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Introduction and outline

Carbon nanotubes are an allotropic form of carbon that can be viewed as

hollow cylinders of graphite sheets. Typical nanotubes diameters are in the

nanometer range whilst their lengths can be up to centimeters. They can

exist in both their single-walled form (SWCNT), in which only one graphite

sheet is rolled along the tube circumference, or in their multi-walled form

(MWCNT) which is characterized by the presence of multiple concentrically

nested SWCNT. Since from their discovery in 1991 by Iijima [1] carbon nan-

otubes have been subjected to an intense theoretical and experimental inves-

tigation by the scientific community. This interest arises from their unique

structural and electronic properties which are intimately related to the high

ratio between their lengths and diameters. Carbon nanotubes can be looked

as quasi-one dimensional crystals with translational periodicity along the tube

axis. Quantum confinement effects along the diameter deeply alter the elec-

tronic structure and properties of a carbon nanotube with respect to the ones

found in two dimensional graphene or in three dimensional graphite crystals,

despite the same sp2 hybridization state of the chemical bonds. For example

carbon nantubes can show a metallic or semiconducting character depending

on the unit cell geometry. Perhaps one of the most striking manifestation of

the quasi-one dimensionality of SWCNT is the presence of Van Hove singular-

ities in their electronic density of states (DOS). The presence of such peaked

structures in the DOS reflects in the optical properties of SWCNT. Typical op-

tical absorption spectra of SWCNT show characteristic peaks due to interband

transitions between the Van Hove singularities. Thanks to the similar energy

dispersion relations of the valence and conduction states electron-electron cor-

relation effects lead to the formation of excitons which actually dominate the

optical absorption properties of SWCNT even at room temperature. Exciton

binding energies in the order of 300 meV are common in SWCNT since the

electronic screening effects are reduced in quasi-one dimensional systems and

exciton transitions can be found even in metallic SWCNT [2]. The excitons

transition energies depend on the nanotube diameter and on the unit cell ro-

tational and translational symmetries and can be found within a wide spectral
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range from the infrared to the blue part of the visible spectrum. Thanks to

these intriguing optical properties carbon nanotubes are currently investigated

as possible building blocks for optoelectronic devices. Recently in the quest

for overcoming the intrinsic limitations of the conventional Silicon based solar

cells Carbon based devices have been proposed. Fullerenes and semiconducting

nanocristals donor/acceptor assemblies [3] are investigated as light harvesting el-

ements whilst Graphene has the potentiality to replace the conventional metallic

oxides transparent electrodes with its exceptionally high electrical conductivity

and wide band transparency [4]. Among the various approaches SWCNT and

MWCNT based solar cells are currently investigated and could represent a cheap

and viable alternative to the current technology. SWCNT and MWCNT are able

to generate photocurrents and their use as light harvesting elements in electro-

chemical or hybrid solid state devices has already been demonstrated by many

investigators. SWCNT can enhance the device light absorbance and extend the

useful wavelength range below the Silicon interband absorption threshold and

above the wavelengths where surface recombination quenches the efficiency of

commercial devices. An alternative approach aims to the replacement of con-

ventional transparent conducting electrodes. Due to the high carriers mobility

and long scattering times metallic SWCNT, doped SWCNT or MWCNT could

efficiently collect and transport the photoexcited carriers in nanostructured sys-

tems. Despite the promising results the processes of charge carriers excitation

dissociation and transport in carbon nanotubes and in carbon nanotubes based

devices, which occur in an ultrafast time scale, are not fully understood. The

main aim of this thesis is to clarify the physical mechanisms underlying these

phenomena in view of their importance from both a theoretical standpoint and in

optoelectronic devices design. Time resolved pump-probe optical spectroscopy

is an invaluable tool for the investigation of the out of equilibrium properties

of matter. Its applications range from the real time following of fast reaction

dynamics in molecular systems to the study of photoexcited carriers dynamics

and photoinduced charge transfer in condensed matter. The ultrafast opti-

cal properties of carbon nanotubes are subjected to intensive studies. Despite

these efforts a complete and coherent comprehension of the photoexcited carri-

ers dynamics in SWCNT and MWCNT has not been yet reached. The complex

exciton radiative and nonradiative relaxation phenomena, as well as their even-

tual dissociation in free charge carriers, depend on a number of intrinsic and
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extrinsic factors such as the tube types, tube bundling and chemical environ-

ment. Moreover, at high levels of photoexcitation exciton-exciton interactions

became significant and processes such as exciton-exciton annihilation take place.

Much of the ongoing experimental efforts focus on the study of the transient

dynamics in isolated tubes and the out of equilibrium properties of SWCNT and

MWCNT aggregates are not commonly investigated. Even if the these studies

proved invaluable for the understanding of dynamic and static optical proper-

ties of carbon nanotubes form both a practical and theoretical point of view, we

point out that, up to now, in viable optoelectronic devices architectures carbon

nanotubes aggregates are used therefore a deeper understanding of the transient

properties of nanotubes aggregates is needed. For this reason, in this thesis, we

study the carriers dynamics in three different carbon nanotubes systems with

potential application in solar cell technology. The outline of this thesis is the

following

• In chapter 1 a theoretical overview of carbon nanotubes properties with

particular emphasis on their static and transient optical properties is given.

The possible applications of carbon nanotubes in solar cell technology

are also briefly summarized. The experimental technique and setup is

described.

• In chapter 2 the results of transient transmittivity experiments performed

on aligned multi walled carbon nanotubes are reported and discussed with

the aim of investigate the differences of their electronic structure with

respect of the graphite one. This chapter is an adapted version of the

article published in the Elsevier journal Carbon [5].

• In chapter 3 the results of transient reflectivity experiments performed on

aligned single walled carbon nanotubes are reported and discussed with

the aim of investigate the role of defects on the transient optical properties

and relaxation dynamics. This chapter is an adapted version of the article

published in the Elsevier journal Thin Solid Films [6] and is an extension

of one of our previous articles published in Carbon [7].

• In chapter 4 the results of transient transmittivity experiments performed

on metallic and semiconducting enriched ultrapure SWCNT films are re-

ported and discussed with the aim of investigate the differences in the
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carriers dynamics.

• In chapter 5 the results of transient reflectivity experiments performed

on metallic enriched SWCNT/n-silicon hybrid solar cells are reported and

discussed with the aim of clarify the role of SWCNT in the light harvesting

process and gain information of the carriers dynamics at the interface.

This chapter is an adapted version of an article recently submitted to the

APS journal Physical Review Letters.



Chapter 1

Experimental and

theoretical details

1.1 Single walled carbon nanotubes

1.1.1 SWCNT crystal and electronic structure

Single walled carbon nanotubes (SWCNT) can be thought as hollow cylin-

ders of graphene ribbons rolled up along one particular direction. Since their

diameters range from 3Åto several nanometers [8] and their lengths are typically

in the micrometer or millimeter range, they can be considered as a quasi−one

dimensional crystals with translational periodicity along the tube axis. The

crystal structure of carbon nanotubes is closely related to the graphene struc-

ture. Graphene is single layer of graphite in which each carbon atom forms 3

planar, strong, covalent bond by sp2 hybridization among s, px and py orbitals.

The σ covalent bond between sp2 hybridized orbitals is highly directional and

the three bonds are equally spaced in their plane by 120 angles, whereby car-

bon atoms arrange themselves in a hexagonal honeycomb planar lattice with

a bond length of 1.42 Å. The unit cell of the graphene honeycomb lattice is

spanned by two basis vectors ~a1 and ~a2, of length | ~a1| = | ~a2| = a0 = 2.461Å

and with a 60 degrees mutual angle. SWCNT are usually labeled in terms of

their chiral indices (n1,n2) i. e. a pair of integers identifying the chiral vector
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C = n1 ~a1 + n2 ~a2along which the graphene ribbon is rolled up. As shown in

fig.1.1 in carbon nanotubes, the graphene ribbon is rolled up in such a way that

the graphene lattice vector ~C becomes the circumference of the tube.

Figure 1.1: Graphene lattice with chiral vector OA = ~C for (n1, n2) = (4, 2) carbon

nanotube. The nanotube axis OB is also shown [9].

The chiral vector uniquely defines a particular tube and many properties,

like electronic band structure, vary dramatically with it, even for tubes with

similar diameters. Due to the six-fold rotational symmetry of the graphene

lattice, all the possible SWCNT can be identified with a chiral vector between

the (n,0) and the (n,n) directions, being n a positive integer. Tubes with chiral

vectors in the latter direction are called armchair tubes whilst tubes with the

former chiral vector direction are called zig-zag tubes. All tubes with chiral

vectors between these two directions are called chiral nanotubes. The smallest

graphene lattice vector ~T perpendicular to ~C defines the translational period

along the tube axis and hence the nanotube unit cell length. The translational

period can be determined from the chiral indices (n1,n2) by

~T =
2n1 + n1

dr
~a1 −

2n1 + n2

dr
~a2 = t1 ~a1 + t2 ~a2
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where dr is the greatest common divisor between (2n1 + n2) and (2n2 + n1). ~T

varies strongly with chirality and chiral tubes often have a very long unit cell.

