single-wall carbon
nanotube the density of states, dependent on the chirality and dominated
by Van Hove singularities (VHS), is well defined and the excitonic nature
of the optical transitions is well explored. Conversely multi-walled carbon
nanotubes (MWNT) represent a significantly more challenging system and
as yet no coherent understanding of their properties exists. The presence of
multiple concentrically nested nanotubes, each with different chirality, com-
plicates the electronic structure. Theoretical and experimental studies pre-
dict similarities between the electronic properties of SWCNT and MWCNT,
however conflicting reports also suggest electronic properties approaching
that of graphite [64, 77]. At the same time multiple shells enhances electri-
cal conductivity due to the several distinct transport pathways [73, 9, 7, 76]
and results in high absorption cross-sections and large spectral absorbance



50
Horizontally aligned MWCNTs

MWCNT TRANSIENT TRANSMITTIVITY

Figure 4.2: (a) Optical micrograph of a vertically aligned MWCNT forest during mem-
brane extrusion. Insert: Cross-section schematic of the catalyst wafer. (b) SEM micro-
graph of an aligned MWCNT membrane (300 µm). Insert: HR-TEM micrograph showing
the graphitic walls of the thermal chemical vapour deposited MWCNT (scale bar 1 nm).
(c) Histograms showing the outer diameter and number of graphitic walls (Insert). High-
lighted areas denote the mean ± 1 S.D. (d) Raman spectra (633 nm, 3 mW) of the as-grown
MWCNT forest (top) and an extruded membrane (middle, bottom). Negligible variation
was noted in the acquired spectra across samples . (e) Static absorption measurements
for light polarized parallel (par) and perpendicular (perp) with respect to the MWCNT
longaxis. Static polarization (ρ) as a function of energy.

over the entire visible spectrum [74, 59]. Such characteristics make MWNT
extremely promising in photovoltaic cell applications [7, 6], in particular in
combination with different electron donor groups. Indeed, their incident-
photon-to-current efficiency (IPCE) have been found to be much higher than
that of SWNT [7]. Key to such future device applications, however, is a more
detailed understanding of their electronic and optical properties. Here, we
use time-resolved optical spectroscopy to unambiguously reveal exciton-like
behavior in MWCNTs which was masked in previous static spectroscopic
studies. By performing monochromatic transient transmittivity in the near-
infra-red (790 nm), we demonstrate that the electronic structure of MWCNT
is marked by the presence of multiple VHS and the electron dynamics trace
an exciton relaxation response typical of semiconducting SWCNT. We use
highly aligned suspended MWCNT films to negate detrimental contributions
from the substrate. Horizontal alignment ensures that the probed electronic
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structure is unaffected by variable sample features, such as nanotube curva-
ture [11]. Photobleaching and photoabsorption channels, typical of SWCNT
exciton dynamics [30], are clearly identified in the transient response. More-
over, non-linear effects, only measurable when the probability of creating two
or more excitons per nanotube is non-negligible, are also present [78]. By tun-
ing the probe polarization we reveal linear photoabsorption and non-linear
exciton-exciton annihilation in MWNTs.

4.3.3 Sample preparation and experimental set-up

MWCNT were synthesized by thermal chemical vapor deposition in a com-
mercially available cold-wall reactor (Aixtron Ltd.). Vertically aligned nan-
otube forests were grown from 200 nm thermally oxidized Si substrates mag-
netron sputtered and thermally evaporated with 10 nm Al2Ox and 1 nm Fe,
respectively. These bilayer catalysts were heated to 700 C◦(5C◦/s)) under 8
sccm C2H2 diluted in 192 sccm H2 (25 mbar). Aligned, free-standing thin
films were fabricated by solid-state pulling at a rate of ∼ 10−2m/s, as il-
lustrated in the insert of Fig. 4.2a, using a similar technique as reported
elsewhere [79]. To ensure the probed characteristics are associated expressly
with the MWCNT, no post-growth chemical processing was performed. Fig-
ure 4.2b shows a scanning electron micrograph (SEM) of an aligned, free-
standing MWCNT films. A high-resolution transmission electron micrograph
(HR-TEM), showing the graphitic walls, is given in the insert of Fig. 4.2b.
The as-grown MWCNT were 500 µm long, 25±13 (S.D) nm in diameter and
consisted of 2-5 graphitic walls (Fig. 4.2c). Figure 4.2d shows the 633 nm (3
mW) Raman spectra (Renishaw InVia) of the extruded aligned-nanotube at
multiple positions on the membrane evidencing the films high uniformity.
The use of free-standing, well aligned horizontal MWCNT, permits strict con-
trol over the relative angles between the MWCNT and the incident polariza-
tion whilst simultaneously avoiding detrimental substrate optical interference
effects. Herein ’perpendicular-polarized’ is defined as the light polarization
perpendicular to MWCNT long-axis and ’parallel-polarized’ where the po-
larization parallel to the MWCNT long-axis.
A Ti:Sapphire cavity-dumped, mode-locked laser oscillator was employed
throughout. The output pulse was centered at 790 nm (1.55 eV) with a
pulse width of 120 fs (FWHM). The output energy was 50 nJ (per pulse)
for variable repetition rates from 54.3 MHz to a single shot. Mean heat-
ing effects were obviated using a tunable repetition rate. The pump fluence
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ranged from 0.1 to 0.8 mJ/cm2. Low fluence measurements were obtained at
a repetition rate of 540 kHz to maximize the signal-to-noise ratio. A lock-in
acquisition technique was employed to provide high transient transmittivity
signal (∆T/T ) resolution.

4.3.4 Results and discussion

In MWCNT the large number of nested nanotubes smear out the VHS, result-
ing in an electronic structure tending toward that of Highly Oriented Pyrolitic
Graphite (HOPG) [77, 58, 64]. Static absorption measurements, performed
using an ultraviolet-visible near infra-red spectrometer, are shown in Fig.
4.2e. When the incident polarization is parallel to the MWCNT long-axis
(denoted ’par’), the absorption is substantial compared to the perpendicular
case (denoted ’perp’). No particular absorption peaks, characteristic of VHS,
are present in agreement with a HOPG-like electronic structure. Neverthe-
less, an indication of the presence of VHS can be obtained by estimating the
polarisability, ρ of the system as defined as [74, 53]:

ρ =
Λ// − Λ⊥

Λ// + Λ⊥
(4.1)

where Λ// is the absorbance for incident beam polarization parallel and Λ⊥
perpendicular to the MWCNT long-axis, and I/I0 = e−Λ, where I is the
intensity of the transmitted beam and I0 is the incident intensity.
As for SWCNT [53], ρ (insert, Fig. 4.2e) linearly decreases with photon en-
ergy (1.55 - 3 eV), suggesting the existence of VHS under 3 eV. In fact, with
respect to the spectrum at 3 eV, absorption at the VHS strictly depends on
the selection rules, leading to increased anisotropy under 3 eV.
In order to unambiguously evidence VHS in the electronic structure of the
MWCNT, we have performed monochromatic transient transmittivity mea-
surements.
Figure 4.3 depicts a typical transient transmission (∆T/T). The pump and
the probe excite at 1.55 eV with a fixed pump fluence of 0.25 mJ/cm2 (1015

photons/cm2). Figure 4.3a shows the transient transmittivity collected by
fixing the pump polarization parallel to the MWCNT long-axis and, con-
versely, by changing the probe polarization, from parallel to perpendicular
to the MWCNT long-axis. Two dynamics dominate the presented response.
The first positive dynamic, at short delay times (< 150 fs), is consistent with
photobleaching, in agreement with such effects noted in SWCNT [11, 52, 54].
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Figure 4.3: (a) Monochromatic transient transmittivity (∆T/T ), at 1.55 eV, collected
with the pump polarization parallel to the nanotubes long-axis and the probe polariza-
tion varying from the parallel to perpendicular. The incident fluence was 0.25 mJ/cm2,
corresponding to 1015 photons/cm2. The sign of the second dynamic depends only on
the probe polarization and varies continuously from negative (probe polarization parallel
to MWCNT long-axis) to positive (probe polarization perpendicular to MWCNT long-
axis). Spectra are normalized to the maximum response of the positive signal, excluding
coherent-artefacts. Non-normalised dependence of ∆T/T with probe polarization parallel
(b) and perpendicular (c) to the MWCNT long-axis, respectively. The pump polarization
rotation does not affect the sign of the second dynamic.

Charge carriers are promoted by the pump from the ground state, to an
excited state, and the absorption of the probe, at the same photon energy,
decreases due to final state filling, with a corresponding enhancement of the
probe transient transmission. The intensity of this photobleaching feature,
for a constant pump fluence, is affected by coherence effects that strongly
enhance the signal when the pump and probe polarizations are parallel to
one another [29, 80].
The second dynamic (> 150 fs) occurs over a temporal range independent of
any coherence effects and, unlike the first dynamic, depends strongly on the
probe polarization. In particular, the sign of this second response is negative
when the probe polarization is parallel to the MWCNT long-axis and positive
when it is perpendicular to it. By rotating the probe polarization relative to
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Figure 4.4: (a) ∆T/T for pump and probe polarizations parallel to the MWCNT long-
axis. Best fit (blue) of the experimental data (red) as modeled by eq.3. Schematic of
the relaxation channels (photobleaching PB and photoabsorption PA) rationalized in the
proposed model as illustrated in (b). (c) As in a, ∆T/T signal (red) and fitting (blue) for
pump polarization parallel and probe polarization perpendicular the MWCNT long-axis.
(d) Schematic of the relaxation channels.

the MWCNT long-axis, from 0◦ (parallel-polarized) to 90◦ (perpendicular-
polarized), the second dynamic changes in sign continuously from negative
to positive. To clearly evidence this behavior the transient transmittivity
signals (Fig. 4.3a) have been normalized to the maximum ∆T/T value of the
photobleaching channel. The shape of the transient response is unmodified
by this normalization. The change of sign depends exclusively on the probe
polarization. To exclude a pump polarization contribution, in Fig. 4.3b
with parallel-polarized probe, the pump polarization is rotated (at intervals
± 10◦), obtaining a variation of the second dynamic intensity. The mag-
nitude of this second dynamic is consistently negative for all polarizations.
Similarly, fixing the probe perpendicular-polarization (Fig. 4.3c), the rota-
tion of the pump polarization changes the intensity of the second dynamic,
thereby maintaining the positive sign. In both cases, for pump fluences ≤
0.25 mJ/cm2, the intensity of the second dynamic follows the laser pump
absorption that depends on the polarization of the laser pump with respect
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to the MWCNT long-axis [74]. To derive some insight into this surprising
dependence of the second dynamic on the probe polarization, we consider the
origin of the negative sign (Fig. 4.4a). According to SWCNT [30, 33], we
assume that the MWCNT have an exciton-like behavior. Then the relaxation
channels are as illustrated in Fig. 4.4b.

The pump generates excitons from the ground to a higher excitonic state
(E22), that within a few tens of femtoseconds decay to lower energy state
(E11) [30, 33]. If the probe polarization complies with the selection rules,
the probe pulse promotes excitons from E11 to another higher energy state
(E33). In the transient transmission spectra this process corresponds to an
enhancement of the probe absorption (photoabsorption) producing the neg-
ative ∆T/T response [30, 33, 81]. While the MWCNT positive photobleach-
ing response is consistent with the HOPG behavior, the negative response
excludes the HOPG-like relaxation channels.

With a parallel-polarized pulse only the component of the dielectric con-
stant parallel to the MWCNT long-axis is probed, corresponding to the com-
ponent of the HOPG dielectric constant perpendicular to the graphite c-axis
[82, 83, 59]. Under equivalent experimental conditions (Fig. 4.3), the HOPG
transient response reveals photobleaching only. Two exponential decays, as-
cribed to electron-electron and electron-phonon relaxation, are clearly evi-
denced, in good agreement with the two temperature model [12, 55, 82]. At
much higher pump fluences, a sign inversion in the transient optical response
for HOPG has been reported and attributed to the structural deformation of
the inter-plane distances due the presence of the so-called strongly-coupled-
optical-phonons [84]. However, in MWCNT, such structural deformation can
be excluded. The structural oscillations of the graphitic walls, observed in
SWCNT, depends critically on the pump polarization thereby giving rise to
periodic oscillations, not present in our measurements (Fig. 4.3) [22,34].