In a first approximation the electronic structure of SWCNT can be calculated

starting from the graphene electronic structure and using the zone-folding ap-

proach. This method is essentially based on the confinement of the carriers in a

small stripe of graphene. The band structure is found by looking at the energy

dispersion relation of an ideal, plane, infinite graphene layer in some particular

directions imposed by confinement and nanotube chirality. Along the cylinder

wall the σ sp2 bonds form the hexagonal network while π bonds, from pz car-

bon orbital, point perpendicular to the nanotube surface. The σ states are at

high energy, with respect to the Fermi energy. The bonding and antibonding

π bands cross at the Fermi energy, being responsible for most of the nanotube

optical and transport properties. The coincidence of the starting and ending

point of the chiral vector on the nanotube surface defines the periodic boundary

conditions along its direction for the Bloch wavefunctions. The conditions reads
~K⊥ · ~C = 2πm where ~K⊥ is the Bloch electron wavevector along the chiral vector

direction, and m ∈ Z. The reciprocal lattice vectors are found, by definition,

from ~Ri · ~Kj = 2πδij where ~Ri is a direct lattice vector. Therefore the reciprocal

lattice vectors for the nanotube unit cell are

~C · ~k⊥ = 2π

~C · ~kz = 0

~T · ~k⊥ = 0

~T · ~kz = 2π

where ~kz is the wavevector along the nanotube axis ~T . The solutions, in terms

of the graphene reciprocal lattice vectors, ~b1 ~b2, are

~k⊥ =
1

q

(
t1~b2 − t2~b1

)
~kz =

1

q

(
n2
~b1 − n1

~b2

)
Where q is the number of graphene hexagonal cells in the nanotube unit cell.

q =
2(n2

1+n2
2+n1n2)
dR

Two wavevectors which differ by a reciprocal lattice

vector are equivalent. Since t1 and t2, by definition, do not have a common

divisor except the unity, the first graphene reciprocal lattice vector that can

be constructed from ~k⊥ is q~k⊥ = t1~b2 + t2~b1 and therefore none of the µ~k⊥ (
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where µ = 1...q− 1) are Graphene reciprocal lattice vectors. The q wavevectors

µ~k⊥ ( with µ = 0...q− 1) are the nonequivalent and allowed crystal momentum

values for the Bloch electrons in the chiral vector direction which arise from the

imposed periodic boundary condition. Because of the translational symmetry

given by ~T , in an ideal endless nanotube, the allowed wavevector along the ~kz
direction are continuous values. The length of nanotube first Brillouin zone

along the axis is 2π

|~T | .

Figure 1.2: (a)WW ′ is the first Brillouin zone for a (4,2) carbon nanotube. Each

parallel segment is at a different allowed value of ~k⊥ [9]. b) Band structure for a (4, 2)

semiconducting nanotube. π/T = 2.78 × 109 m−1. The 28 pairs of bands correspond

to the 28 cuts of graphene energy dispersion relation as shown in (a). For the graphene

energy dispersion relation the approximation of symmetric π and π∗ bands is assumed.

The zone folding approach gives the one dimensional energy dispersion re-

lation of the nanotube by making the substitution of the allowed wavevectors

into graphene energy dispersion relation. For the π − π∗ bands we have

Eµ (k) = Eg

k ~kz∣∣∣~kz∣∣∣ + µ~k⊥


with µ = 0...q − 1 and π

T < k < π
T . Each µ value gives a different band.

The resulting q-pairs of energy dispersion curves correspond to the cross section

of the two dimensional energy surface shown in fig.1.2b, where cuts are made
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on the lines k
~kz

|~kz| + µ~k⊥. These lines are shown on fig.1.2 for a (4, 2) chiral

tube. If for a particular (n1, n2) tube the cutting line passes through a k-

point of the graphene Brillouin zone, its one dimensional energy bands have

no energy gap. It can be shown that the density of states at K-points has a

finite value for such a nanotube. Therefore it is metallic. If the cutting lines

does not pass through a K-point the nanotube is semiconducting, with a finite

energy gap between the valence and conduction bands. Using zone folding

approach the armchair nanotubes (n, n) are always metallic while the zigzag

nanotubes (n, 0) are only metallic when n is a multiple of 3. Supposing that

in a generic growth process SWCNTs are evenly produced among a (n1, n2)

range, it follows that approximately one third are metallic and the other two

thirds are semiconducting. Once the band structure of the SWCNT is known

we can calculate the electronic density of states n(E). n(E)dE is the number

of electronic states per unit volume with energy between E and E + dE. The

density of states for µ one dimensional electronic bands of the nanotube is given

by

n(E) =
2

L

∑
µ

∫
δ(k − kµ)

∣∣∣∣∂Eµ(k)

∂k

∣∣∣∣−1

dk

where kµ are the roots of equation E − Eµ(kµ) = 0 and L is the length of the

1-D Brillouin zone.
∣∣∣∂Eµ(k)

∂k

∣∣∣−1

diverges for every stationary point of the 1-D

energy dispersion relation giving rise to the Van-Hove singularities. In the real

case the density of states do not diverge however it is still very high at Van-Hove

singularities points and therefore it dominates many physical properties as the

optical absorption spectrum of the CNT, in particular optical absorption prob-

ability will be very high if the energy of incoming photons matches an allowed

transition between singularities. The zone folding approach totally neglect the

effect of the tube curved wall. One of the effects of the curved wall is the reduc-

tion of the interatomic distance for atoms with different azimuthal positions.

For example the mutual distance of two atoms at opposite side of the CNT wall

is reduced to d, while it is πd/2 on the unwrapped graphene sheet. Moreover

quantum mechanical and symmetry arguments showing that, on a curved wall,

the graphene σ states can partially mix with π states and form a new hybrid

bond with partial sp2 and partial sp3 character. This effect made some changes

at the zone-folding nanotube band structure and, for example, more sophisti-
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cated calculation based on the DFT approach shows that, at low temperature,

only armchair nanotubes maintain metallic properties. [10]. Additional devia-

tion from the approximate zone-folding band structure can be due to the tube

curvature along its axis and also from intertube interactions. In particular due

to the Van der Walls forces SWCNT tend to arrange themselves in bundles with

a two dimensional triangular lattice and with diameters between 10 an 20 nm

(see ref [10, 11]). The bundling lead to an energy dispersion perpendicular to

the nanotube axis as well.

1.1.2 Optical properties of SWCNT

In fig.1.3 a typical optical absorption spectrum for bundled SWCNT is

shown. The spectra is characterized by a series of peaks which depends on

the tubes chiralities above a featureless background.

Figure 1.3: Optical absorption spectra from carbon nanotube bundle. The inset

show the raw data before linear background subtraction [12].

As reported earlier, in an independent electron approximation, the optical

properties of carbon nanotubes are dominated by interband transitions between
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the valence and the conduction states arsing from the π and the π∗ bands. In

static optical spectroscopy measurements the transmittance or the reflectance

of a sample is usually measured. If the sample reflectance can be neglected the

transmittance is defined as the ratio

T (ω) =
I (ω)

I0 (ω)
= e−αz

where I and I0 are the transmitted and the incident light intensity at frequency

ω, α is the absorption coefficient and z the distance covered by the light beam

inside the sample. From transmittance measurements is possible to extract the

optical absorption coefficient of the material which is related to the complex

dielectric function ε = ε1 + iε2 by the relation

α =
ε2ω

nc

where n is the refractive index and c is the speed of light in vacuum. The

imaginary part of the dielectric function, ε2(ω), plays a pivotal role in the inter-

pretation of the transmittance and reflectance spectra. From ε2(ω) the real part

of the dielectric function, ε1(ω), can be calculated using the Kramers-Kroenig

transformations [13] and therefore the complete transmittance or reflectance

spectrum can be predicted. The quantum theory of dielectric functions, in the

dipole approximation, gives an expression for ε2 that depends on the energy

dispersion, Ev(k) Ec(k), of the valence states and the conduction states. [14]

This expression written in Gaussian units reads

ε2 =

(
2πe

mω

)2∑
c,v

∑
k

|Mcv(k)|2 δ (Ec(k)− Ev(k)− ~ω)

This expression also depends on transition matrix element Mcv(k). Neglect-

ing the wavevector dependence of the matrix element and use the Dirac delta

properties we get

ε2 =

(
2πe

mω

)2

|Mcv|2
∫

dS′k
∇k (Ec(k)− Ev(k))

where the integral is done on the k-space surface defined by Ec(k)−Ev(k) = ~ω.

The surface integral is the joint density of states, nj(ω). nj(E)dE represents the
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number of electronic state per unit volume with energy between E and E + dE

that fulfill the energy conservation condition in an optical transition of energy

E = ~ω. Moreover due to the low momentum of optical photons with respect to

the electron crystal momentum, and neglecting phonon-mediated second order

process, only direct interbad transitions (∆k ≈ 0) give rise to strong contri-

bution in the surface integrals. Because of the Van Hove singularities in the

electronic density of states, the joint density of states of carbon nanotubes is

characterized by the presence of intense, sharp peaks. The dipole matrix el-

ement Mcv(k) give a set of symmetry induced selection rules that depend on

the relative polarization of the electric field vector with respect to the nanotube

axis. It can be shown that for optical transitions, between valence and conduc-

tion bands, the total angular momentum conservation allows only transitions

that fulfill the rules
∆µ = 0 for ~E||~z

∆µ = ±1 for ~E⊥~z

where ~z is the nanotube axis direction and µ is the band index given by zone

folding method [10]. Theoretical considerations starting from a tight-binding

description of graphene together with the additional constrains imposed by the

SWCNT unit cell symmetry to the nantube wavefunctions show that the tran-

sition matrix elements for ∆µ = ±1 are, in general, smaller than ∆µ = 0

ones [15]. An additional quenching of the perpendicular-polarized optical ab-

sorption is due to the screening of the light electric field by the polarization

charges induced on the CNT wall. This effect can be understood in a static ap-

proximation considering an infinitely long cylinder in an external electric field.

For a field perpendicular to the cylinder axis charges are induced on the cylinder

walls and the resulting polarization vector opposes the external electric field re-

ducing its effective value [16,17]. These arguments lead to consider only optical

transitions between the same valence and conduction subbands (∆µ = 0) in

the interpretation of static absorption spectra of single wall carbon nanotubes.

These transitions are centered at the Van-Hove singularity energy where the

joint density of states blow up. The allowed transitions between the same index

subbands are labeled as Eii with i = 1..n, where the index i increases with the

transition energy. The optical transitions theory described so far do not take

into account the coulombic interaction between the electon-hole pair generated

upon absorption of a photon. Despite the high expected values for the on-axis
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dielectric constant the quasi-one dimensional nature of SWCNT leads to an

enhancement of the coulomb interaction between the electron-hole pair. This

effect can be thought as due to the electric field between the electron-hole pairs

which extends outside the tube boundary and thus is less screened than in a

three dimensional solid [18]. The interaction between the electron and the hole

pairs give rise to exciton levels which lie below the zone-folding band edges. A

large theoretical and experimental effort has been undertaken in the past years

in order to clarify the effect of the excitons in the optical properties of carbon

nanotubes. It is now well established that the exciton binding energies, EX , in

SWCNT is remarkably high, being in the range of hundreds of mV. Exciton in

carbon nanotubes are stable even at room temperature and are responsible for

the sharp features observed in the optical absorption spectra which therefore

takes place at an energy lower than the bandgp by EX (fig.1.3). It is worth to

note that even the majority of the spectral weight in the absorption spectrum is

due to exciton transitions the interband transitions of electron holes pairs across

the band edges is still possible, as remarkably demonstrated by A. D. Mohite

et al. in [19] In this experiment the authors using a displacement photocurrent

technique were able to detect the spectral signature of the exciton transition at

≈ 0.6 eV in a ≈ 1.3 diameter tube, together with the signature of the direct

photoexcitation of carriers in the electron-hole continuum. (Fig.1.4).

The experiment used a ITO/SWCNT/SiO2/p-Si multilayer structure in or-

der to detect the photocurrent due to the direct excitation of electron-holes

pairs in the SWCNT upon tunable pulsed-light illumination. In case of exciton

excitation the photocurrent signal can be detected only if an external potential

difference between the ITO and the p-Si contacts is applied. The applied field

leads to the exciton dissociation via tunneling of the electrons in the SWCNT

conduction band, giving rise to an external voltage dependent photocurrent sig-

nal. The energy bandgap for the interband transition is in the order of 0.9 eV

and the exciton binding energy turns out to be EX ≈ 0.3eV. The excitonic

transitions labeled as E22 (in a manner reminiscent of the transitions between

zone-folding sub-bands) is a transition to the first exciton excited state and its

energy level is embedded in the conduction band continuum such as the other

higher lying excitonic states. The residual spectral weight of the direct inter-

band excitation is responsible for part of the broad background in the optical

absorption spectra of SWCNT.
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Figure 1.4: a) Photocurrent versus excitation energy for an individual nanotube

measured with 20 V dc bias across the ITO/SWCNT/SiO2/p-Si multylayer by Mohite

et al b) Photocurrent versus excitation energy measured by Mohite et al near the E11

exciton transition for bias ranging from 0 to 10 V. The curves are offset for clarity.

Adapted from [19].

1.2 Multi walled carbon nanotubes

Multi walled carbon nanotubes are essentially nested single walled carbon

nanotubes. They are usually characterized by a large overall diameter which

can be in the order of tens of nanometers. The large diameter tend to reduce

their aspect ratio, i. e. the ratio between the diameter and the MWCNT tube

length. The aspect ratio reduction leads to lower quantum confinement effects

and MWCNT properties are usually considered similar to those of graphite.

Anyway a number of differences between the physical properties of MWCNT

and the graphene or graphite properties have emerged in the past few years. In

particular MWCNT have been found to be able to generate a photocurrent upon

visible light illumination [20]. This phenomenon has no direct analog in graphite

or in graphene and can be ascribed to the complex interplay between the nested

shell of the MWCNT. From the point of view of the electronic structure in

the tight-binding model and gradient approximation [21], the result is that the
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superposition of the coaxial nanotubes makes VHSs peaks to be smeared out

and MWCNT are therefore similar to the highly oriented graphite (HOPG).

This similarity is supported by the featureless optical absorption spectra usually

found on large diameter MWCNT. DFT calculations, which take in account

electron-electron interaction, performed on a few wall MWCNT shows variations

of the DOS reminiscent of the VHS in the parent SWCNT as reported in fig.1.5.

Moreover in [22] the interaction between the two shells of a Double Walled

Carbon Nanotube is considered and a static charge transfer from the outer

shell to the inner one is found. Measurements of photocurrent and of electron

energy loss spectra show that the electronic density of MWCNT is considerably

different from that of HOPG and suggest the presence of singularities, due to

the reduced dimensionality [20]. Other results from photoluminescence and

static transmission measurements have been reported in which the VHSs seem

to play a role in the MWCNT optical response pointing to remarkable differences

between the HOPG and the MWCNT optical properties [23,24].

1.3 Carbon nanotube based photovoltaics

Due to their peculiar electronic properties, their chemical stability and the

large surface area carbon nanotubes are intensively investigated as possible com-

ponents in nanostructured light energy harvesting assemblies. Early attempts

using a photochemical cell demonstrate the capability of carbon nanotubes to

generate a photocurrent upon light illumination [25] i.e. the possibility to gener-

ate electron-holes pairs and the availability of these carriers to undergo charge

separation and transport processes. In the device builted by Barazzouk [25]

(which is schematized in 1.6a, adapted from [25]) a carbon nanotube layer is

deposited onto a transparent conducting electrode which is part of a photochem-

ical cell. The cell electrolyte is a regenerative redox couple iodide/triiodide in

an acetonitrile solution. The electrolyte provides the conductivity between the

SWCNT film and a platinum counter electrode and also act as a photoexcited

carriers scavenger. It is found by the investigators that a cathodic photocurrent

is prompted generated by this cell upon light illumination. In fig.1.6b the exter-

nal quantum efficiency, EQE (or equivalently the IPCE) spectra of the photocell

is also reported. The EQE is defined as the percent ratio between the incident

number of photons on the photocell area and the number of collected electron-
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Figure 1.5: Electronic DOS calculated for a graphene sheet (a), a (10, 10) SWCNT

(b), a (5, 5) (10, 10) DWCNT (c) and a (5, 5) (10, 10) (15, 15) (20, 20) 4WCNT (d).

From [20].

holes pairs at the cell output terminals keeping a constant null potential across

them.

The detected quantum efficiency was quite low, being at most at 0.15 %, but

demonstrated the possibility of using carbon nanotubes as active light harvest-

ing elements. Soon after a large number of investigator started testing carbon
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Figure 1.6: a) SWCNT electrochemical solar cell schematics. b) EQE spectra for

the SWCNT based solar cell. The higher EQE (black line) is collected on a different

devices with SnO2 nanoparticles deposited onto the SWCNT film Adapted from [25].

nanotubes in a variety of devices and configuration. Up to now the research in

CNT based solar devices mainly focuses on carbon nanotubes as substitutes for

transparent and conductive electrodes, as charge collectors from light absorbing

semiconducting polymers or dyes in organic solar cells and as light absorbing

components. Thin film of metallic or doped semiconducting SWCNT are good

candidates to replace the conducting transparent metallic oxides in both organic

or inorganic solar cells due to their superior conductivity. In particular metallic

carbon nanotubes show the capability to withstand large current densities due to

their low electron-phonon coupling [26] and to have large carriers mobility [27].

Semiconducting carbon nanotubes can be turned metallic via molecular charge

transfer dopants such as NOH3 and other acceptor or donor molecules. The ef-

fect of the dopant adsorption is to inject or withdraw electrons from the SWCNT

leading to a significant shift of the Fermi level up to the electrons or the holes

VHS. The Fermi level shift plays also the important role of reducing the spectral

weight of the excitonic transitions thought a state-filling effect. This is responsi-

ble for a dramatic change of the optical absorption spectra of doped SWCNT so

both an increased conductivity and an increased transparency in the visible part
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of the spectrum can be simultaneously archived. [28]. The exceptionally high

carriers mobility in SWCNT makes them also possible candidates for charge ac-

ceptors and collectors in polymer based photovoltaic devices. These devices are

constituted by a polymer/SWCNT bulk heterojunction and the photocurrent

generation is based on exciton dissociation via interfacial charge transfer. The

driving force of this process is the overall energy gain in the exciton dissociation

through electron transfer from the LUMO of the photoexcited polymer to the

LUMO of the semiconducting SWCNT or, similarly, through hole transfer from

the HOMO of the excited SWCNT towards the HOMO of the polymer ( [3] and

references therein). Another possibility is to use the SWCNT themselves as pho-

ton absorbing elements because of their strong and tunable spectral response.