For MWCNT, the dependence of the negative dynamic on the probe po-
larization can be understood by considering the excitonic behavior and the
dipole selection rules [1]. When the probe is parallel-polarized, the photoab-
sorption corresponds to ∆m = 0, where m is the quantum number identifying
the VHS sub-bands [85]. This photoabsorption channel (Fig. 4.3b and Fig.
4.4a) suggests that, as expected by prior consideration of SWCNT with a
diameter of 1.5 nm [1], VHS are present also in MWCNT and give rise to
defined optical transitions at energies < 3 eV. This result corroborates re-
cent measurements reported elsewhere in the literature where it was shown
that the VHS play an important role in the electronic behavior of MWCNT
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[65, 64, 66].
The exciton behavior is also confirmed by considering the temporal trends of
the proposed dynamics. By fitting ∆T/T (Fig. 4.3b) with a Gaussian func-
tion (representing the laser pulse) convolved with two exponential decays, we
have estimated the relaxation times for the photobleaching and the photoab-
sorption channels. The decay time, at the different probe polarizations, is
approximately 60±20 fs, consistent with the decay time for the E22−to−E11

decay in SWCNT (∼ 40fs). The second photoabsorption process develops
after 150 fs and has a recovery time of the order of hundreds of femtoseconds
[30].
As shown in Fig. 4.4c, when the probe is perpendicularly-polarized the sign
of the second dynamic varies. In this case, according to the dipole selec-
tion rules, the polarization of the probe quenches the photoabsorbtion cross-
section revealing alternative exciton relaxation channels created by the pump
in the E22 state, as discussed below.
Figure 4.4d shows that the first stage of the process is equivalent to that
described in Fig. 4.4b. Excitons are promoted by the pump from the ground
state to E22 state, which induces photobleaching and a fast decay from the
E22 to the E11 state. Due to the high pump fluence (1014−1015 photons/cm2)
and the long decay time of the E11 state (few picoseconds) [1], excitons anni-
hilate and repopulate the E22 state. This process, known as exciton-exciton
annihilation (EEA), increases the transmittivity of the probe resulting in a
second photobleaching channel.
Non-linear excitonic effects are well studied on spatially confined systems,
such as nanocrystal [34], and have been more recently reported in SWCNT
[51, 10]. In high density exciton conditions, scattering processes can anni-
hilate two excitons promoting another exciton at a higher state, conforming
to the conservation laws. In SWCNT many different models have been pro-
posed to describe such EEA events, the most common of which is based
on the rate equation approach containing an exciton population quadratic
term [51, 2, 32]. Recently, in more sophisticated methods, the probability
of scattering between two excitons has been found to be proportional to the
mobility of the exciton along the nanotubes long-axis [35, 86]. EEA events
can be approximated also by an exponential decay with a characteristic time
of around 1 ps [10]. The interpolation (Gaussian convoluted with two expo-
nential curves) of the transient transmittivity (Fig. 4.3c) gives a decay time
of the second dynamic of around 1 ps, in agreement with [10]. In order to un-
ambiguously demonstrate that the positive second dynamic is the result of an
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Figure 4.5: (a) (∆T/T )−1 (extracted from the insert) as a function of the delay time
for delays of 0.5-2.5 ps. Data fitted by linear interpolation. Spectra collected with pump
polarization parallel and probe polarization perpendicular to the MWCNT long-axis. (b)
Interpolated ∆T/T (Insert) as a function of increasing pump fluence. The saturation
effect of photoabsorption channel (second negative dynamics) is shown in (c) by plotting
the maximum value of the ∆T/T relative to the photoabsorption effect versus the pump
fluence.

EEA process, in Fig.4.5a the inverse of the transient transmission (∆T/T−1)
is plotted as a function of the delay time. The quadratic dependence of the
exciton population temporal evolution on the population itself implies that
[51, 10].

(
∆T

T
)−1 ∝ ∆t (4.2)

where ∆t is the delay time between pump pulse and probe pulse. The linear
behavior shown in Fig. 4.5a confirms the non-linear character of the second
dynamic, when the probe is perpendicular-polarized.
To elucidate the photoabsorbtion promotion mechanism, rather than EEA
in the second dynamic, in Fig. 4.5b the dependence of the photoabsorption
channel on the pump fluence (top-left insert) is shown by fixing the probe
polarization parallel to the MWCNT long-axis. By increasing the fluence,
saturation is clearly noted, as highlighted in some detail in Fig. 4.5c where
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Figure 4.6: Photoabsorption coefficient (eq.3, eq.4) as a function of the angle between
the probe polarization and the MWCNT long-axis. When the probe polarization is per-
pendicular to the MWCNT long-axis, photoabsorption is quenched (top left insert). Pho-
toabsorption becomes non-zero around 45◦ (bottom right insert) and reaches a maximum
when the probe polarization is parallel to the MWCNT long-axis (top right insert).

the photoabsorption (maximum) versus the pump fluence is plotted. As the
non-linear EEA channel quadratically increases with fluence, the probability
of the probe revealing this non-linear effect increases much more rapidly than
the linear photoabsorption. Thus, the latter mechanism saturates. Photoab-
sorption is then quenched by rotating the probe polarization from parallel to
perpendicular and/or by increasing the pump fluence. In this second case,
the enhanced exciton density, corresponding to an increased EEA process,
repopulates the E22 state whose relaxation is described by the second posi-
tive dynamics (insert of Fig. 4.5a).
To rationalize our findings, we propose a rate equation model to interpret
the physical processes depicted in Fig. 4.4. The temporal evolution of the
excitons on the E22 state (N2) and on the E11 (N1) are then determined by
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dN2

dt
= A ·Gauss(t)−B ·N2 +

C

2
·N2

1 (4.3)

dN1

dt
= B ·N2 −D ·N1 − C ·N2

1 (4.4)

where E22 is populated by the Gaussian pump (σ
√

2π)−1e−
t2

2σ2 and de-
populated by the second term (-BN2) with B−1 corresponding to the N2

decay time ( E22 → E11). The third term (CN2
1 /2) represents the popula-

tion of the E22 state due to the annihilation of the excitons on the E11 state.
In agreement with the first rate equation, the E11 state is populated by the
relaxation of the excitons from the E22 state (BN2) and depopulated by the
relaxation on the ground state (-DN1) and the annihilation process (-CN2

1 ).
The ∆T/T signal has been interpolated, in a non-perturbative approach, by
the expression:

∆T

T
∝ N2 − αPAN1 (4.5)

where αPA is proportional to the magnitude of the photoabsorption.
The transient responses, given in Fig. 4.4a and Fig. 4.4c, for the parallel-
and perpendicularly-polarized probe, are well interpolated by the proposed
model (fit denoted in blue, data in red). In the fitting procedure, the C
parameter, that represents the EEA weight, was fixed as the pump fluence
did not change throughout the measurements. The fitted mean B−1 value,
for different spectra, is 60 ± 20 fs. This value is consistent with the 40 fs
reported for the E22 → E11 decay time in SWCNT [16] and with the result
previously obtained by interpolating the data with two exponential curves.
For the perpendicularly-polarized probe spectra the D−1 decay time is a few
picoseconds, corresponding to the long decay of the lower E11 excitonic state.
In the case of parallel-polarized probe spectra (with negative photoabsorp-
tion dynamic) D−1 results in a few hundreds of femtoseconds, as reported in
the literature for the photoabsorption recovery time in SWCNT [16].
In Fig. 4.6, the fitted αPA value, representing the photoabsorption weight, is
shown as a function of the angle between the probe polarization and MWCNT
long-axis. αPA = 0 when the angle is 90◦ because the selection rule prevents
photoabsorption. Increasing the component of the probe polarization along
the MWCNT long-axis, < 45◦, the photoabsorption, again in agreement with
the dipole selection rules, starts to increase, reaching the maximum value
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when the polarization direction is along the MWCNT long-axis. The ex-
cellent fitting of the data with the proposed rate equation model represents
compelling evidence for the exciton-like behavior in MWCNT.

4.3.5 Conclusion

Using high-resolution time resolved transmittivity measurements carried out
on horizontally aligned free-standing MWCNT, we have shown that the elec-
tronic structure of such systems are governed by excitons generated at the
VHS and are extremely similar to more simple semiconducting SWCNT. The
revealed exciton relaxation channels are rationalized using a rate equation
model that describes the dependence of the transient signal on the probe po-
larization and the coexistence of linear and non-linear terms is quantitatively
confirmed. The presented empirical evidence not only provides a deeper un-
derstanding of the so-far unconfirmed and complex electronic structure of
MWCNT, but also an important support to studies on the SWCNT-like be-
havior of MWCNT, invoked to explain the performances of many MWCNT-
based electronic devices.



CHAPTER 5

OPTICAL RESPONSE OF THE
VERTICALLY ALIGNED SINGLE AND
MULTI WALL CARBON NANOTUBES

5.1 INTRODUCTION

In this chapter we present an analysis of the optical transient response of
vertically aligned SWCNT and MWCNT.
The aim is to demonstrate that these CNT architectures reveal a transient
optical behavior similar to that of MWCNT horizontally aligned, supporting
the new results shown in chapter 4.
On vertically aligned SWCNT and MWCNT, the transient reflectivity ∆R/R
will be considered. Considering ∆R/R proportional to the change of the
imaginary part of the dielectric function [12], therefore, as reported in this
chapter, a photobleaching process corresponds to ∆T/T with a positive sign
and to ∆R/R with a negative sign.
The first part of the chapter is a further discussion of the vertically aligned
SWCNT sample (defined here sample A), already presented in chapter 3.
Then the optical response of a different vertically aligned SWCNT sample
(defined sample B) will be analyzed.
As explained before, in this chapter 4, transient reflectivity ∆R/R is mea-
sured. The negative sign of the optical response is confirmed, as reported
in chapter 3 for the vertically aligned SWCNT, but, at the same time, this
other interesting insights about this CNT architecture are evidenced.
Measurements of the MWCNT vertically aligned reflectivity complete the
framework.
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At the end the transient reflectivity spectra obtained with a supercontinuum
as a probe are shown and briefly discussed.

5.2 VERTICALLY ALIGNED SWCNT

5.2.1 Monocromatic pump-probe on SWCNT vertically aligned

Figure 5.1 shows a scheme of the experimental set-up for ∆R/R measure-
ments on vertically aligned CNT. The experiment was made in the configura-

Figure 5.1: Left panel: experimental set up in normal incidence. Right panel; possible
set up with a non-zero polarization component parallel to the CNT long-axis, not employed
for the high light scattering.

tion shown in the left panel, with the pump and probe polarization directions
perpendicular to the vertically aligned CNT long-axis. The right panel shows
the possible configuration to obtain also a polarization component parallel
to the CNT long-axis. In this case, whit the pulse polarization parallel to
the incident plane, the electric field vector has a component along the CNT
axis. However rotating the angle between the sample normal and the beam
propagation direction, the light scattering was increased, making it very hard
to collect any reflected signal.
Really the CNT vertically aligned samples had two characteristics increas-
ing the difficulties of the reflectivity measurements: the high light scattering,
that complicates the collection of the reflected beam, and the high absorption
power. This ”black-body” character, in particular in some of the employed
samples, decreased the static reflected signal intensity under the instrument
sensibility. Indeed our data of the static reflectivity are not useful because of
the noise above the low signal intensity.

In Fig. 5.2a the ∆R/R for the sample A is reported, with the pump and
probe polarizations both perpendicular to the CNT long-axis and with the
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Figure 5.2: (a) ∆R/R on SWCNT vertically aligned at different pump fluences. (b)
fit on ∆R/R. (c,d) Raman spectra. (e,f) Behavior of ∆R/R max and of t1 decay time
versus pump fluence (mJ/cm2).

pump fluence ranging from 0.2 mJ/cm2 to 0.4 mJ/cm2.
An evaluation of the maximum number N0 of exciting photons per pulse
gives 1014 < N0/cm

2 < 1015. The absorption efficiency, which depends on
the light polarization and is difficult to estimate, can decrease these values,
but they represent an upper limit giving interesting information.
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Following the approach reported in ref. [35], an estimate of the phonon tem-
perature can be done and, in correspondence to the maximum number of
photons N0/cm

2 ≈ 1015, we obtain ∆T ≈ 100 meV. Supposing that this
energy is totally transferred by scattering to the exciton state, characterized
by an exciton binding energy of some hundreds of meV, we conclude that
at our fluence the excitonic states are not thermally broken. Therefore the
excitonic picture can be used in order to grasp the physical process (for a
further discussion see also chapter 6).

As discussed in Chapter 3, the negative sign of the ∆R/R for vertically
aligned SWCNT is opposite to the positive sign of the unaligned case and
this result is confirmed also at different pump fluences.
As already shown in chapter 3, the negative response can be interpreted as a
photobleaching effect on the E22 excitonic state. In fact the Raman spectra
shown in Fig. 5.2d indicate that the diameters range from 1 nm to 1.6 nm,
corresponding to values of the VHS energetic positions around 1.5 eV, that
can be populated by the exciting photon energy of 1.55 eV (see also chapter
3 [11]).
In order to give a quantitative analysis of these results, a good fit is obtained
with only one exponential curve convoluted with a gaussian (Fig. 5.2b), rep-
resenting the exciting pulse. A second exponential curve, representing an
eventual second dynamic, is not necessary in order to give a good interpre-
tation of the data.
Comparing this behavior with the optical transient response of the horizon-
tally aligned MWCNT discussed in chapter 4, I observe that for the pump
and probe polarization directions perpendicular to the CNT long-axis the
second dynamic disappears in both cases.
Moreover the resulting decay time has an average value of around (65 +-
15) fs (Fig. 5.2f) and is still consistent with the decay time from the second
excitonic level E22 to the first one E11, reported in literature [30] and dis-
cussed in chapter 4 for MWCNT. The linear trend of the decay time against
pump fluence (Fig. 5.2f) leads to exclude radiative processes. Indeed with
the probe at the same energy of the the pump resonant with the second VHS,
the relaxation from E22 is measured and the radiative decay is quenched.
Figure 5.2e shows the behavior of the ∆R/R maximum value versus the pump
fluence. This result does not evidence a saturation in the considered excita-
tion range (≈ 1014N0/cm

2).
Further important details can be retrieved considering the transient reflec-

tivity measurements of a different SWCNT vertically aligned sample (sample
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Figure 5.3: The comparison between transient reflectivity response of the sample A
(with only one dynamic) and of the sample B (with two dynamics). In the right panel the
correspondent BRM spectra.