In fig 1.7 the optical transition energy of SWCNT is displayed in funcion of their

diameter (Kataura plot), together with the solar light spectrum. It is evident

that an opportune mixture of SWCNT could, in principle, absorb energy in

almost the whole solar spectrum.

In order to directly use SWCNT as light harvesting elements the exciton

binding energy must be overcome by some mechanism and the resulting electron-

holes pairs separated and collected. To this end several architectures have been

proposed, among which the use of type-II heterojunctions between the SWCNT

and another charge accepting materials such as C60 or Si-nanocrystals. ( [3]

and references therein)The underlying working mechanism of these devices is

similar to the one of SWCNT/semiconducting polymers heterojunctions and

is based on a band offset, at the heterojunction interface between the donor

SWCNT and an electron acceptor, exceeding the exciton binding energy. This

difference leads to the spontaneous breaking of the exciton and at the transfer

of the electrons from the SWCNT to the acceptor.

Recently also CNT/n-Silicon heterojunction have been proposed [29]. In

these devices a thin layer of carbon nanotubes is casted on a n-silicon wafer in

order to create an heterojunction similar to the conventional p-n silicon solar

cell. These devices have shown an exceptionally high power conversion efficiency

up to 15 %. In fig.1.8 a schematic diagram of the heterojunction is shown to-

gether with its band scheme and the proposed mechanism for carriers generation

and transport [29].

At first glance, charge separation will occur due to the high built-in electric

field which inject an hole drift current in the nanotube layer and electrons in
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Figure 1.7: Optical transitions energies versus the SWCNT diameter. The labels

Sn or Mn indicate the subband index for the optical transitions in semiconducting or

metallic tubes. It is worth to note that even considering excitonic effects the overall

dependence on tube diameter still holds and only a rigid shift of the transitions energies

occurs. In the right inset the solar radiation spectra at the Earth surface is displayed.

From [3].

the n-Silicon substrate. This architecture combines the high diffusion length of

Silicon with the high mobility of carbon nanotubes. Moreover the production

process is easily scalable and the production cost is lower than for conventional

p-n cells. Despite these promising result the underlying charge separation mech-

anism is not fully understood and the role of the carbon nanotubes as light ab-

sorbing elements or simply as a transparent conductive electrode is still matter

of debate [30]. Recent EQE measurements on semiconducting SWCNT/n-Si

cells have demonstrated photocurrent generation on an extended spectral range

with respect to a commercial p-n silicon cell [31]. This point toward an active

role of the SWCNT in the carriers generation and to the possibility of efficient

exciton dissociation even in these simple devices. Since the processes of charge
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Figure 1.8: a) Illustration of the double walled CNT/n-Si cell. b) Band scheme

at the heterojunction interface. c) and d) illustration of the carriers separation and

transport. From [29].
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generation and separation occurs on an ultrafast time scale in chapter five we

use time-resolved pump-probe optical spectroscopy to investigate the underlying

working mechanism of a metallic enriched SWCNT/n-Si heterojunction.

1.4 Ultrafast spectroscopy of carbon nanotubes

Ultrafast optical spectroscopy techniques are widely used to study the dy-

namics and the kinetics of scattering and relaxation processes of excited carriers

in solid state systems. These processes typically take place in a few femtosecond

to some picosecond time interval, so they are outside from time scale accessi-

ble to conventional electronic instruments. In order to overcome this limitation

pump-probe techniques are employed. In time resolved pump-probe optical ex-

periments an intense light pulse pumps the sample in an excited state whilst

a weaker pulse probes the transient variation of its optical properties, such as

transmittivity or reflectivity, at a selectable delays from the excitation. The ca-

pability of generating a few femtoseconds light pluses, with mode-locked lasers,

and to precisely control their relative delays allows to follow the transient re-

laxation overcoming the detector speed limit. It can be shown that in a time

resolved transient transmittivity experiment, performed on centrosimmetric ma-

terials, the detected signal Ipp is dominated by the third order nonlinear polar-

ization of the medium P (3).

IPP (ωpr, τ) = 2ωprIm

∫ +∞

−∞
Epr (t′)P 3 (τ, t′) dt′ (1.1)

where ωpr is the frequency of the probe pulse, Epr is its electric field envelope

function and τ is the relative time delay between the pump and the probe pulses.

If the processes involving the carrier relaxation dynamics are slower than the

dephasing times of the polarization the optical transients are due to a variation

of the frequency dependent absorption coefficient α (ω) and thus to a variation

of the complex part of the dielectric function ε2.1 Using the density matrix

1The absorption coefficient depends explicitly on the refractive index n which contains also

the real part of the dielectric function. Anyway the real and the complex part of the dielectric

function are linked together by the Kramers-Kroenig transformations which prescribes the

causality of the optical process. Even if these transformations written in the usual form [13]

holds only for linear systems a modified version can be obtained for nonlinear systems as well

(see for example [32]).
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formalism and considering only transitions between two particular states |1〉
and |2〉 the variation reads

∆ε2 (ω) =
2πe

meω
|M21|2 [(1− ρ22) ∆ρ11 − ρ11∆ρ22] (1.2)

where M21 is the transition dipole matrix element and ρii are the population

of the two states. In case of small population of the excited state (ρ11 << ρ22)

the variation of the absorption coefficient is

∆α (ω) =
2πe

men (ω) c
|M21|2 [∆ρ11 −∆ρ22] (1.3)

where the variation of the refractive index is also neglected. This incoher-

ent limit of the absorption variation is frequently used as starting point for the

interpretation of transient absorption spectra [33]. This formula describes a

saturation of the optical transition and give an overall reduction of the absorp-

tion coefficient commonly referred as photobleaching. If more than two states

are involved an additional optical transition may arise from the first excited

state to another state at an higher energy. This process gives a transient in-

crease of the absorption coefficient at the probe frequency, commonly refereed

as photoabsorption. (Fig.1.9)

Figure 1.9: Schematic rapresentation of a photobleaching and a photoabsorption

process in a 4 level system.

In carbon nanotubes the presence of strong exciton effects justify the use a

multilevel approximation. Resonant excitation of higher lying excitonic states,

such as E22 is followed by a rapid (< 100 fs) intersubband relaxation towards
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the lowest exciton state, due to the strong interaction with phonons [34, 35].

It has also been proposed that the exciton levels in SWCNT belongs to an

exciton manifold which will give an additional intersubband relaxation channel

[36]. The intersubband relaxation dynamics was directly measured in isolated

carbon nanotubes by Manzoni et al. [37] using a tunable 10 fs pulsed laser

systems. The ground state relaxation dynamics was found in the order of 1

ps. This results conflicts with the relaxation times measured with time resolved

photoluminescence experiments which are in the order of tens of nanoseconds.

The huge difference can be due to nonradiative relaxation processes detectable

only by the former technique.

If the excitation intensity is sufficiently high exciton-exciton interaction can

take place. The interaction of two excitons can lead to an exciton-exciton anni-

hilation process (EEA) in which one of the exciton rapidly relax transferring it

energy to the other and promoting it to an higher excited state. The signature of

this process was detected by several researchers using photoluminescence spec-

troscopy, and time resolved transient transmittivity [38,39] In case of EEA the

excite state population nex, being a two body process, follow a simple nonlinear

rate equation which reads

dnex
dt

= −γn2
ex (t)

where γ is a time independent rate constant from which an annihilation rate

in the order of 0.8 ps−1 can be calculated [38]. Other researcher fund an explicit

time dependence for the rate constant γ in the form γ = γ0t
−1/2. This time

dependance is expected from a diffusion limited EEA process in one dimensional

systems [40] but the discrepancies between the two relaxation dynamics are still

matter of debate [33].

On the other side metallic carbon nanotubes (MSWCNT) present both

strong exciton and interband transitions and their transient optical properties

are somewhat less studied. The excited carriers dynamics in this systems where

investigated primary via time resolved photoemission spectroscopy [41] which

can directly track the electron distribution and its relaxation kinetic in the

vicinity of the Fermi level. Since the semiconducting tubes do not contribute

to the electronic population at the fermi level this technique can, in principle,

single out the dynamics of the metallic tubes even in a sample with the usual

mix of semiconducting and metallic species. From the differential photoemission
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spectra Hertel and Moos [41] found that electron-electron scattering processes

in MSWCNT rapidly thermalize the photoexcited electron population on a 200

fs time scale. for longer delays the slower electron-phonon scattering processes

cool the electron population until the thermal equilibrium with the lattice is

reached. The coupling of a thermalized electron population with the lattice was

described using the two-temperature model [42]

Ce
dTe
dt

= ∇ (k∇Te)−H (Te, Tl) + S (t)

Cl
dTl
dt

= H (Te, Tl)

. (1.4)

Where S (t) is the laser pulse energy, Te and Tl are the electron and the

lattice temperature, k is the electronic thermal conductivity, Ce and Cl are the

electronic and lattice heat capacities. The coupling term H (Te, Tl) describes the

interaction between the electronic and the phononic degrees of freedom which,

for electronic and phononic temperature similar or smaller than the Debye tem-

perature Θd reads [43]

H (Te, Tl) =
144ζ (5) kbγ

h

λ

Θ2
d

(
T 5
e − T 5

l

)
(1.5)

where ζ is the Reimann zeta function, kb the Boltzmann constant, γ the elec-

tronic heat capacity coefficient, h the Planck constant and λ the electron-phonon

mass enhancement factor. λ is related to the electron-phonon scattering time

τe−ph [44]which for MSWCNT turns out to be in the order of 15 ps. This long

scattering time is consistent with the extraordinary current-carrying capacity

of MSWCNT and their long ballistic electron mean free path [45].