B). In Fig. 5.3, we report the comparison between ∆R/R of the sample A
(red color) and of the sample B (blue color), with the pump and probe energy
of 1.55 eV. The respective Raman spectra are shown. In the sample B the sec-
ond dynamic is evident. Why do the two similar samples, measured in similar
experimental set up, show different behavior? The reason can be ascribed to
the presence of a non-linear excitonic effect in sample B characterized by a
more increased absorption than sample A. In order to explain this argument,
the two Raman spectra, reported in Fig.5.3, have to be analyzed. In sample
A the RBM are principally located around 160 cm−1 (peaked structure) and
270 cm−1 (broad structure) corresponding to diameters 0.9 nm and 1.55 nm.
In the Kataura scheme [15] these diameters indicate second VHS energies of
about 1.25 eV and 1.7 eV. Therefore the second VHS in the SWCNT ensem-
ble may certainly be populated by the 1.55 eV photon energy, but they are
not exactly in resonance with this energy.
On the contrary, in sample B, the RBM are located around 185 cm−1 and
215 cm−1 corresponding to diameters of 1.4 nm and 1.2 nm. In the Kataura
scheme second VHS energies are of about 1.25 eV and 1.5 eV, closer to 1.55
eV. Therefore in this case, even if the pump polarization is perpendicular to
the CNT axis, the resonance condition results in a greater population effect
and consequently the second dynamic is evident. Even though a quantitative
estimate is not calculated, this qualitative analysis seems to be consistent
with the Raman measurements evidence.
In order to discuss the nature of the second dynamic in sample B, the results
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Figure 5.4: open black dots represent |∆R/Rmax| of the first negative dynamics reveal-
ing a linear behavior (black line) on SWCNT vertically aligned (sample B). Filled red dots
represent |∆R/Rmax| of the second negative dynamics still revealing a linear behavior
(evidenced by the red line) on the same sample.

on the vertically aligned SWCNT are compared with those achieved on the
horizontally aligned MWCNT reported in chapter 3. In that case, when the
probe polarization is perpendicular to the CNT long-axis, a first decay of
(60 +- 20) fs is followed by a second positive dynamic, of about 1 ps. I will
show in the following that the response of the vertically aligned SWCNT is
quite similar. As illustrated in top panel of Fig. 5.4, after the photobleaching
effect and the decay of the excitons from the E22 to E11, the exciton-exciton
annihilation (EEA) process occurs in E11. During this EEA two excitons
annihilate giving rise to one exciton in E22, repopulating it and generating
the slower positive response, i.e. a second photo-bleaching effect.
In order to confirm this picture and give a more quantitative support, the
spectra are fitted with a gaussian convoluted with two exponential curves.
The first dynamic is (100 ± 10) fs, larger than that of the sample A, but
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Figure 5.5: the −∆R/R fit with the rate equation ; in the inset the −(∆R/R)−1 linear
behavior.

anyway in the pulse temporal width and consistent with (70 ± 20) fs. The
second longer decay is (0.75 ± 0.15) ps, consistent with the 1 ps result ob-
tained on MWCNT and in literature [10].
The first photo-bleaching peak intensity (∆R/Rmax) is about 100 times
larger than the second one and this can be explained considering that the
second process, even if favored by the resonance condition between the pho-
ton energy and the second VHS energy position, is partially quenched by the
perpendicularity of the pump polarization to the CNT long-axis.
Moreover, we performed a scan of the transient response against the pump
fluence. A rough evaluation of the photon number N0/cm

2 is reported on the
abscissa (Fig. 5.4). The open black circles represent the ∆R/R maximum
value of the first dynamic, whereas the filled red circles the ∆R/R maximum
value of the second non-linear process.

The trend of the first dynamic is linear not evidencing any saturation or
non linear effect. This behavior is consistent with the literature results. In
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ref. [2] the pump photon excites the E22 state. In one case the probe photon
energy is chosen in order to capture the transient transmittivity response of
the same E22 state, in a second measurement the probe energy is chosen to
capture the transient transmittivity of the E11 state. For the E11 state, which
is characterized by a life time of the order of some ps, the ∆T/T maximum
vs the photon number reveals a saturation effect. In the case of pump and
probe resonant with the E22 state, the relaxation channels are so efficient as
prevent effect of saturation and a linear trend is revealed.
In our case we excite the E22 state and probe the same level. Then, con-
cerning the first photobleaching dynamic, for the N0/cm

2 comparable to the
literature case, we obtained a linear trend, as expected.

Concerning the second photobleaching dynamic, its intensity is about two
orders of magnitude smaller than the first one, the value depending on the
measured zone of the sample, which can differ from the others because of the
alignment degree of the CNT in the vertical direction. These small intensi-
ties make a quantitative study more difficult. Nonetheless also for the second
dynamic we observe a linear behavior. If the more intense first response does
not reveal a saturation effect, this should be true also for the second response.
In fact the number of excitons from E11 to E22 is less than one half of the
excitons originally excited by the pump pulse.
The difference between the slopes of the |∆R/R|max against N0/cm

2 curve
for the first and the second dynamics can give further information. The ra-
tio is ∼ 20. In an ideal process, with the CNT isolated and not interacting
with other tubes in bundles, for each couple of excitons excited in E22 state
and relaxed on E11, only one exciton is promoted back in the second state.
In this case the ratio between the two slopes should be ∼ 2. But in the
real situation, especially in the case of the CNT bundles, it is known that
there are more decay channels from the E22 compared to the isolated CNT
[1] and they represent different pathways reducing the relaxation process to
E11. This can justify the large difference between the two slopes. Therefore
enhancing the number of photons, the corresponding increase of the second
photobleaching process is reduced compared with the first one, because less
excitons decay on E11 than those excited by the pump on E22. Moreover
not all the excitons into the E11 state are involved in the EEA process, but
partially they decay from E11 to the ground state.
In order to confirm the non linear origin of the second photobleaching pro-
cess, the |∆R/R| signal is interpolated with the same rate equation employed
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Figure 5.6: (a) ∆R/R on MWCNT vertically aligned at different pump fluences. (b)
fit on ∆R/R. (c) Behavior of ∆R/R max and (d) behavior of t1 decay time versus pump
fluence.

in chapter 4, 
dN2

dt
= A ·Gauss−B ·N2 +

C

2
·N2

1 (5.1)

dN1

dt
= B ·N2 −D ·N1 − C ·N2

1 (5.2)
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where

|∆R
R
| ∝ N2 − αPAN1 (5.3)

whit αPA representing a coefficient taking into account the weight of the
photoabsorption effect in the spectrum measurement.
In Fig. 5.5 the fit is reported, evidencing a good result and confirming the
non-linear model. The decay times are consistent with those determined by
the simpler model with two exponential curves, already discussed.
Moreover we consider the inverse of the |∆R/R| against time. As reported
in literature [2] if the rate equation describing the process contains the term
dN
dt ∝ -γ N2 , then (|∆R/R|)−1 ∝ ∆t. As in chapter 4 for the MWCNT

horizontally aligned, we still obtain the same result. In Fig. 5.5 (|∆R/R|)−1

against time is shown and the linear behavior is evident, even if the fluctu-
ations at these low signal intensity prevent an extension of the considered
temporal range.
These results correspond to an important further corroboration of those re-
ported in chapter 4: the MWCNT and the SWCNT transient optical re-
sponse, in the infrared excitation regime, is quite similar.

5.2.2 Monocromatic pump-probe on MWCNT vertically aligned

In order to confirm the important correspondence between SWCNT and
MWCNT in vertically and horizontally aligned configuration, MWCNT ver-
tically aligned are also analyzed. In Fig. 5.6, the ∆R/R measurements also
on MWCNT vertically aligned is reported, in the set up described in Fig.
5.1, with pump and probe polarization perpendicular to the CNT axis. Con-
firming the obtained results, also in this case the negative response can be
attributed to a photobleaching effect.

The ∆R/Rmax against the pump fluence does not reveal any saturation
behavior. The fit procedure evidences only one exponential decay whose av-
erage value is about (95 +- 10) fs, consistent with the (70 +- 20) fs value.
This confirms what we obtained above.
In order to have an overview of the obtained results, a resume is now use-

ful. On MWCNT horizontally aligned, discussed in chapter 4, in a transient
transmittivity measurement whit the probe polarization perpendicular to the
CNT long-axis, a second dynamic, evidencing non-linear excitonic effects, can
appear only if the absorption is strong enough and this is verified when the
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Figure 5.7: ∆R/R on SWCNT vertically aligned with Supercontinuum as a probe.

Figure 5.8: ∆R/R versus probe energy at delay time tau=0.

pump polarization is parallel to the CNT long axis. Reversely when the pump
polarization is perpendicular to the CNT long-axis, the second dynamic is
quenched.
In vertically aligned MWCNT measurements pump and probe are both per-
pendicular to the CNT long axis and coherently with the former interpreta-
tion the second dynamic is not revealed.
Concerning the measurements on vertically aligned SWCNT, the pump and
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probe polarizations are both perpendicular to the CNT long axis. In this
case the second dynamic is quenched when the pump energy is not resonant
with the second VHS (sample A), conversely it is present when the pump is
resonant (sample B), because in this last case the absorption is sufficient to
generate non-linear effects.
This analogy between the horizontally or vertically aligned MWCNT and ver-
tically aligned SWCNT not in resonance with the pump, suggests that the
VHS although present also in MWCNT, are much less pronounced than in
the SWCNT case. This is the reason why the MWCNT electronic structure
can be interpreted as HOPG-like or SWCNT-like [64, 77].

5.2.3 Supercontinuum probe on SWCNT vertically aligned

In order to confirm the transient optical negative response at different probe
photon energies we performed measurements with a supercontinuum probe,
as already done in the unaligned SWCNT case, described in chapter 3. The
result is reported in Fig. 5.7. Everywhere the response is clearly negative. In
particular in Fig. 5.8, the ∆R/R value for different energies at delay time τ <
100 is reported. (In chapter 3 it is possible to find a deeper explanation of the
supercontinuum spectra). There is no evidence of any particular structures
and the negative response returns to zero around 2 eV.
Therefore a deeper study of the vertically aligned SWCNT, performed with
the supercontinuum as a probe, confirms the dramatic difference in transient
optical response compared to the unaligned SWCNT case.

5.2.4 Conclusion

The results obtained above clearly support the interpretation of the optical
response of horizontally aligned MWCNT given in chapter 4. The MWCNT
show an optical response very similar to that of SWCNT. Among the mea-
sured enhanced conductivity of the multi shell structure, the presence of
structured peaks under 3 eV could represent an important improvement
toward the understanding of high efficiency of solar cell devices based on
MWCNT. Moreover the system of horizontally aligned MWCNT allows a
great control of the angle between the polarization light and CNT long-axis,
much more difficult in the vertically aligned configuration [53, 54].



CHAPTER 6

TRANSIENT TRANSMITTIVITY ON
HORIZONTALLY ALIGNED MULTI WALL
CARBON NANOTUBES WITH TUNABLE
PUMP ENERGY

6.1 INTRODUCTION

This chapter contains a further analysis of the horizontally aligned MWCNT
optical response, already introduced in Chapter 4. In the first section the
results of three different experimental techniques will be presented, i.e. tran-
sient transmittivity ∆T/T with probe at 1.55 eV and pump energy tuned
from 1.5 eV to 2.0 eV; ∆T/T with pump fixed at 1.55 eV and supercontin-
uum as a probe ranging from 1.2 eV to 2 eV; at the end, Incident to Photon
Charge Carrier Efficiency (IPCE) measurements in which MWCNT are ex-
cited by continuum light from 1 eV to 3 eV. These measurements suggest the
existence of peaked structures in the MWCNT optical response below 3 eV,
confirming the previous results. In the second section the exciton behavior
in the MWCNT under high laser fluence will be briefly discussed. Then the
data, taken with the pump energies tuned from 0.8 eV to 4.1 eV, will be
shown and interpreted in a rate equation framework. The hypothesis of the
Multiple Exciton Generation (MEG) in MWCNT will be explored.

73
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Figure 6.1: Transient transmittivity on horizontally aligned MWCNT with pump energy
tuned from 1.5 eV to 2.0 eV evidencing a resonance around 1.6 eV.