1.5 Experimental Setup

For the experiments reported in this thesis we employ two different pump-

probe setups. The first one is a low fluence one-color setup. The second one is

a fixed-probe energy tunable-pump energy setup operating in an high fluence

regime. Both systems can operate in a reflectivity or transmttivity configura-

tion. Due to the different configurations used in our experiments in this section

we only report a general description of the setups an the actual configuration

and settings of the laser systems will be specified in each chapter.
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1.5.1 One-color low fluence setup

The low fuence setup is based on a mira 900 Ti:Sapphire mode-locked laser

oscillator. The output pulses wavelength is centered at 795 nm (1.55 eV) and

the FWHM time pulsewidth is of about 120 fs, with an output energy of 50 nJ

per pulse. The laser oscillator is coupled with an intracavity APE pulseswitch

which allow to regulate the repetition rate from 54.3 MHz to single shot. The

pump pulse fluence can be regulated in a 0.1 - 1.0 mJ/cm2 range with a con-

ventional half-waveplate polarizer assembly. In fig.1.10 a schematic diagram of

the experimental line is reported.

Figure 1.10: Schematic representation of the low fluence time resolved transmittivity

setup

The spot sizes at the sample surface are 50 µm and 15 µm for the pump

and the probe beams respectively and the minimum delay achievable with a the

computer controlled delay stage is 0.66 fs. Both reflectivity or transmittivity

signals can be acquired alternatively with Thorlabs det 210 A photodiode using

a standard lock-in technique. The signal phase reference for the lock-in ampli-

fier (signal recovery) is generated with a photodiode placed on a small reflex

the pump beam after the optical chopper. Both the static transmittivity (or

reflectivity) signal and its variation is extracted by the lock-in amplifier from

the DC component of the probe beam and its in phase component. The high

repetition rate (usually set at 540 KHz in order to avoid sample heating effects)
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and the high chopping frequency of the pump beam ensure a signal resolution

in the order of ∆I/I ≈ 5× 10−6.

1.5.2 Two-color high fluence setup

The light source of this setup is an α-line amplified Ti:Sapphire laser system.

The pulse wavelength is centered around 795 nm with a temporal width about

150 fs FWHM and an energy of ≈600 µJ per pulse. The repetition rate is 1 KHz,

therefore the average output power is 0.6 W, and the peak power is 4× 109 W.

The 70 % of the output beam is directed in a traveling wave optical parametric

amplifier (TOPAS), manufactured by Light Conversion, whist the remaining

30 % is further attenuated and used as a probe beam. The TOPAS output

frequency can be tuned from 1150 to 1600 nm with an average output power

of nearly 40 mW. In order to further extend the tunable range a pair of BBO

nonlinear crystal are employed. With this configuration the pump photon energy

can be tuned in the 575-800 nm and in the 290-400 nm intervals. Unwanted

components at the fundamental TOPAS output frequencies are eliminated using

a dispersive element and a set of filters. The pump fluence range depends on

the used configuration but values between 2.5 and 20 mJ/cm2 are commonly

achievable. In fig.1.11 a schematic representation of the optical line is reported.

The spot sizes at the sample position are 100 µm and 50 µm for the pump

and the probe respectively. Due to the low repetition rate of laser source the

pump beam is chopped at 500 Hz and a boxcar integration technique is used to

retrieve both the static value of the transmittivity (or reflectivity) signal and

its variation. The instrument resolution is in the order of ∆I/I ≈ 1× 10−4.
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Figure 1.11: Schematic representation of the high fluence time resolved setup
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Chapter 2

Probing the electronic

structure of multi-walled

carbon nanotubes by

transient optical

transmittivity

In this section an adapted version of the paper published in [5] is reported.

2.1 Abstract

High-resolution time resolved transmittivity measurements on horizontally

aligned free-standing multi-walled carbon nanotubes reveal a different electronic

transient behavior from that of graphite. This difference is ascribed to the

presence of discrete energy states in the multishell carbon nanotube electronic

structure. Probe polarization dependence suggests that the optical transitions

involve definite selection rules. The origin of these states is discussed and a rate

equation model is proposed to rationalize our findings.
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2.2 Introduction

An understanding of the optical transitions and the underlying electronic

structure of carbon nanotubes is of central importance to their characterization

and integration within numerous opto-electronic applications. For single-walled

carbon nanotubes (SWCNTs) the density of states, which is dependent on the

nanotube chirality and dominated by multiple Van Hove singularities (VHSs),

is well defined. The excitonic nature of the optical transitions has been ex-

plored in some detail [46], [37], [21]. Conversely, multi-walled carbon nanotubes

(MWCNTs) represent a much more challenging electronic system and, as yet,

no coherent understanding of their properties has been presented. The pres-

ence of multiple, concentrically nested nanotubes, each with differing chirality,

greatly complicates the electronic structure of MWCNTs. Theoretical and ex-

perimental studies predict similarities between the electronic properties of highly

oriented pyrolytic graphite (HOPG) and MWCNTs, however conflicting reports

also suggest the presence of discrete states which make MWCNTs more simi-

lar to SWCNTs [47], [48]. Multiple shells enhance the electrical conductivity

due to several distinct transport pathways [49–52]. Moreover a larger absorp-

tion cross-section results with high spectral absorbance over the entire visible

spectrum [53–55]. MWCNTs are consequently extremely promising in photo-

voltaic applications, in particular when used in conjunction with various electron

donor groups [51], [56]. Higher incident-photon-to-current efficiencies (IPCE)

have been observed for MWCNTs compared to SWCNTs [51]. Key to such

future applications, however, is a more detailed understanding of their under-

lying electronic and optical properties. Here, we employ time-resolved optical

spectroscopy to critically compare the transient optical response of MWCNTs

and HOPG. Highly aligned suspended MWCNT films have been employed to

negate detrimental substrate contributions. Horizontal alignment ensures that

the probed electronic structure is unaffected by variable sample features, such

as nanotube curvature [7]. By performing monochromatic transient transmit-

tivity experiments, in the near-infra-red (790 nm), we demonstrate the pres-

ence of discrete energy states in the MWCNT electronic structure. In this

framework, the transient response is characterized by photo-bleaching (PB) and

photo-absorption (PA) channels, as well as non-linear effects that we control by

tuning the probe polarization. The dependence on the probe polarization un-
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ambiguously shows that these states have a well- defined symmetry and that

the optical transitions between these states respect precise selection rules. Two

different interpretations are proposed and discussed to account for these states:

the first concerns the presence of clusters in the nanotube walls. The second one

hypothesizes a MWCNT electronic structure similar to that of SWCNTs and,

although many questions remain still open, it appears more consistent with the

experimental results here reported.

2.3 Experimental

2.3.1 sample preparation

The carbon nanotubes (CNTs) investigated were aligned, free-standing MWC-

NTs, synthesized by thermal chemical vapor deposition in a commercially avail-

able, cold-wall reactor (Aixtron Ltd.). Vertically aligned nanotube forests were

grown on thermally oxidized Si substrates (200 nm SiO2) coated with 10 nm

Al2Ox (magnetron sputtered) and 1 nm Fe (thermally evaporated). Bilayer cat-

alysts were heated to 700 oC (5oC/s) under 8 sccm C2H2 diluted in 192 sccm

H2 (25 mbar). Aligned, free-standing MWCNT thin films were fabricated by

solid-state pulling at a rate of ∼10−2 m/s, as illustrated in fig.2.1a, employing

a similar technique as reported elsewhere [57].

Figure 2.1: Optical micrograph of a vertically aligned MWCNT forest during mem-

brane solid-state pulling. Insert: Cross-section schematic of a catalyst wafer.

MWCNT bundles were pulled mechanically from a pristine source nanotube
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forest, several hundred micrometers in length, allowing us to obtain contin-

uous yarns / thin films of high-purity MWCNTs. Fig.2.1a shows an optical

micrograph of a vertically aligned MWCNT forest during membrane solid-state

pulling. To ensure the probed characteristics are associated implicitly with

the MWCNTs, no post-growth chemical processing was performed. In the in-

set, a cross-section schematic of a catalyst wafer is shown. Figure 2.1b shows

a scanning electron micrograph (SEM) of the aligned, free-standing MWCNT

film. High-resolution transmission electron microscopy (HR-TEM) clearly shows

multiple graphitized side-walls (Fig.2.1, inset and Fig.2.2 ) with negligible amor-

phous carbon deposits and minimal bamboo-like sectioning.