6.2 SWCNT-LIKE BEHAVIOR AND PHOTOVOLTAIC EFFI-
CIENCY OF MWCNT

Varying the pump photon energies in time resolved optical experiments al-
lows to analyze the response of the system when excited at different energies.
When the pump photon energy is in resonance with a particular optical tran-
sition, the transient optical behavior may vary. Therefore tuning the pump
energy it is possible to identify the presence of structured features in DOS
and to study the ultra-fast relaxation dynamics. Moreover this technique
allows to discriminate if the effect of the pump excitation is mainly structural
or principally due to an electronic excited population contribution. In chap-
ter 7 a deeper analysis of these concepts is reported, applied in particular
on HOPG study [12]. In this section the ∆T/T spectra with pump energy
ranging from 1.5 eV to 2.0 eV and the probe at 1.55 eV are shown. The aim
is to verify the existence of structured peaks in this energy regime.

In Fig. 6.1 on the horizontal axes the pump and probe delay time and
the pump energies are represented. Each spectrum corresponds to a different
pump energy. On the vertical axis, the ∆T/T is reported. In the graph on
the top-left, ∆T/T maximum values (∆T/Tmax) versus pump photon energy
are reported. The ∆T/Tmax behavior can be described with a gaussian-like
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Figure 6.2: Schematic of the photobleaching process with energy pump tuned from 1.5
eV to 2.0 eV and the probe energy at 1.55 eV

trend, with a maximum around 1.6 eV.
In order to interpret this trend, it can be useful to remember two concepts.
First the photobleaching effect depends on the intensity of the excitation,
which is determined by the pump fluence or by the resonance condition be-
tween the pump photon energy and a particular electronic transition. In our
case the pump fluence is kept constant.
Second, as discussed in ref. [55, 12], when the pump excites a material at
a definite energy, the excited population spreads in a range of energies of
the Brillouin zone. In absence of particular structures, the maximum of the
optical response is achieved when the probe energy coincides with the pump
energy, because in this case the maximum of the photoexcited population is
intercepted. If the probe energy is larger or smaller than the pump energy,
the probe intercepts only a tail of the photoexcited population, giving rise
to a decreased optical response. For example for a pump energy smaller or
larger than the probe energy of about 100 meV, in absence of resonances, the
optical response is expected to be of the same intensity.
In the light of these preliminary considerations the trend shown in Fig. 6.1
can be qualitatively interpreted with the aid of Fig. 6.2. The probe energy
is fixed at 1.55 eV and the pump energies vary from a value under 1.55 eV
to values above 1.55 eV. Considering that the pump at 1.51 eV and at 1.59
eV are both near the probe energy, if no resonance exists, the trend should
not reveal a structure reported in part A of the figure. Moreover at the
enhanced energetic distance of 1.66 eV a decreasing optical response is not
present, whereas, as explained above [55, 12], if the pump energy is higher
than the probe energy, then the optical response should decrease. This last
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Figure 6.3: (a) Line profiles of the supercontinuum probe, at energies from 1.6 eV to 1.8
eV, on horizontally aligned MWCNT. (b) With supercontinuum probe, the ∆T/T versus
the delay time between pump and probe and the variable probe energy. In the box the
lines correspond to the spectra at different probe energies reported in (a)

explanation can instead justify the trend revealed in part B of the Fig. 6.2.
In conclusion the global trend of the ∆T/Tmax is consistent with a resonance
around 1.6 eV.
This first qualitative result is consistent with the conclusions of the previous
chapters and is confirmed also by the measurements reported below.
In Fig. 6.3 the transient transmittivity with a supercontinuum as a probe
and the pump photon energy at 1.55 eV is reported. The pump fluences
are comparable to those used in the experiment reported in chapter 4, that
is 0.3 mJ/cm2. The excitation determined by the pump fluence, as already
discussed in chapter 5, allows an excitonic description of the optical response.
The probe polarization direction is parallel to the CNT long-axis and in this
configuration a retarded photoabsorption was found for pump and probe both
at 1.55 eV (see the second dynamics discussed in chapter 4). The pump po-
larization direction is at 30◦ from the CNT long-axis, in order to enhance the
absorption effect (maximum in the parallel configuration) and, at the same
time, to decrease the coherent artifact, which appears when pump and probe
polarizations are parallel.
In Fig. 6.3a the ∆T/T versus delay time is shown for different values of
the probe energy, ranging from 1.6 eV to 1.8 eV. The considered spectra are
taken from the evidenced zone in the graph of Fig. 6.3b, where the ∆T/T
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Figure 6.4: Schematic of the selective photoabsorption of the probe pulse.

intensity is reported against the delay time between pump and probe and the
probe energies. The energy at 1.55 eV is not taken into account because of
the presence of the pump pulse scattering in the photodiode arrays and the
energies under 1.55 eV are not considered because the structured solitonic
peaks characteristic of the supercontinuum pulse make unclear the analy-
sis of the optical response in the first two hundreds of femtoseconds. The
spectra corresponding to probe energies over 1.8 eV, though not conflicting
with the results shown below, are not considered as affected by an increasing
noise. All the spectra reported in Fig. 6.3a reveal a photobleaching initial
response, which decreases in intensity as the probe energy increases above
1.55 eV (pump energy). This behavior means that when the system is ex-
cited by a pump energy at 1.55 eV also the states above the transition at
this energy are partially populated causing a bleaching effect on probe ab-
sorption. Considering the region above the 1.8 eV of probe photon energy
in Fig. 6.3b, we note that this effect is quenched when the energy difference
between pump and probe exceeds ∼ 0.4 eV. This ′expanded′ photobleaching
effect has been already found in the other transient optical measurements on
different systems with supercontinuum as a probe and the pump energy at
1.55 eV.
Now it is interesting to analyze the second dynamics. In fact Fig. 6.3a clearly
shows that when the probe energy ranges from 1.6 eV to ∼ 1.7 eV, the global
signal reveals only one positive dynamics, whereas, with the probe energy
ranging from 1.7 eV to 1.8 eV, a second negative response appears, which
can be interpreted as a photoabsorption, consistently with the model dis-
cussed in chapter 4. In fact the shape of the global transient optical response
can be fitted with the same interpolating procedure used in chapter 4 and
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Figure 6.5: IPCE measurements for different photon incident energies. In the insert the
same IPCE at different powers of the incident light.

based on the equation
dN2

dt
= A ·Gauss(t)−B ·N2 +

C

2
·N2

1 (6.1)

dN1

dt
= B ·N2 −D ·N1 − C ·N2

1 (6.2)

Thus, referring to the discussion reported in chapter 4 about the meaning
of this second photoabsorption process, now I offer an interpretation for the
different behavior of the second dynamics at different probe energies. Figure
6.4 represents a schematic of the process. After a photobleaching effect on
the E22 state for all the considered probe energies, the excitons decay in the
E11 state in the first 100 fs. Then the photoabsortion can take place. PA1

indicates the photoabsorption already measured with the probe energy at
1.55 eV and discussed in chapter 4. This process is indicated in the picture
shown in the Fig. 6.4, but it is not detectable here, because at this energy, as
already explained, the pump scattering into the photodiode arrays prevents
the possibility to perform the measurement. For probe energies larger than
1.55 eV on the contrary it is here evident that the photoabsorption is initially
quenched and this can be interpreted supposing that for these probe energies
there is not a level with which the probe can be in resonance. Whereas, for
probe energies from 1.7 eV to 1.8 eV, we assume that a state is available for
a transition from the E11, giving rise to the PA2 process. This interpretation
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means that also in the range above 2 eV the DOS of the MWCNT is struc-
tured, with energetically close and not pronounced peaks. Without evidence
of this DOS character in static measurements, it is very difficult to quantify
these transitions. For example it would be necessary to know the energetic
position of the E11 level. Aware of these open issues, nonetheless it can be
stated that the body of the experimental evidences, obtained with different
experimental techniques and confirmed on several systems (see also chapter
4 and 5), allow a coherent interpretation toward the structured character of
the MWCNT electronic structure [64].
In order to further confirm this analysis another experimental evidence can
now be considered. Measurements of IPCE (Incident Photon to Charge car-
rier Efficiency) on horizontally aligned MWCNT have been performed (work
done at the University of Cambridge by M. Cole). Since our final aim is to
increase the photovoltaic performances of devices based on MWCNT, these
preliminary results assume particular importance in the framework of our
research. As shown in Fig. 6.5 it is evident the IPCE is consistently differ-
ent from zero for the two exciting photon energy values under ∼ 2.3 eV and
abruptly goes to zero for the two values over 2.3 eV. As the IPCE could be
associated with an enhanced absorption efficiency and the structured features
can promote it, this result can be interpreted as a further evidence of the fact
that under 2.3 eV the horizontally aligned MWCNT reveals a SWCNT-like
character. Moreover in the insert of Fig. 6.5 the same measurements at dif-
ferent powers of the incident light are shown, confirming the same behavior.
It will be necessary to complete this analysis in order to understand if the
IPCE rises again above 3 eV and in general in order to obtain information
about the IPCE response in other light energy ranges.
In conclusion these results represent a coherent framework able to give a
consistent interpretation of the MWCNT structure, but, at the same time,
they are the first step toward the photovoltaic characterization of these very
promising MWCNT systems.

6.3 NON-LINEAR EXCITONIC DYNAMICS ON MWCNT

The analysis of ∆T/T on horizontally aligned MWCNT with a pump energy
variable from 0.8 eV to 4.1 eV and the probe energy fixed at 1.55 eV are
presented (see chapter 2 for the description of the experimental set up).
The preliminary question to be addressed concerns the possibility of using
an excitonic description of the optical response also at high pump fluences
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Figure 6.6: All the spectra have pump-probe delay time (fs) on the x-axis and the ∆T/T
on y-axis. ∆T/T with pump in the 0.8-1.0 eV range (a); in the 1.5-2.0 eV range (already
discussed in the previous section) (b); in the 3.3-3.7 eV range (c). At the right side of each
section a spectrum fitted with an exponential curve is reported. (d) The three spectra at
1.79, 1.90 and 4.1 eV are shown, with the corresponding fits at the bottom, evidencing
a behavior not reproducible with a simple exponential curve, but with a more complex
fitting procedure (see text). (e) The spectra from 3.3-4.1 eV are reported with the same
height. (f) The same spectra normalized at the same pump fluence.

employed in this experimental set up. Then the different ∆T/T spectra
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Figure 6.7: Cross correlation between the pulses at 4.07 eV and the 1.55 eV photon
energies.

obtained in the 0.8-1.0 eV, 1.5-2.0 eV, 3.3-4.1 eV range of the pump photon
energy are compared. The experimental evidence is compatible with the
existence of Multiple Exciton Generation also in the MWCNT system. If
confirmed, this last result could be relevant toward the improving of the
photovoltaic efficiency of the MWCNT based devices. Because of the initial
character of this research, other measurements will be necessary.

6.3.1 Thermal exciton breakdown under high laser irradiation

In order to operate the Traveling Optical Parameter Amplifier (TOPAS), the
high fluence set up is employed (see chapter 2). For a pump power of 0.2-1
mW, the fluences are of the order of 5 − 20mJ/cm2. The energy deposited
in the MWCNT is large. Therefore the two issues to be addressed are

1 is it possible to give an estimate of the binding energy of the excitonic
states in MWCNT?

2 is the thermal energy deposited into the MWCNT system sufficient to
destroy the excitonic state excited by the pump pulse?

Both the questions represent an open issue and a strong challenge.
Regarding the first question, an evaluation of the exciton binding energies
in SWCNT has been done by theoretical modeling, static and transient op-
tical measurements [3, 19, 87, 22]. Depending on the SWCNT chirality, the
binding energies range from ∼ 0.4 eV to ∼ 1 eV and strongly affects the
optical response. Moreover the influence of the dielectric environment on the
excitonic binding energy has been measured [21].
Instead, a study of the excitonic behavior in MWCNT, foreseen in this the-
sis, up to now is missing. In ref. [88] the expression fo the binding energy
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Figure 6.8: Pump power scan for the ∆T/T with a pump photon energy at 3.5 eV

for a SWCNT is done. But about MWCNT, all the following questions are
completely open. Are the formula of the ref. [88] still valid? How the in-
teraction between different shells modifies the Hamiltonian of electron and
hole considered for SWCNT? And more, what are the roles of the dielectric
constant and the effective mass? How many parameters influence the exciton
binding energy in MWCNT? We know that all these points represent strong
challenges and really intriguing research directions. For now we assume that
the excitonic binding energy is around 0.3-0.4 eV, near to the SWCNT case.

Concerning the second question, as already discussed in chapter 5, in
SWCNT a relation between thermal excitation and exciton binding energy
has been studied [35]. Using this model, I have shown that, with the pump
intensity employed in the low-fluence set up, the deposited thermal energy is
well under the supposed binding energy of the excitonic state in MWCNT.
But in the high fluence set-up, the conditions change. In order to get insight
into this question, I analyze more deeply the references [35, 89]. In these
works the excitation fluence is assumed to be transformed to phonon tem-
perature enhancement (∆Temp). Following ref. [89] this ∆Temp represents
a maximum temperature difference in the approximation of an instantaneous
generation of hot phonon population. A ∆Temp of about 110 K is found
in correspondence of 0.03 mJ/cm2 light power. This ∆Temp leads to ∼ 35
meV. As the considered exciton binding energy is ∼ 400 meV, therefore the
considered laser fluence is not able to break the excitonic state.
In this framework at our fluence of ∼ 5 − 20mJ/cm2, the corresponding
phonon energy should be from 1 eV to some eV, and, in particular for the
highest values, a breakdown of the excitonic state should occur. However, in
my opinion, there are several issues not clear in the MWCNT case. For exam-
ple we have to understand if the approximation of a hot phonon population
instantaneous generation is present also in the MWCNT case. The dynamics
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Figure 6.9: Schematic of the two hypotheses of MEG effect on MWCNT

in our measurements are very fast and it is not clear if, in the MWCNT, the
interaction with a phonon population occurs in this temporal range.
Moreover a further effect should be considered. In ref. [90] the MWCNT
thermal conductivity is discussed, evidencing, in particular, a high thermal
dissipation, because of the heat radiation even for very low temperature gra-
dients. An estimate of the thermal radiation, using the model reported in the
ref. [90], is necessary. Moreover, in ref. [91] the high stability of the SWCNT
excitonic state under high laser irradiation (∼ 1mJ/cm2) is measured. In our
case an evaluation of the energy deposited on the single nanotube composing
the overall multi wall system has to be formulated. In addressing all these
issues, I could find that a smaller number of photons are deposited on single
CNT composing the MWCNT system.
Therefore, an understanding of these open points can decide if the excitonic

model can be employed also in a high pump fluences regime (∼ 10mJ/cm2).
The previous considerations are not conclusive and they rather represent
possible research directions toward a deeper analysis of the MWCNT. The
importance of these aims will be more clear in the following sub-section.

6.3.2 Exciton behavior model on horizontally aligned MWCNT

The ∆T/T spectra with a pump variable from 0.8 eV to 4.1 eV and the probe
photon energy at 1.55 eV are discussed. The main results are summarized in
Fig. 6.6. All the spectra have been taken with a pump polarization direction
mainly parallel to the CNT long-axis, with a depolarization effect due to the
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optical elements in the pump-probe line. In any case no difference has been
measured in dependence on the pump polarization direction. Moreover the
optical response does not reveal any dependence on the probe polarization.
This can be connected to the high pump fluence, which ranges from 4 to
15 mJ/cm2, corresponding to an estimate of the photon number per cm2 in
the range of 1 × 1016 < N0/cm

2 < 7 × 1016. For these values two scenarios
are possible: a breakdown of the excited excitons; a possible description in
an excitonic model and in this case, as pictured in chapter 4, the non-linear
effects prevails, justifying the quenching of the photabsorption process shown
in chapter 3. Again, addressing the problems described in the previous sub-
section, is crucial and, as already explained, they will be considered in the
next future. However a more detailed analysis, evidences that, in particular
for the pump photon energies ranging from 3.3 eV to 4.1 eV, the employed
pump fluences correspond to N0/cm

2 value of ∼ 1 × 1016. In ref. [2] an
excitonic description is used in this regime. For this reason, in the following,
I will still consider an excitonic model, aware of the fact that the results have
to be confirmed with other measurements on different systems.
Figure 6.6a shows two spectra collected with pump photon energies at 0.8

eV and 1.0 eV. The 0.8 eV spectrum is fitted with only one exponential
curve convoluted with a gaussian. The decay time is about 140 fs, within the
pulse temporal width. A pump power scan, from 0.2 mW, corresponding to
N0/cm

2 ∼ 1 × 1016, has been performed (not reported here), revealing that
the behavior is the same for all the incident fluences. The photobleaching
effect at these pump energies can be justified considering that the pump fills
a E11 state and for scattering processes also the E22 states can be filled,
producing the photobleaching of the probe pulse at 1.55 eV. The decay from
E22 is very rapid and in the temporal width of the pump pulse. Several at-
tempts have been performed in order to improve the model and the fitting
procedure, but the lack of features of these spectra makes these attempts
little meaningful.
In the Fig. 6.6b three spectra with the pump energy ranging from 1.5 eV to
2 eV are reported and the 1.6 eV fit is shown. Also in this case a gaussian is
convoluted with a simple exponential curve. The decay time is still about 150
fs. A detailed discussion on the spectra corresponding to these pump photon
energies have been already reported in the first section of this chapter.
∆T/T with a pump photon energy ranging from 3.3 eV to 4.1 eV gives more
information.
In Fig. 6.6c the spectra collected from 3.3 eV to 3.7 eV are shown. All these
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Figure 6.10: The spectra for 3.79 eV, 3.90 eV and 4.07 eV. The reported fits are from
the equation 1 in the text. In the spectrum with 4.07 eV pump photon energy, also the fit
with a simple exponential curve is reported, evidencing the failure of this fitting procedure.

spectra can be fitted with a simple exponential curve as indicated for the
3.38 eV fit.
In Fig. 6.6d the spectra collected with the pump photon energies of 3.79 eV,
3.90 eV and 4.07 eV are shown. An evident structure is present after the
maximum. Figure 6.7 is the cross correlation of the pulse at 4.07 eV photon
energy with the pulse at 1.55 eV photon energy. The cross correlation can be
fitted with a gaussian curve and this shape of the pulse does not justify the
structure appearing in the spectra of the Fig. 6.6d. The cross correlations
performed with other photon energies (not reported here) present the same
gaussian behavior. At the bottom of Fig. 6.6d, the spectra are presented with
two possible fit procedures, the exponential not well interpolating the ∆T/T
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Figure 6.11: (a) ∆T/T of 4.07 eV and 3.34 eV spectra with the correspondent two
exponential fits. (b) The two fitting curves are reported and the 3.34 eV curve is delayed
compared to the other one by ∼ 150 fs. The green curve is the sum of the two exponential
fits. (c) The sum is employed as a fit for the 4.07 eV spectra.

data and a different fit derived from a much more complex fitting procedure
that will be discussed later. The not good result of the ∆T/T exponential
fits evidences that the spectra for the pump photon energy > 3.80 eV present
a singular character to be studied.
In Fig. 6.6e all the spectra with pump photon energies > 3.3eV are reported

and normalized at the same maximum value, in order to graphically evidence
the structure present in spectra corresponding to the highest pump energies.
The ∆T/T have been collected at different pump powers, because the gen-
eration of the 4th harmonic from the TOPAS is a tricky procedure and it is
not possible to have the same power for all the pump photon energies. For



Tunable pump energy on MWCNT
NON-LINEAR EXCITONIC DYNAMICS ON MWCNT 87

this reason a calibration curve at two energies, 3.39 eV and 3.5 eV, has been
traced and Fig. 6.8 shows the power scan of the ∆T/T for pump photon en-
ergy of 3.5 eV (the other calibration curve has the same behavior). Then in
the Fig. 6.6f the spectra normalized with the calibration curve are presented
and also in this case the structures discussed above are evident.
A possible interpretation of these features can be obtained from the literature.
In particular in [10] the Multiple Exciton Generation (MEG) has been found
in SWCNT. The MEG process is known in systems of small dimensions, as
nanocrystals [92, 93, 94]. The MEG origin can be an impact excitation of
multiple excitons by a photoexcited single exciton [95]. In ref. [96] a single
photon of energy larger than twice the fundamental excited state, can gener-
ate, in this fundamental state, two excitons. In ref. [10] the MEG has been
revealed on SWCNT comparing the EEA effect on E11 under two conditions,
in high fluence regime with a pump photon energy resonant with the E22

state, and in low fluence regime with a pump photon energy of 3.1 eV, close
to twice of the first excited state (2Eg).
Considering this model, I suggest two possible interpretations.
The first interpretation can be formulated as follows.
When the pump photon energy ranges from 3.3 eV to 3.7 eV, because of a
cascade effect, also the state at 1.55 eV can be populated, the photobleaching
effect is revealed and a relaxation process can be interpolated by a simple
exponential curve with a fast decay time (∼ 100 fs). Instead, when the pump
photon energy is >3.7 eV, a picture reported in the left part of the Fig. 6.9
can describe the process. When the pump excites the system, for a MEG
effect an instantaneous generation of excitons in the E11 level occurs and
also an instantaneous exciton-exciton annihilation populate the E22 level. In
a subsequent temporal range (starting from t1, as indicated in Fig. 6.9), the
relaxation process from E22 to E11 takes places. In a later temporal range
(starting from t2 as reported in the picture) the refilling process of the E22

state occurs again for EEA event. This last non-linear process depends on
the population of the E11 state which, in turn, depends on the population
on E22 decayed to E11. Obviously the high density makes all these processes
very fast and in a temporal width of ∼ 500 fs the excitation is quenched. In
order to quantitatively describe this interpretation we consider the following
equation:

dN2

dt
= A ·G(t)− δ(t− t1) ·D ·N2 + δ(t− t2) · EEA ·N2

2 (6.3)
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describing the temporal evolution of the population in the E22 state. In the

right-hand side the first term, G=(σ
√

2π)−1e−
t2

2σ2 , represents a source of the
excitons that, for MEG, are generated on E11 and, for EEA, are excited in
E22, giving rise to a photobleaching effect. Both these processes can be as-
sumed instantaneous and within the width of the pump pulse. This source
term has a temporal profile of the pump pulse. The G term is a linear term
because there is a direct proportionality between the number of photons and
the number of excitons generated in the E11 state.
Then the linear decay process from E22 occurs after a delayed time. In the
rate equation the delta function corresponds to this retard and the t1 − t0
value is about 50 fs. The D−1 parameter, corresponding to decay time from
E22 to E11, is ∼ 100 fs, consistent with the values found in this thesis and in
the literature for this decay process.
The quadratic term corresponds to the non-linear process which repopulates
the E22 state for EEA event on E11. It is directly the square of the N2 pop-
ulation, because the N1 population is strictly connected with the excitonic
density present on E22 state. Also this process can be considered delayed
compared to the MEG event and the instant t2 − t0 is about 70 fs from the
center of a gaussian term (near the delay time t1 − t0).
The cascade process, considered for the spectra with a pump energy < 3.7
eV, here is not present, because the high exciton density generated by MEG
effect dominates the global process.
The decay from N1 state is not taken into account (as, on the contrary, in
chapter 4), because again the high exciton density makes the events so fast
that all the process ends into the first 550 fs. The fit based on the rate equa-
tion is good, as reported also in Fig.6.10, in which the exponential fit failure
is also evident.
The result of this approximated model contains two useful indications, the
presence of delayed dynamics, which influence the population on E22 and the
presence of a non-linear term. Other analysis are necessary.
But the previous interpretation presents some critical elements. First of all,
the delay time t1− t0 and t2− t0 are not justified in a solid theoretical frame-
work and in the measurements of chapter 4, no delay enters into the used rate
equations. In the present case the instantaneous MEG effect can play a role,
which does not exists in the previous results, but a quantitative evaluation
and a clear model is missing. Moreover, in the proposed model, the excita-
tion at high pump photon energies is compared to the direct excitation of
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the E11 state, without other differences. But, analyzing the spectra obtained
with the pump photon energies on E11 around 1 eV (Fig. 6.6a) the shape
of the spectra does not reveal any particular structure, as discussed before.
Therefore, the proposed interpretation, with a fitting procedure from the rate
equation, can be useful in order to give interesting information, however fur-
ther efforts are necessary to a deeper understanding.
Now in order to formulate the second interpretation, the right panel of the
Fig. 6.9 is considered. In this picture the excitation > 3.8 eV determine in-
stantaneously a MEG process on the level E11 and, through the EEA process,
the E22 level is filled. The population on E22 relaxes in a fast decay time.
But, in this picture, the cascade process, from the higher excited states, can
not be neglected and occurs in a time delayed compared to the instantaneous
MEG process (t1-t0 in Fig. 6.9). In order to support this interpretation, the
Fig. 6.11 has to be considered. In the Fig. 6.11a the two ∆T/T at 4.07
eV and at 3.34 eV pump energies are reported. The spectra are normalized
at the same pump fluence (see also Fig. 6.6f). The fitting procedure is the
exponential fit convoluted with a gaussian curve, both for the 4.07 eV (not
in good agreement as already discussed) and for the 3.34 eV ∆T/T . The two
spectra are reported with the maximum value at the same instant t = 0fs.
The fitting procedure of the 3.34 eV represents the population of the E22

state for a cascade process and a subsequent exponential relaxation. The
fitting procedure of the 4.07 eV spectra represents the population of the E22