Figure 2.2: Typical high-resolution transmission electron micrographs highlighting

the high-degree of graphitization and general absence of a-C

The as-grown MWCNTs were approximately 500 µm in length, 25 ± 13

(Standard Deviation) nm in diameter and consisted of typically 2-5 graphitic

walls. In figure 2.3a the histograms, showing the outer diameter and number of

graphitic walls (Inset) are reported. Highlighted areas denote the mean 1 S.D.

Figure 2.3b shows a typical Raman spectra (Renishaw InVia, 633 nm excitation,

3 mW) of the film at multiple positions, evidencing the high sample uniformity.

X-ray photoelectron spectroscopy (XPS), Raman spectroscopy and HR-TEM

confirm the high graphitic quality of the MWCNTs. Ultra violet photoelectron

spectroscopy (UPS) was acquired in a ultra-high vacuum chamber using a con-

ventional He discharge lamp (hν = 21.2 eV) and a hemispherical electron en-

ergy analyzer. The electron energy distribution curves were measured at room

temperature in normal emission geometry, with an overall instrumental energy

resolution of 0.1 eV. The binding energy scales are referred to the Fermi level

of a gold polycrystal foil.



2.3 Experimental 37

Figure 2.3: (a) Histograms showing the outer diameter and number of graphitic

walls (Inset). Highlighted areas denote the mean 1 S.D. (b) Raman spectra (633 nm,

3 mW) of an as-grown MWCNT forest (top) and an extruded membrane (middle,

bottom). Negligible variation was noted in the acquired spectra across samples.

Figure 2.4: X-ray photoelectron spectroscopy and fits of the sp2 (red), sp3 (blue),

CO (circle) and CO2 (green) peak in the C1s peak (square).

In Fig.2.4, the C1s photoemission spectrum is shown. The fitting of the C

1s peak suggests an sp3/sp2 concentration ratio thereby allowing us to evalu-

ate an upper limit of the sp3 content [58]. The C 1s has been fitted using a



38 Probing the electronic structure of MWCNT

Shirley background and four components with Doniach-Sunjic lineshapes, cor-

responding to sp2 C (284.5 eV), sp3 C (285.4 eV), C-O and/or losses (286.7eV)

and CO2 (289.9eV). The lorentzian linewidth was fixed at 0.28 eV, compatible

with literature values [58], while the Gaussian widths were defined as free-fitting

parameters. The only component with a non-null asymmetry was that corre-

sponding to sp2. Our results show that the sp3 content strongly depends on

the asymmetry parameter (α) of the sp2 component, and we were be able to

obtain good fit results in an asymmetry range which includes metallic CNTs

(α of 0.19) [59] and pure HOPG (α of 0.075-0.099) [60–62]. The correspond-

ing sp3content in these two extreme cases were, respectively, 14% and 8%. As

a consequence from XPS data we can only assess that the upper limit of the

sp3 content, corresponding to the HOPG asymmetry parameter, is about 14%

(fitting components shown in Fig.2.4). To refine this estimate, detailed Raman

spectra were measured at 485 nm, 532 nm, 633 nm and 785 nm (x50 aperture,

incident power < 5mW). Figure 2.5 shows a representative Raman spectra, col-

lected with 633 nm, 3 mW, a x20 aperture and a probe size of 1.2 µm. The two

spectra suggest an I(D)/I(G) ratio of 0.40.1 (1 S.D.). For 532 nm excitation

I(D)/I(G) = 0.270.05 ( 1 S.D.). The position of the G peak is 1578 cm−1. By

comparison with Fig.2.5(b), this enables us to affirm that the sp3 content tends

more toward 0% than XPS would suggest.

Considering Fig.2.5(b) [63] and the previously determined upper limit of the

sp3 content of 14% we can assert that the MWCNTs presented in this study

fall the highlighted graphitic stage 1 (highlighted blue), where the sp3 content

tends toward zero and the dimension of the sp2 clusters, dependent on the

number of graphene lattice defects, is large. Detailed Raman analysis shows

narrow G-peak full-width half-maxima and linear dispersion of the G and D

peaks, collected at various excitation wavelengths (485, 532, 633, 785 nm). Such

features are consistent with the Raman signatures of highly graphitic MWCNTs

and confirms the negligible sp3 content. The mean diameter of the sp2 clusters

( 10 nm) disagrees with the hypothesis of confinement effects at the origin of

electronic states or gap formation in the MWCNT band structure [64].

Free-standing, well-aligned horizontal MWCNTs permit strict control over

the relative angles between the MWCNTs and the incident polarization, whilst

simultaneously avoiding detrimental substrate optical interference effects. Herein

perpendicular-polarized is defined as the light polarization perpendicular to the
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Figure 2.5: (a) Typical 633 nm Raman spectra. (b) Percentual sp3 content as a

function of I(D)/I(G) and G peak position, from [63].

MWCNT long-axis and parallel-polarized as the polarization parallel to the

MWCNT long-axis.

2.3.2 Laser System

Samples were optically excited using a Ti: Sapphire cavity-dumped, mode-

locked laser oscillator. Output pulses were centered at 790 nm (1.55 eV) with

a full-width half-maximum of 120 fs. The output energy was 50 nJ (per pulse)

with a variable repetition rate from 54.3 MHz to a single shot. Mean heating

effects were obviated using tunable repetition rates. The pump fluence ranged

from 0.1 to 0.8 mJ/cm2. Low fluence measurements were obtained at 540 kHz to

maximize the signal-to-noise ratio. A lock-in acquisition technique was employed

to provide high resolution in the transient transmittivity signal (∆T/T).
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2.4 Results and discussion

It is known that in MWCNTs the presence of different nanotubes, each with

different diameter and chirality, smooths the VHSs, resulting in an electronic

structure similar to that of the HOPG [21] [48]. This is in agreement with static

absorption measurements, performed using an ultraviolet-visible-near infrared

spectrometer (Fig.2.6), where no particular absorption peaks, characteristic of

the VHSs, are evident, in agreement with a HOPG-like electronic structure.

Figure 2.6: Aligned MWCNTs static absorption as a function of energy and light

polarization parallel (par) or perpendicular (perp) to the tubes alignment axis

The absorption data confirms the alignment of our MWCNTs. When the
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incident polarization is parallel to the MWCNT long-axis (denoted par), the

absorption is larger than in the perpendicular case (denoted perp).

In order to compare the transient electronic behavior of MWCNTs and

HOPG, we have performed monochromatic transient transmittivity (∆T/T)

measurements, shown in Fig.2.7, where the pump and the probe photon energy

is 1.55 eV and the pump fluence is fixed at 0.25 mJ/cm2( ≈ 1015 photons/cm2).

Figure 2.7a shows the transient transmittivity collected by rotating the probe

polarization, from parallel to perpendicular to the MWCNT long-axis, with the

pump polarization fixed parallel to the MWCNT long-axis. To clearly evidence

the probe polarization dependence of the transient signal, in Fig.2.7a ∆T/T

data have been normalized to the first ∆T/T maximum. The shape of the

transient response is unmodified by the normalization procedure. Two dynam-

ics dominate the MWCNT response. The first, observed at short delay times

(<150 fs), is positive and consistent with a photo-bleaching (PB), previously ob-

served in HOPG and SWCNTs [7, 37, 46, 65, 66]. 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 PB 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 [67, 68]. The second dynamic (>150 fs) occurs over a

temporal range independent of any coherence effects and, unlike the first, de-

pends 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 perpendicular to it. By rotating the probe po-

larization relative to the MWCNT long-axis, from 0 (parallel-polarized) to 90

(perpendicular-polarized), the second dynamic changes sign - from negative to

positive. The change of sign depends exclusively on the probe polarization.

To exclude a pump polarization contribution, in Fig.2.7b while keeping a fixed

parallel-polarized probe, the pump polarization is rotated (at 10 increments),

obtaining a variation of the second dynamic intensity. The magnitude of this

second dynamic is consistently negative for all pump polarizations. Similarly,

fixing the probe perpendicular-polarization (Fig.2.7c), the rotation of the pump

polarization changes only the intensity of the second dynamic, maintaining the

positive sign. The optical response with parallel-polarized probe (Fig.2.8a) has
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Figure 2.7: (a) Monochromatic normalized transient transmittivity (∆T/T), at 1.55

eV, collected with a pump polarization parallel to the MWCNTs long-axis and the

probe polarization varying from parallel to perpendicular. (Incident fluence = 0.25

mJ/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 (1.3x10−3), exclud-

ing coherence-artifacts. Non-normalized dependence of ∆T/T with probe polarization

parallel (b) and perpendicular (c) to the MWCNT long-axis (alignment axis), respec-

tively. The pump polarization rotation does not affect the sign of the second dynamic.

The oscillations in (b) and (c) have an intensity below the instrument sensitivity

(∆T/T ≈ 10−6 ).

been interpolated by two exponential functions, convoluted with a Gaussian

representing the pulse temporal width. While the first dynamic, affected by

the presence of the coherent artifact, is very fast (40 ± 15 fs), the second is an

order of magnitude slower (400 ± 100 fs). The analysis of the optical response

with perpendicular-polarized probe (Fig.2.8b), performed with the same fitting
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procedure, gives a similarly fast first dynamics (40 ± 15 fs), while the second is

1.0 ± 0.1 ps.