state through EEA on the E11, filled by MEG process, and the subsequent
exponential relaxation. Similarly, the population of the E22 state from the
E11, directly excited by the pump pulse at ∼ 1 eV, was described by a fitting
procedure with an exponential curve convoluted with a gaussian, as in Fig.
6.6a.
In Fig. 6.11b the fit curves are reported, but in this case the fit of the 3.34
eV spectrum is delayed of ∼ 150 fs compared to the spectrum of 4.07 eV
pump energy. The sum of the two fit curves gives rise to a green fit. There-
fore the green curve can represent the sum of two processes. The first is the
instantaneous MEG, which fills E11 and, through EEA, populates E22. The
second process, delayed from the first, is the population of E22, due to a
cascade of the excited carriers from the higher states. The total relaxation
is the combination of the two relaxations. In fact in Fig. 6.11c, the sum
fit curve is superimposed to the ∆T/T at 4.07 eV, obtaining a good result.
The most pronounced peak of the fit compared to the ∆T/T spectrum can
be explained as follows. Summing the considered fits, we assume that both
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the population processes, due to the MEG and to the cascade event, can
be described with a gaussian source. It can be right for the MEG process,
because the excitons multiple generation is strictly connected to the gaussian
shape of the pulse. Instead it is not clear if the population source of E22,
connected to the scattering process (cascade event) can be described as a
gaussian source. Moreover the height of the 4.07 eV exponential fit could be
overestimated because indeed the ∆T/T total response is the contribution
of both the population mechanisms. In general an evaluation of the cross
section for the two process has to be done and, for the moment, it is missing.
In Fig. 6.6f, with spectra normalized to the same fluence, the ∆T/T at 4.07
eV is the most pronounced spectrum, revealing that the effect of the pos-
sible MEG process enhances the optical response, but the previous analysis
excludes a total quenching of the cascade process.
The overall analysis has to be improved and the open issues will be addressed
in the next future.
Although, for the moment, this last interpretation does not correspond to an
equation model, generating a fitting procedure, however it seems to present
less critical elements than the previous one.
In any case important questions to be addressed are the following.
In the literature the thermodynamic limit for the MEG process is ∼ 2Eg (Eg
is the lower optical transition). In our case the possible MEG occurs at ∼
4E11. How to justify this difference? Probably the complex structure of the
MWCNT can give a justification.
Moreover measurements in lower fluence regimes could be necessary, in order
to avoid non-linear effects which can not be controlled. We have used the
lowest pump powers and therefore one possibility to further reduce the pump
fluence is to enlarge the pump spot diameter, decreasing the total fluence.
Furthermore the same measurements on other systems, as unaligned SWCNT,
have to be performed in order to compare the results and obtain, from this
comparison, useful information.
Finally a deeper theoretical knowledge should be improved, in order to for-
mulate a model able to interpret the MEG process.
Aware of the approximate level of these last results, I underline the impor-
tance of this experimental evidence. In fact the possibility to disentangle the
complex processes occurring in the photo-excited MWCNT also in the vio-
let light region and the possibility to control effects as a multiple generation
of excitons represent crucial challenges in order to improve the photovoltaic
performances of MWCNT based devices.



CHAPTER 7

PHOTOINDUCED π − π* BAND GAP
RENORMALIZATION IN GRAPHITE

7.1 ABSTRACT

As is well-known, the character of the π orbitals is of paramount importance
for the chemical properties of the carbon allotropes and their derived com-
pounds. While at equilibrium the nature of these orbitals is well understood,
their photoinduced nonequilibrium behavior is under investigation. Here, we
demonstrate that when a UV-laser pulse excites a carrier density larger than
10 per cent of the π* density of states in graphite, a renormalization of the
π-π* band gap takes place. This result has been achieved by detecting the
transient reflectivity and the associated decay time of an infrared probe fol-
lowing the excitation of a UV pump pulse tuned across the π-π* absorption
resonance. The pump photon energy at which both the transient reflectivity
and the decay time are maximum is downshifted by 500 meV with respect to
the relative absorption maximum at equilibrium. This finding is interpreted
as a transient π-π* band gap shrinking of similar magnitude, near the M
point of the Brillouin zone.

7.2 INTRODUCTION

In the past few decades, several new carbon allotropes have been discov-
ered [97, 98, 99, 100] while in the last several years, very important behavior
has been revealed about the structural properties of carbon compounds ex-
cited by an ultrashort and intense light pulse [101, 84, 102, 103, 104, 105].
These important findings will set the path for new discoveries about the pho-
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tochemical properties of carbon-based materials. However, we first need a
clear understanding of the interaction between an intense ultrashort light
pulse and carbon based compounds.

Figure 7.1: (a) Graphite electronic structure taken from ref [106]. The energies refer to
the vacuum level EV = 0. (b) Sketch of the transient reflectivity experiment. The laser
pump photon energy is tuned across the numbered optical transitions (from 3.4 to 4.2 eV)
close to the M-point of the graphite Brillouin zone. For each pump photon energy, the
reflectivity of the probe, with a photon energy fixed at 1.5 eV, is acquired at different
pump probe delay times (see Fig. 7.2).

The challenging mechanisms at the origin of this interaction rely on the
fact that when an intense femtosecond laser pulse is absorbed by a solid, the
electrons and the lattice are driven out of equilibrium, and both screen-
ing effects and rearrangement of the lattice occur because of the excita-
tion of a large fraction of the valence electrons to the conduction band
[107, 108, 109, 110, 111]. These processes are well-known in semiconduc-
tors, where the absorption of an ultrashort and intense light pulse suddenly
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modifies the charge distribution, switching on screening effects resulting from
Coulomb and exchange forces, while inducing a narrowing of the band gap
(band gap renormalization, BGR) [112].
Typically by exciting about 10 per cent of the valence electrons, the lattice
is destabilized and the band gap shrinks and eventually collapses to zero.
This effect can be clearly revealed by detecting the nonequilibrium dielec-
tric function, which exhibits a metallic character on a time-scale of 100-200
fs [112, 113, 114]. For these reasons, semiconductors have been the pre-
ferred materials for such studies [107]. Instead, in semimetals and gap-less
compounds, such as graphite, the response to a sudden photoexcitation pro-
cess, together with out of equilibrium behavior, remains unclear. Recently
time-resolved electron diffraction and scanning tunneling microscopy studies
on graphite [84, 102, 103] have shown that intense infrared (IR) femtosec-
ond laser pulses can induce a new transient phase characterized by a pseudo
sp3-bonding configuration, but overall different from the known phases of dia-
mond. The interplay between the dynamics of the structural changes induced
by IR pulses and the reorganization of orbital charge has been also investi-
gated by femtosecond electron energy loss spectroscopy and ab initio calcu-
lations [101, 104, 105, 115]. Because of the peculiar electronic structure of
graphite, it could be interesting to study the photoexcitation with ultrashort
coherent pulses in the ultraviolet (UV) spectral region. Here, we show that,
when an UV-ultrashort optical pump excites about 2 × 1021 electrons/cm3

across the π − π* band gap near the M point of the Brillouin zone (BZ),
significant variations of the graphite optical properties occur. This transient
change of the dielectric function takes place within 150 fs of the pump-pulse
excitation and is consistent with a ∼500 meV gap renormalization of the π
bands. Previous transient optical measurements on graphite [116] suggest
the existence of a weak BGR in graphite (about 30 meV). This interesting,
but limited information, has been obtained from experiments carried out
using ultrashort IR pulses (800 nm, 1.55 eV). However, at these photon en-
ergies, the favorable coupling of the photoexcited carriers with a subset of
high energy optical phonons (i.e., strongly coupled optical phonons, SCOP)
[117, 118] can induce significant structural changes, preventing the detection
of the bare electronic response [115]. By contrast, UV light pulses tuned
across the π − π* optical resonance near the M point of the Brillouin zone
(BZ) excite carriers whose relaxation does not involve significant SCOP ef-
fects. These experimental conditions allow the transient optical signal to
be a straight forward fingerprint of the evolving electronic structure. More-
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Figure 7.2: (a) Transient reflectivity spectra collected by tuning the pump photon energy
from 3.4 to 4.2 eV and the probe photon energy fixed at 1.5 eV, as reported in Fig. 7.1. The
pump fluence is 2.5 mJ/cm2. (b) A representative analysis carried out on the transient
reflectivity spectra to obtain information about the relaxation dynamics. The data are
fitted with two exponential curves convolved with a Gaussian to take into account the
laser pulsewidth.

over, at these photon energies, the strength of the electric dipole oscillator is
expected to be larger than in the IR spectral region, inducing a significant
π band structure rearrangement [119, 120, 121]. Therefore, the novelty of
our time-resolved optical pump-probe experiment consists of studying the
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transient electronic structure of a highly oriented pyrolytic graphite sample
(HOPG) using a 3.4-4.2 eV tunable photon pump, while setting a spectator
probe at 1.55 eV photon energy. Using this experimental approach, we are
able to induce and reveal a strong BGR effect in a semimetal such as graphite.

7.3 EXPERIMENTAL DETAILS

The measurements are performed on a freshly cleaved HOPG sample using
an amplified Ti:Sapphire laser system capable of delivering 150 fs light pulses
at 1 kHz repetition rate, of 1 mJ energy at λ = 790 nm. A traveling wave
optical parametric amplifier is then used to generate photons in the 1160-
1460 nm (0.85-1.07 eV) spectral range. By quadrupling the output of the
parametric amplifier, it is possible to span the photon energy from 3.4 to 4.2
eV. The resulting UV pulses (150 fs, 1-10 nJ), after being focused into a spot
of 100 µm × 100 µm (equivalent to a laser fluence of 2.5 mJ/cm2), are used
to excite the HOPG sample. The transient optical reflectivity is measured
by taking the difference between the probe reflectivity with and without the
pump pulse. Optical absorption measurements with a continuous wave (CW)
source were performed using a spectrometer.

7.4 RESULTS AND DISCUSSION

In the infrared and ultraviolet (IR-UV) spectral range, the possible bulk-band
optical excitations in graphite are prevalently transitions between the π−π*
bands (see Fig. 7.1a). At the K point of the reciprocal space, the electronic
band structure displays a vanishing density of states (DOS) and a vanishing
energy gap between the valence and conduction bands that shows, for a single
layer, an identical linear k dispersion of the two π bands [106]. At the M point
of the Brillouin zone, graphite behaves as a semiconductor. The electronic
structure displays a Van Hove singularity in the joint DOS (JDOS), which
is at the origin of a maximum in the absorption spectrum (π− π* resonance
at 4.4 eV). In Fig. 7.1b, the red arrows represent the pump photon energies
tuned from 3.4 to 4.2 eV, close to the M point of the BZ at equilibrium,
that is, where the imaginary part (ε2(ω)) of the graphite dielectric function
has a maximum. The probe transient reflectivity (TR) experimental data,
taken at constant pump fluence and probe photon energy fixed at hν = 1.55
eV, are shown in a color map image in Fig. 7.2a. Under these experimental
conditions, the effects correlated to the population relaxation [55] excited by
the laser pump (3.4-4.2 eV) can be, in fact, excluded in the probe reflectivity
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signal at 1.55 eV, because the decay of the carriers from the M-point toward
the K-point near the Fermi level is unlikely, due to energy and momentum
conservation [122]. To investigate the relaxation dynamics, each spectrum
reported in Fig. 7.2a is fitted by two exponential functions convolved with a
Gaussian to account for the laser pulse-width.

Figure 7.3: (a) Absorbance spectrum on graphite together with the imaginary part
(ε2(ω)) of the graphite dielectric function from ref [120]. The maximum at 4.4 eV is due
to the strong M-point optical transition. (b) the maximum of the transient reflectivity
spectra shown in Fig. 7.2 versus the laser pump photon energy. (c) Dependence of the
fast decay time on the laser pump photon energy. The shift between the maximum of the
∆R/Rmax signal and the fast decay time with respect to that of ε2(ω) represents the band
gap renormalization value.

In Fig. 7.2b, the analysis of the decay times on a representative spectrum
collected with the pump photon energy at 4 eV clearly shows both a fast
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(τ1 ≈200 fs) and a slow (τ1 ≈2 ps) decay process, as will be discussed later.
It is rather important to note that the maximum variation of ∆R/Rmax

and the longest τ1 decay time are detected at about 3.9 eV. Because of the
functional form of the reflectivity of solids at equilibrium [123], changes in
the reflectivity signal are related to fractional change in both the real and
the imaginary part of the dielectric function (∆R=∆R(∆ε1,∆ε2)). Previous
measurements on graphite show that TR signal is mainly dominated by the
fractional change in the imaginary part of the dielectric function ∆ε2 at the
probe photon energy [55]:

∆R(hνprobe)

R(hνprobe)
∝ ∆ε(hνprobe)

ε2(hνprobe)
(7.1)

Hence, within the actual experimental conditions, the observed transient frac-
tional variations of the reflectivity can originate only by transient modifica-
tions in the graphite dielectric function, which depend solely on the interac-
tion between light and graphite electronic structure. Moreover, at constant
pump fluence, the transient probe reflectivity variation, ∆R/R, is only de-
termined by the pump absorption. As a consequence of this model, the
transient band structure changes are linked to the excited carriers density
(N(E)), which is proportional to the pump pulse of fluence F, assuming an
absorption coefficient α(hυpump):∫ ∞

0

N(E)dE =
(1−R(hνpump))Fα(hνpump)

hνpump
(7.2)

Under these assumptions, the maximum of the transient reflectivity ∆R/Rmax

signal should be expected when the pump photon energy matches the energy
of the π − π* excitations at the M-point of the BZ, where the absorption is
maximum. At equilibrium, this energy is found to be 4.4 eV [119], which is
in good correspondence to the relative maximum of the imaginary part of
the dielectric function (ε2(ω)) (Fig. 7.3a). A plot of ∆R/Rmax versus pump
photon energy (Fig. 7.3b) exhibits a maximum at 3.9 eV, 500 meV lower
than the equilibrium value, implying that also the transient ε2(ω) maximum
is shifted downward by the same amount. This finding is regarded as a clear
evidence that the π−π* energy gap in graphite undergoes a band gap renor-
malization (BGR) when the estimated density of the photoexcited carriers
is 2×1021/cm3. To avoid artifacts due to the quality of HOPG sample, ab-
sorption measurements at equilibrium are carried out on the same HOPG
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Figure 7.4: Sketch of the π − π* band gap renormalization in graphite.

sample used in the TR experiments. Figure 7.3a shows the spectrum of the
CW-absorbance, defined as -ln(IT /I0), where IT is the transmitted intensity
and I0 is the incident intensity, along with the ε2(ω) reported by Taft et al
[120]. In agreement with the literature, the maximum of the absorption is
detected at 4.4 eV. Further evidence of the observed BGR effect is provided
by the study of the relaxation times. The TR spectra are well fitted by
two different decay times (Fig. 7.2). The fast decay time (τ1 = 200 fs) is
mainly due to electron-electron interactions, whereas the slow decay (τ2 = 2
ps) time is ascribed to the electron-phonon relaxation. These dynamics have
to be compared to transient measurements performed by exciting the hot
electron population close to the Fermi level (photon energy pump at 1.5 eV).
Under this condition, the electron-electron scattering yields a thermalization
of the excited electron population within 30 fs [116], relaxation mechanisms
through SCOP assisted processes last for few hundreds of a femtosecond,
whereas decay times on the picosecond time scale are attributed to photoin-
duced structural instabilities launched in the material [115]. In Fig. 7.3c, the
dependence of the fast decay time on the laser pump photon energy is shown.
The fast decay time increases with the photon energy up to 3.9 eV. Previous
theoretical and experimental studies [122, 124] have shown that the lifetime
of the excited carriers in graphite strongly depends on the wave vector of
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the Brillouin zone. In contrast to electrons decaying from other regions of
the band structure, electrons excited at the M point have comparatively long
lifetimes. The dynamics of the TR signal are sensitive to the electronic band
structure changes that depend on the lifetime of the excited carrier density.
Therefore, a maximum of the TR decay time is expected at the M point
optical transition energy where the carriers have a longer lifetime. The pres-
ence of a decay time maximum red-shifted of 500 meV with respect to the M
optical transition at equilibrium represents the second experimental evidence
of the π band gap shrinkage. The same shift of both the ∆R/R signal and
the decay time maximum is the fingerprint of a photoinduced renomalization
of the π band at the M point, as sketched in Fig. 7.4. In a phenomenological
picture, the BGR effect can be explained by considering that, during the
near-resonant pump laser pulsewidth, the excited carriers continue to mod-
ify the graphite band structure, altering the dielectric function and shifting
the absorption peak about 500 meV toward the lower photon energies. This
absorption shift can be monitored by the variation of the probe reflectivity,
while the pump photon energy is tuned across the π − π∗ transition. At
a laser pump fluence of ∼ 2.5 mJ/cm2 and photon energy of 4.0 eV, the
carrier density excited in the π∗ band is 10 per cent of the density of states
around the M-point at equilibrium (1.8 × 1022electrons/cm3) [106]. Hence,
under the present experimental conditions, when 2× 1021electrons/cm3 are
injected into the π* band, the π − π∗ gap shrinks by 500 meV within 150
fs. These findings are in agreement with BGR observed in semiconductors
when a carrier density of 1021electrons/cm3 is induced by optical excitations
[112]. Unfortunately, the experimental conditions prevented changing the
laser pump fluence to verify the dependence of the BGR value on the excited
carrier density. The present results can be fitted in a more general scenario,
where the nonequilibrium structural properties of graphite produced by ul-
trafast coherent light excitations are considered. At the present, most of
the studies reported in the literature concern experiments performed at 800
nm (7-9) or in the THz spectral region [125]. At these photon energies, the
π − π∗ excitations are close to the K-point of the graphite band structure
(see Fig. 7.1b), where a selective coupling of the excited carriers to coherent
phonons (SCOP) takes place in 100-500 fs. [115] Such structural vibrations
could also modify the equilibrium optical properties of graphite. Single color
pump-probe experiments at 800 nm (1.5 eV) show a change of the sign of
the transient probe transmissivity (∆T/T ). These findings have been the
matter of two alternative interpretations [115, 116]. The first ascribes the
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change of the transient transmission sign to SCOP-induced oscillations of
the graphene planes along the c-axis, the second to a weak BGR effect (30
meV) that leads to a red-shift of the interband absorption. Unfortunately, by
photoexciting the graphite in the near IR, it is not possible to decouple the
electronic excitations from the SCOP effects. Instead, this is possible using
near-UV photons. At these photon energies, in fact, transient changes of the
dielectric function are mostly induced by π−π∗ excitations near the M-point
where the electron-SCOP coupling is weak. This phenomenological picture
explains the strong BGR observed in the present experiment. In addition,
the dynamics of the BGR suggest that electron-electron interactions, rather
than structural effects, induce the band gap shrinkage. Very likely, this dis-
covery discloses new photoinduced properties of graphite different from those
observed in the IR regime. Further structural dynamical studies, using laser
pulses in the UV regime (around 4-4.5 eV), can help clarify this question.

7.5 CONCLUSION

We report a careful and novel study of the transient electronic structure
induced in graphite by an ultrashort and intense UV laser pulse. The experi-
ment has been performed using timeresolved optical spectroscopy employing
as a pump an ultrashort laser pulse tunable in the 3.4-4.2 eV photon energy
region and as a probe the fundamental emission of a Ti:sapphire amplified
laser. By tuning the pump photon energy across the graphite Van Hove sin-
gularity and exciting ∼ 2×1021electrons/cm3 across the π−π∗ band gap at
the M point of the BZ, we clearly show that a significant variation of the equi-
librium graphite dielectric function occurs. This transient dielectric function
alteration, occurring within the 150 fs of the pump-pulse excitation, can be
reconciled with a 500 meV gap renormalization of the π bands. Finally, this
significant transient rearrangement of the electronic structure of graphite is
expected to be central to novel chemical properties, leading to new studies
and applications.
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In this thesis I studied ultra-fast electronic dynamics in several architectures
of Carbon Nanotubes, unaligned, vertically or horizontally aligned Single
Wall and Multi Wall. Charge transfer and linear and non-linear excitonic
interactions are analyzed with time resolved optical techniques. The principal
results are summarized here.

1 In unaligned SWCNT a free charge carrier response has been high-
lighted and an inter-tube charge transfer between semiconductor and
metallic CNTs has been experimentally evidenced, as an original result.

2 In vertically aligned SWCNT an excitonic behavior has been revealed.

3 In horizontally or vertically aligned MWCNT an excitonic response has
been shown.

4 The new result of point 3 corresponds to a description of the MWCNT
electronic structure as a SWCNT-like system for an optical response
under 3 eV. In fact in this thesis a long debated question about the
HOPG-like or SWCNT-like behavior of MWCNT has been addressed.
The result of the set of measurements, performed with different tech-
niques, is that the MWCNT electronic structure under 3 eV present
structured peaks as the Van Hove Singularities.

5 The potentials of pump-probe technique with variable pump photon
energy is evidenced also by the discussion on HOPG. New results are
presented concerning the band gap renormalization on this system.
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Thus different CNT architectures clearly reveal different optical responses.
Concerning the vertically and horizontally aligned architectures, two differ-
ent excitonic processes have been evidenced and studied, i.e. linear (pho-
tobleaching and photoabsorption) and non-linear (exciton-exciton annihila-
tion) processes. In particular in horizontally aligned MWCNT, controlling
the light polarization direction with respect to the CNT long-axis, we are
able to select and unveil different optical responses, evidencing linear rather
than non-linear effects. The exciton-exciton annihilation non-linear processes
can reveal other non-linear effects as Multiple Exciton Generation [10]. In
this thesis the possible presence of MEG has been studied in MWCNT.

Concerning the experimental techniques, the time resolved optical mea-
surements represent a powerful tool, able to grasp the excitonic dynamics
in the femtosecond time domain. Time resolved reflectivity measurements
(∆R/R) have been performed on unaligned SWCNT (chapter 3) and on
HOPG (chapter 7). Time resolved transmittivity measurements (∆T/T )
have been realized on horizontally aligned MWCNT (chapter 4 and chap-
ter 6) and on vertically aligned SWCNT and MWCNT (chapter 5). These
∆R/R or ∆T/T measurements have been made with different time resolved
techniques: monochromatic (1.55 eV) pump and probe; pump photon energy
at 1.55 eV and supercontinuum as a probe; variable pump photon energies
ranging from 0.8 eV to 4.1 eV and probe photon energy at 1.55 eV; IPCE on
MWCNT.

The dynamics of charge transfer and of exciton interaction studied in this
thesis are of crucial importance for several technological applications based
on the CNT, ranging from energy storage, sensor devices, bio-medical engi-
neering and photovoltaic technology.
Concerning this last field, the results here obtained represent an improve-
ment in the knowledge of systems, which are very promising in photovoltaic
applications, as discussed in the literature in the last years. In particular the
analysis concerning the MWCNT is a meaningful result. In fact MWCNT,
with high conductivity and high absorption efficiency, are main actors in the
struggle for solar device improvements. Revealing the excitonic character,
understanding the conditions for which a MEG can be realized and studying
the underlying mechanism are key points in order to enhance the efficiency
of photovoltaic devices based on MWCNT.
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The study of different CNT architectures represents the first step of a
wide project. The second step has already started and consists of the study
of heterogeneous systems, in which the different CNT architectures are com-
bined with nanoparticles or organic groups. Starting from the basic systems
and adding, in subsequent steps, the different components up to the complete
devices, our goal, in collaboration with international research groups, is to
consider, for each step, the response in optical and photoemission measure-
ments.
The first goal is to study unaligned SWCNT and MWCNT, combined with
metal nanoparticles. These systems have already demonstrated very promis-
ing properties in photovoltaic response. Preliminary measurements have been
performed in our laboratories. Interesting results have been obtained also on
ZnO combined with unaligned SWCNT.
Then also the horizontally aligned MWCNT will be combined with metal
nanoparticle and molecular groups will be deposited on the considered CNT
architectures.
All the samples will be provided with metallic contacts, in order to perform
also charge transport measurements.
The collaboration with theoretical groups enables to consider detailed models
for a more complete analysis of the addressed issues.
In addition to the optical measurements, also time resolved and angular re-
solved photoemission measurements can be realized in our laboratory. This
technique allows to obtain information about the electronic dynamics, the
chemical bonding and the charge transfer processes. In particular the role of
unoccupied states (as image states) at the interface between CNT and the
other components of the heterogeneous systems will be explored. In general
the time resolved photoemission spectroscopy will be very useful in order to
analyze the interactions between the different components of heterogeneous
systems.

In conclusion, in this project and therefore in this thesis, the effort to
understand the fundamental dynamics of charge carrier interactions and the
charge transfer processes is applied on samples increasingly similar to the
solar cell devices. In fact we believe that a significant improvement on the
photovoltaic research can be achieved only if a deeper understanding of the
fundamental processes is realized, on the single components and then on the
complete heterogeneous system at the basis of the photovoltaic device.
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rato un grande scrittore, sacerdote operaio della contemplazione, disarmato,
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bagna di gratuità... è la gratuità che presiede alla vita... S̀ı, la gratuità è la
totalità, il principio e il termine, la vita... Tutti i nostri perché s’infrangono,
si sciolgono contro di essa. È la sola parola che potrebbe racchiudere tutte le
altre, mentre queste ultime, senza gratuità, perdono il loro significato origi-
nario. La gratuità è pace; una pace non gratuita non è vera. La gratuità è
amore; senza di essa, l’amore è defraudato della sua dimensione più profonda.
Potrei enumerare tutte quelle parole che sono indicatrici, per convenzione, di
valori: giustizia, bellezza, onestà, gioia... Che ne è di esse senza la gratuità?
... una parola terribile che sovverte la vita′

(Luisito Bianchi, Dialogo sulla gratuità)
Ecco perchè per me la parola ′grazie′ è parola creatrice, perchè davvero la
gratuità e il riconoscere la gratuità sono il senso della nostra esistenza, del
nostro conoscere e lavorare e amare e incontrare.