Figure 2.8: (a) ∆T/T for pump and probe polarizations parallel to the MWCNT

long-axis. Fit (blue) of the experimental data (red), as modeled by eq.(2.3). (b) ∆T/T

for pump polarization parallel and probe polarization perpendicular to the MWCNT

long-axis. Fit (blue) of the experimental data (red) as modeled by eq.(2.3). For pump

fluences 0.25 mJ/cm2, the intensity of the second dynamic tracks the laser pump

absorption that depends on the angle between the laser polarization and the MWCNT

long-axis [53]. (c) Top:
∣∣(∆R/R)−1

∣∣ of the HOPG (inverse of the fit extracted from the

inset) as a function of the delay time (0.5-2.5 ps). Bottom: (∆T/T )−1 of MWCNTs

(inverse of the fit extracted from the inset) as a function of the delay time (0.5-2.5

ps). Note the linearity. Spectra collected with pump polarization parallel and probe

polarization perpendicular to the MWCNTs long-axis.

The surprising dependence of the second dynamic on the probe polariza-

tion allows us to grasp, for the first time, the difference between the tran-
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sient behavior of MWCNTs and HOPG. While the positive PB response, in

fact, appears consistent with the HOPG-like behavior, the negative response

(probe polarization parallel to MWCNT long-axis, Fig.2.8a) excludes a HOPG-

like relaxation channel. With a parallel-polarized pulse only the component

of the dielectric constant parallel to the MWCNT long-axis is probed, cor-

responding to the component of the HOPG dielectric constant perpendicular

to the graphite c-axis [53, 69, 70]. Under equivalent experimental conditions,

the HOPG transient response reveals only PB channels. Two exponential de-

cays, ascribed to electron-electron and electron-phonon relaxation, in agreement

with the two temperatures model [71–73], are, in fact, measured in the tran-

sient reflectivity signal (Fig.2.8c (top)). Under different experimental conditions

a negative dynamic has also been reported in HOPG and ascribed to intra-

band transitions (Drude model). For observing these intra-band transitions in

HOPG and graphene layers, the probe photon energy is usually in the terahertz

range [74–78]. In the high pump fluence regime, oscillations have been observed

in the HOPG transient signal and ascribed to structural deformation of the

inter-plane separation due to strongly-coupled-optical-phonons [79, 80]. How-

ever, such structural deformation can be excluded in MWCNTs since structural

oscillations of the graphitic walls, observed in SWCNTs, depend strongly on

the pump polarization and not on the probe polarization, as revealed in Fig.2.7.

Moreover, the period of these oscillations is fast [65,81,82]. This surprising and

significant difference between the transient behavior of MWCNTs and HOPG

is also confirmed by the pump-probe delay dependence of the MWCNT inverse

transient transmittivity ((∆T/T )−1) in the range of the positive second dy-

namics (probe polarization perpendicular to the MWCNT long-axis, Fig.2.8b).

In Figure 2.8c, the pump-probe delay dependence of the absolute value of the

HOPG inverse transient reflectivity ((∆R/R)−1, top) is shown together with the

MWCNT (∆T/T )−1 (bottom). The linear dependence, shown in Fig.2.8c (bot-

tom), for MWCNTs suggests the non-linear character of the second dynamic.

For example, the existence of a quadratic dependence implies the following re-

lation [39,83,84]:

dN

dt
∝ n2 (2.1)



2.4 Results and discussion 45

and consequently:

(
∆T

T
)−1 ∝ ∆t (2.2)

where N is the photo-excited carriers density population and ∆t is the delay

time between pump and probe pulse. The linear behavior (Fig.2.8c (bottom)) of

the MWCNT transient response, for delay times > 500 fs, reveals the non-linear

character of the second dynamic, when the probe is perpendicular-polarized. On

the contrary, the non-linear HOPG dependence of |(∆R/R)|−1 on the pump-

probe delay (Fig.2.8c (top)), confirms that the two dynamics in the HOPG

transient signal are consistent with the two-temperature model. We assume

here, as suggested by Fig.2.8c, that the second dynamic of MWCNTs was a

second order process.

This unexpected difference in the transient behavior of MWCNTs and HOPG

can be explained by considering localized electronic states. The presence of

discrete levels in the MWCNT electronic structure permits also to justify the

negative dynamic. Charge carriers, photo-excited by the pump in a previously

well-defined unoccupied state, are promoted from this energy state to a higher

one by the probe, resulting in a decrease of the transient transmittivity of the

probe (negative signal). This process is known in literature as PA effect. At

the same time, the second positive dynamic can be ascribed to a re-filling of

an unoccupied state by second order processes. To account for the transient

optical behavior, we propose a model of the involved optical transitions based

on three discrete electronic states, as illustrated in Fig.2.9.

The pump excites ground state carriers (E0), to a higher state (E2), that

within a few tens of femtoseconds decays to lower energy state (E1). The probe

pulse at the same pump photon energy (1.55 eV), when parallel-polarized with

respect to the tube axis, reveals firstly a PB due to the filling of E2, then, for

longer delay times, promotes electrons from E1 to a higher state (E3). In the

transient transmission spectra, this last process corresponds to an enhancement

of the probe absorption (PA) thereby producing the negative ∆T/T response

(Fig 2.9a and Fig.2.9b). When the probe polarization is perpendicular to the

MWCNT long-axis, the probe reveals two PB channels. Charge carries are

promoted by the pump from the ground state to E2 (first PB) that relaxes

within 100 fs from E2 to E1. The probe then, for longer delay times, reveals

a second PB of E0-E2 due to a re-population of E2 by second order processes
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Figure 2.9: (a) ∆T/T for pump and probe polarizations parallel to the MWCNT

long-axis. Fit (blue) of the experimental data (red), as modeled by eq.3. (b) Schematic

of the relaxation channels (PB, and PA) as rationalized in the proposed model. (c) As

in (a), ∆T/T signal (red) and fitting (blue) for pump polarization parallel and probe

polarization perpendicular to the MWCNT long-axis. (d) Schematic of the relaxation

channels (PB and non linear process ).

(Fig 2.9c and Fig.2.9d). The strong dependence of the second dynamic on the

probe polarization unambiguously suggests that the relaxation processes involve

localized energy states with a well-defined symmetry [10,85] and that the optical

transitions between these states observe precise selection rules. The PA channel

is quenched when the probe is perpendicular-polarized. On the contrary, in

this configuration, due to the high pump fluence (1014−1015 photons/cm2) and

to the long E1 decay time (few picoseconds [10]), second order processes are

favored thereby repopulating E2. These second order processes increase the

transmittivity of the probe resulting in a second PB channel. The choice of

three localized energy states (E1, E2, E3) is in accord with the analysis of the

decay times. The PA implies a transition of the photo-excited carriers to a

higher state. However, the decay time of the first state, filled by the pump,
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is really very fast (< 100 fs) and is inconsistent with the PA relaxation time

(hundreds of fs). Therefore a third energy state, with a longer decay time, must

be considered as a starting level for PA. To better rationalize our findings, we

propose a rate equation model to interpret the relaxation processes depicted in

Fig.2.9. The temporal evolution of the photo-excited carriers on the E2 state

(N2) and on the E1 (N1) is then determined by:{
dN2

dt = A ·G(t)−B ·N2 + C
2 ·N

2
1

dN1

dt = B ·N2 −D ·N1 − C ·N2
1

(2.3)

where E 2 is populated by the Gaussian pump G(t) = (σ
√

2π)−1e−
t2

2σ and

depopulated by the −BN term with B−1 corresponding to the N2 decay time

(E2 → E1). The C ·N2
1 /2 term represents the second order process able to popu-

late the E2 state starting from E1. In agreement with the first rate equation, E1

is populated by the electron relaxation from E2 (BN2) and depopulated by the

relaxation on the ground state (−D ·N1) and second order processes (−C ·N2
1 ).

The ∆T/T signal has been interpolated, in a non-perturbative approach, via

the expression:
∆T

T
∝ N2 − αPA ·N1 (2.4)

where αPA is linearly proportional to the magnitude of the PA. The transient

responses, given in Fig.2.9a and Fig.2.9c, for the parallel- and perpendicular-

polarized probe, are well interpolated by the proposed model (blue line fit, red

line data). The C parameter, that represents the second order process weight,

was fixed as the pump fluence did not change throughout the measurements.

The mean fitted B−1 value, for the different spectra, is 60 ± 20 fs. For the

perpendicular-polarized probe spectra, the D−1 decay time is a few picoseconds,

corresponding to the long decay of the lower E1 state. In the case of parallel-

polarized probe spectra (with negative PA dynamics), D−1 is a few hundred of

femtoseconds.

In Fig.2.10, the fitted αPA value, representing the PA weight, is shown as

a function of the angle between the probe polarization and MWCNT long-axis.