Devo dire grazie a tante persone per questi anni di dottorato.
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A Stefania, cara amica alla quale devo molto, devo la strada fatta insieme,
devo ciò che mi ha insegnato con la sua bravura, la sua tenacia, il suo desiderio
appassionato di competenza, la sua pronta intelligenza, devo ciò che abbiamo
imparato insieme.
A Gabriele, cui mi legano forte stima e profonda riconoscenza, per la sua
grandissima professionalità, la sua ampia cultura scientifica e non solo, la
sua passione civile, che mi hanno inspirato in tutti questi anni. Ma la mia ri-
conoscenza è anche perchè Gabriele e Sandra, cos̀ı capace di relazioni umana-
mente profonde e vere, ci hanno fatto dono di un’amicizia intensa e gratuita,
soprattutto in quei momenti, intensi e gratuiti, dolorosamente carichi di sper-
anza, che hanno segnato la vita della mia famiglia negli ultimi anni.
A tanti giovani con cui ho lavorato, Stefano, Stefano, Andrea, Giovanni, Fed-
erico, Matteo e tanti altri. Da loro ho imparato molto, anche il fatto che il
futuro del nostro paese può ancora essere raccontato grazie alla loro intelli-
genza e alla loro passione di conoscenza.
Alle persone del Dipartimento, Luigi, Claudio, Francesco, Luca, Fausto,
Giuseppe, Angelo, Maurizio, Luca, Ernesto, Marco, Giovanna ... per il loro
rigore, il loro impegno, che rendono il Dipartimento un laboratorio di progetti
e di idee nella ricerca e un esempio di buona e seria didattica. Con alcuni di
loro poi si tratta di amicizia e non si potrebbe chiedere di più ad un ambiente
di lavoro: competenza da imparare e amicizia da sperimentare.
A tutte le persone che lavorano in Dipartimento; a Donatella e Cristina,
perchè ogni segreteria con me deve avere pazienza e loro ne hanno, oltre che
attenta precisione; a Paola, Roberta, Grazia, Michela perchè ci tengono al
loro lavoro e la tazzina di caffè è più buona se accompagnata da due pa-
role scambiate con gentilezza; a Morris, Roberto, Adriano per le discussioni
sull’attualità e perchè si può capire, guardandoli, che cosa significa lavorare
con cura.
A Fulvio, che mi volle qui a Brescia ormai tanti anni fa, anche per questo gli
devo molto. Gli devo anche le riflessioni sulla vita e sul mondo che mi hanno
aiutato e mi aiutano a pensare.
Tutti i grazie che devo e desidero dire, in realtà li porterò personalmente.

Ora chiedo a quelle poche persone che leggeranno queste righe, di avere
ancora un attimo di pazienza, perchè vorrei usare queste pagine per consid-
erazioni che mi stanno a cuore.

La mia vicenda è un poco particolare. Prima del dottorato lavoravo già
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nel laboratorio di ricerca e contemporaneamente insegnavo in scuole supe-
riori di Cremona. Dopo il dottorato farò lo stesso, lavorerò in laboratorio,
continuando sul progetto iniziato in questi anni, e insegnerò al Liceo Scien-
tifico di Cremona, la mattina a Cremona, il pomeriggio a Brescia. Insegnare
è professione delicata, importante e difficile e non gode della giusta consid-
erazione. Una società che non riconosce il ruolo centrale della professione
docente, esercitata da adulti che, educando i più giovani, trasmettono e con-
dividono sapere, è una società destinata a morire. Non tutti hanno attitu-
dine (potrei quasi dire vocazione) per esercitare questa professione, poichè
ogni professione richiede attitudini e disposizioni culturali e umane. Ho in-
contrato moltissimi colleghi di straordinario valore, che, spesso con spirito di
volontariato, costruiscono esperienze bellissime e innovative e danno vita a
percorsi didattici davvero intensi. Proprio per questo so che una condizione
essenziale per trasmettere sapere educando è la formazione dei docenti. Ogni
riforma del sistema scolastico dovrebbe partire da qui. Ai docenti deve es-
sere data la possibilità e richiesto l’impegno (che molti già ora realizzano
facendo salti mortali) di darsi i tempi opportuni per studiare e rinnovare le
proprie conoscenze e le proprie motivazioni, non come optional, ma come
condizione essenziale per fare il loro mestiere. Questi tempi di formazione
non possono essere solo incastrati tra un consiglio e l’altro, o tra un pacco
di compiti da correggere e l’altro, ma devono trovare i giusti periodi. Questo
costa, si dirà. Certo, ma avere una scuola di qualità richiede investimenti,
l’alternativa è la fine di una speranza di futuro per una nazione. Queste
righe non serviranno per nulla a cambiare il corso delle scelte, ma sento il
dovere di scriverle, perchè è necessario lavorare, in ogni occasione, per far
crescere un sentire comune nell’intera società. Insieme ad auspicate, rin-
novate e lungimiranti scelte politiche, è indispensabile infatti una società
consapevole dell’importanza delle priorità e dei valori su cui fondare la con-
vivenza.

La seconda riflessione riguarda l’università. Negli anni di lavoro presso il
nostro Dipartimento (più di dieci ormai), ho visto competenze davvero alte,
alta professionalità, grande impegno, idee nuove e volontà di realizzarle. Ma
ho visto anche la fatica di un sistema di ricerca che non sa avere la giusta
fiducia in se stesso e non sa fare scelte decise per il futuro. Prepara giovani
di valore, poi chiede loro di fare esperienza all’estero, non tanto come scelta
necessaria per costruire un curriculum internazionale, ma soprattutto come
àncora di salvezza rispetto ad un vuoto di prospettive in Italia... E pochi
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ricercatori vengono da altri paesi: per un ricercatore non italiano conviene la-
vorare con gli italiani all’estero, piuttosto che venire in Italia con poche risorse
e pochi vantaggi. Progetti importanti sono pensati e strumenti di misura sono
anche pronti ad essere usati, ma le persone per realizzare i progetti e per-
mettere agli strumenti di indagare sistemi innovativi sono poche. Mancano
persone, perchè mancano un sistema paese coeso, un sistema università forte,
una cultura capace di capire quanto sia essenziale promuovere risorse intellet-
tuali e competenze di ricerca, tagliando pensatezze burocratiche e liberando
efficienza e creatività. Errori interni ed esterni al sistema universitario, in-
efficienze che vengono dal passato, posizioni di potere mal gestito, metalità
e atteggiamenti da cambiare pesano su questa situazione, oggi più che mai,
in un periodo di crisi cos̀ı acuta. Oggi è necessario un deciso cambiamento,
perchè su università e ricerca occorre investire prioritariamente per il futuro.
Certo, anche questa seconda riflessione non servirà a nulla, ma ancora sento
il dovere di farla, pur da un luogo cos̀ı piccolo come sono queste pagine.

Penso ci attendano tempi molto difficili, complessi, forse bui, noi avremo
bisogno di coraggio e di intelligenza, in particolare avremo bisogno di pen-
siero, che sappia immaginare il futuro, che sappia inventare e reinventare una
convivenza secondo giustizia. Tutti i luoghi di pensiero e di formazione al
pensiero hanno oggi una responsabilità acuta, quella di costruire idee e met-
terle al servizio di un bene condiviso, quella di formare coscienze di donne e
uomini umanamente ricchi, di cittadini che conoscano il valore della respon-
sabilità. Innanzitutto la scuola e l’università sono tra questi luoghi: occorre
lavorare perchè siano all’altezza del loro compito.

Concludo con un ultimo grazie, inteso e profondo.
Innanzitutto a mia mamma, a mio papà, a mia sorella Cristina, per me
modello di forza, saggezza e dedizione, e a mia zia Lina cos̀ı generosa; verso
di loro ho un debito infinito di affetto e di riconoscenza, che non riuscirò
mai a saldare e di cui posso solo rendere grazie. Il mio grande desiderio è di
provare ad essere per i miei figli, almeno un pò, ciò che i miei genitori sono
per me.
Alla mia famiglia tutta, i miei suoceri, cognati e nipoti, perchè è porto sicuro
e saldo.
Ad Anna, perchè se fossi anziano vorrei incontrare una fisioterapista cos̀ı, se
fossi bambino vorrei avere il suo sorriso che mi aiuta a crescere, se fossi malato
vorrei poter stringere la sua mano, se fossi amico vorrei avere un’amica cos̀ı.
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Io sono suo sposo, lei è per me il profumo di eterno, quello che costruisco, lo
costruiamo insieme.
A Marco e a Giovanni, perchè sono la mia speranza e il mio futuro e quando
li guardo non potrei desiderare altro, sono figli, ma anche esempi per me
e compagni di strada a cui mi affido, proprio mentre cerco di educare al
cammino.
A Chiara Maria perchè è un fiore strabiliante con petali di entusiasmo e
fragilità, di coraggio e tenerezza; ce ne prendiamo cura, ma in realtà è il suo
fiore a bagnare la nostra esistenza con acqua e spirito, spirito di debolezza,
acqua di essenzalità.
Alla sapienza, perchè conoscere e ricercare è davvero il senso di una vita.
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[46] Y-K. Kwon, S. Saito, and D. Tománek. Effect of intertube coupling on
the electronic structure of carbon nanotube ropes. Physical Review B,
58(20):R13314–R13317, November 1998.



116
BIBLIOGRAPHY

BIBLIOGRAPHY

[47] L. Alvarez, A. Righi, T. Guillard, S. Rols, E. Anglaret, D. Laplaze, and
J-L. Sauvajol. Resonant Raman study of the structure and electronic
properties of single-wall carbon nanotubes. Chemical Physics Letters,
316(3-4):186–190, January 2000.

[48] X. Blase, L.X. Benedict, E.L. Shirley, and S.G. Louie. Hybridaza-
tion Effects and Metallicity in Small Radius Carbon Nanotubes.
72(12):1878–1881, 1994.

[49] M. Zheng and E. D. Semke. Enrichment of single chirality carbon
nanotubes. Journal of the American Chemical Society, 129(19):6084–
5, May 2007.

[50] S. Hofmann, R. Sharma, C. Ducati, G. Du, C. Mattevi, C. Cepek,
M. Cantoro, S. Pisana, A. Parvez, F. Cervantes-Sodi, A. C. Ferrari,
R. Dunin-Borkowski, S. Lizzit, L. Petaccia, A. Goldoni, and J. Robert-
son. In situ observations of catalyst dynamics during surface-bound
carbon nanotube nucleation. Nano letters, 7(3):602–8, March 2007.

[51] Y-Z. Ma, L. Valkunas, S. Dexheimer, S. Bachilo, and G. Fleming. Fem-
tosecond Spectroscopy of Optical Excitations in Single-Walled Carbon
Nanotubes: Evidence for Exciton-Exciton Annihilation. Physical Re-
view Letters, 94(15):157402–157405, April 2005.

[52] K. Kato, K. Ishioka, M. Kitajima, J. Tang, R. Saito, and H. Petek.
Coherent phonon anisotropy in aligned single-walled carbon nanotubes.
Nano letters, 8(10):3102–8, October 2008.

[53] Y. Murakami, E. Einarsson, T. Edamura, and Sh. Maruyama. Polar-
ization Dependence of the Optical Absorption of Single-Walled Carbon
Nanotubes. Physical Review Letters, 94(8):087402–087405, March 2005.

[54] Y. Hashimoto, Y. Murakami, S. Maruyama, and J. Kono. Anisotropic
decay dynamics of photoexcited aligned carbon nanotube bundles.
Physical Review B, 75(24):245408–245412, June 2007.

[55] K. Seibert. Femtosecond carrier dynamics in graphite. Physical Review
B, 42(5):2842–2851, 1990.

[56] T. Hertel and G. Moos. Electron-phonon interaction in single-wall
carbon nanotubes: A time-domain study. Physical Review Letters,
84(21):5002–5, May 2000.



BIBLIOGRAPHY
BIBLIOGRAPHY 117

[57] M.S. Dresselhaus, G. Dresselhaus, R. Saito, and A. Jorio. Raman spec-
troscopy of carbon nanotubes. Physics Reports, 409(2):47–99, March
2005.

[58] M. Lin. Optical spectra of single-wall carbon nanotube bundles. Phys-
ical Review B, 62(19):13153–13159, November 2000.

[59] H. Bao, X. Ruan, and T. S Fisher. Optical properties of ordered vertical
arrays of multi-walled carbon nanotubes from FDTD simulations ar-
rays of multi-walled carbon nanotubes from FDTD simulations. Optics
Express, 18(6):6347–6359, October.

[60] B. Kozinsky and N. Marzari. Static Dielectric Properties of Car-
bon Nanotubes from First Principles. Physical Review Letters,
96(16):166801–166806, April 2006.

[61] J. Choi, S. M. Lee, Y. C. Choi, H. Y. Lee, and J.C. Jiang. Elec-
tronic band dispersion of vertically aligned multiwall carbon nanotubes.
Chemical Physics Letters, 349(3-4):185–190, November 2001.
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