αPA = 0 when the angle is 90o, as the selection rule prevents PA. Increasing

the component of the probe polarization along the MWCNT long-axis, angle

< 45, the PA, again in agreement with the dipole selection rules, begins to

increase, reaching the maximum value when the polarization direction is along
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Figure 2.10: PA coefficient, αPA, (eq.3, eq.4) as a function of the angle between

the probe polarization and the MWCNT long-axis. When the probe polarization is

perpendicular, PA is quenched (top left inset). PA becomes non-zero around 45o

(bottom right inset) and reaches a maximum when the probe polarization is parallel

(top right inset).

the MWCNT long-axis. To further elucidate the PA promotion mechanism,

rather than the non-linear mechanism, in the second dynamic, in Fig.2.11a the

dependence of the PA channel on the pump fluence (top-left inset) is shown by

fixing the probe polarization parallel to the MWCNT long-axis.

By increasing the fluence, saturation is clearly noted, as highlighted in more

detail in Fig.2.11b where the PA (maximum) versus the pump fluence is plotted.

This saturation effect can be explained by considering that, as the non-linear
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Figure 2.11: (a) Interpolated ∆T/T (inset) dependence on increasing pump fluence.

The saturation effect of PA channel (second negative dynamic) is shown in (b) by

plotting the maximum value of the ∆T/T relative to the PA effect versus the pump

fluence.

channel quadratically increases with fluence, the resulting non-linear optical

response increases much more rapidly than the linear PA of the probe. Thus, the

latter saturates. PA is then quenched by rotating the probe polarization (from

parallel to perpendicular) or by increasing the pump fluence. In this second case,

the enhanced photo-excited charge carrier density, corresponding to an increased

second order process, repopulates E2 whose relaxation is described by the second

positive dynamic (Fig.2.9c). In light of the obtained results, we emphasize that
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the surprising presence of localized states in MWCNT electronic structure can

be also confirmed by static photoemission and static absorption spectroscopy.

The analysis of the photoemission valence band (Fig.2.12a), collected with He

I radiation source (21.2 eV) clearly shows two broad features (≈1.0 eV and

3.0 eV). While the second is ascribed to the π band [39], the large feature

centered at about 1.0 eV suggests the presence of occupied states under 3.0

eV. Furthermore, the absence of electronic states at the Fermi energy (inset of

Fig.2.12a) indicates a semi-metallic character. This result is in agreement with

transport studies, undertaken in a vacuum pumped cryostat (297 - 16 K), that

show a nominal band gap of approximately 40 meV, consistent with that of

other semi-metallic graphitic materials1.

Figure 2.12: (a) UPS measurements of the valence band showing broad features at

about 1.0 eV and 3 eV (log. scale). Inset: Detailed valence band , suggesting a semi-

metallic character consistent with temperature dependent electron transport studies.

(b) Static optical anisotropy (ρ) as a function of photon energy.

Moreover, from the optical spectra (shown in Fig.2.6), we are able to obtain

1Unpublished data
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further insight about the presence of electronic structures in the occupied and

unoccupied bands. The optical anisotropy, ρ, of the system, is defined as [53,86]:

ρ =
Λ|| − Λ⊥

Λ|| + Λ⊥
(2.5)

where ρ|| is the absorbance for incident beam polarization parallel and ρ⊥ per-

pendicular to the MWCNT long-axis, and I/I0 = e−Λ, where Λ = Λ⊥ or Λ|| ,

I is the intensity of the transmitted beam and I0 is the incident intensity. As

in the case of SWCNTs [86], ρ (Fig.2.12b) linearly decreases with photon en-

ergy (1.55 - 3 eV), suggesting the existence of optical transitions with a definite

symmetry below 3 eV. The crucial point remains, now, to understand the origin

of discrete energy levels in the electronic structure of MWCNTs. Two possible

interpretations can be offered. The first is connected with the presence of amor-

phous carbon. sp3 and sp2 clusters smaller than 5 nm may very well open a gap

thereby instigating the formation of originate discrete levels [87]. Indeed, the

existence of electronic states associated with structural defects could represent

an interesting opportunity for improving the polarization-controlled absorption

in such samples. However, XPS and Raman spectroscopy (Fig. 2.4 and 2.5)

seems to exclude this possibility. Moreover, there is controversy related to this

interpretation. Firstly, the results reported in Fig.2.7 have been obtained at

different positions on different samples grown under equivalent conditions. Fur-

thermore, it is not clear as to how such clusters of amorphous material could

give rise to electronic states with well-defined symmetry. The second interpre-

tation is derived by considering that discrete states are present in the valence

band and that the optical transitions, revealed in the transient transmittivity,

involve discrete electronic states with a well-defined symmetry. In particular,

it is somewhat surprising the analogy between the selection rules of the optical

transitions involved in the transient response of MWCNTs and those known for

the VHSs in SWCNTs. In this sense this second interpretation assumes that

the electronic structure of MWCNTs is characterized, as in the case of SWC-

NTs, by the presence of excitonic states at the VHSs. Assuming, in fact, that

the processes reported in Fig. 2.9 can be ascribed to excitonic transitions, the

polarization dependence of the PA channel (Fig.2.9a and Fig.2.9b) is consis-

tent with the selection rules that control the SWCNT optical transition. For a

parallel-polarized probe, the PA corresponding to ∆m = 0, where m is the quan-

tum number identifying the VHSs sub-bands [10], is allowed. On the contrary,
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when the probe is perpendicularly-polarized the PA is quenched and a second

order decay process dominates (Fig.2.9c and Fig.2.9d). This alternative chan-

nel might appear similar to exciton-exciton annihilation (EEA), well studied on

spatially confined systems such as nanocrystals [88] and more recently reported

in SWCNTs [39,83,84,89,90]. EEA refills E22 and increases the transmittivity

of the probe resulting in a second PB channel. The non-linear character of EEA

could be compatible with the linearity of the (∆T/T )−1, shown in Fig.2.8. The

rate equations (3) are very similar to the rate equations model employed in lit-

erature [39, 83, 84, 90] to describe the excitonic behavior of SWCNTs in a high

pump fluence regime. This SWCNT-like behavior could be also confirmed by

considering the relaxation times. The first dynamic of the MWCNTs has a re-

laxation time (60±20 fs) consistent with the E22-to-E11 transition in SWCNTs

( 40 fs) [37,46]. Similarly the PA has a recovery time of the order of hundreds of

femtoseconds, comparable with the E11-to-E33 absorption channel in SWCNTs.

This second interpretation, concerning the presence of excitonic states at the

VHS, despite requires further confirmations, provides a more consistent depic-

tion of the transient electronic behavior of MWCNTs. Moreover, it corroborates

recent measurements reported in literature where it was shown that the VHSs

play an important role in the electronic behavior of MWCNTs [20,47,51,91].

2.5 Conclusions

Using high-resolution time resolved transmittivity measurements on horizon-

tally aligned free-standing MWCNTs, we have shown that the electronic struc-

ture of these systems is different from that of HOPG. The optical response of

MWCNTs is seen to be characterized by photo-bleaching and photo-absorption

processes as well as second order effects. We are able to reveal these transient

channels tuning the probe polarization. The obtained results suggest the exis-

tence of discrete levels with a well-defined symmetry in the electronic structure

of MWCNTs. Two different interpretations have been discussed. The origin of

these states appears more consistent with a SWCNT-like interpretation. It is

hoped that this study will provide a deeper understanding of the so-far largely

misunderstood and complex electronic structure of MWCNTs, showing, for the

first time, the presence of discrete levels in these complex systems. An improved

understanding of these issues, and the possibility of polarization-selective con-
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trol over the optical response of MWCNTs represent important aspects in the

outlook of carbon nanotube research.
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Chapter 3

Transient reflectivity on

vertically aligned single-wall

carbon nanotubes

In this section an adapted version of the paper published in [6] is reported.

3.1 Abstract

One-color transient reflectivity measurements are carried out on two dif-

ferent samples of vertically aligned single-wall carbon nanotube bundles and

compared with the response recently published on unaligned bundles [7]. The

negative sign of the optical response for both samples indicates that the free

electron character revealed on unaligned bundles is only due to the intertube

interactions favored by the tube bending. Neither the presence of bundles nor

the existence of structural defects in aligned bundles is able to induce a free-

electron like behavior of the photoexcited carriers. This result is also confirmed

by the presence of non-linear excitonic effects in the transient response of the

aligned bundles.
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3.2 Introduction

In these last twenty years carbon nanotubes (CNT) have played a funda-

mental role in the research field of nanotechnology based optoelectronics and

in particular for application in solar cells and sensor devices. The outstanding

and intriguing physical properties of CNT including well defined optical reso-

nances, ultrafast non-linear response and ballistic 1D charge transport, have, in

fact, stimulated both fundamental and applied research on these systems [92]

and [56].

For increasing the CNT potentialities in optoelectronics, a growing effort,

in these last years, has been focused in preparing single-wall CNT (SWCNT)

samples with a well-defined chirality [68] and [93]. The low energy optical

properties, in fact, of SWCNT are associated with the formation of electron-

hole pairs described as 1D Wannier Mott excitons. The physical properties of

these excitons strongly depend on the tube diameter and chirality [10] and [9].

The possibility of studying the optical response of SWCNT thin film for

different architectures (unaligned, horizontally and vertically aligned tubes; iso-

lated or bundled tubes) with a well defined electronic structure represents at

the moment a challenge. Thin films of CNT, deposited, under controlled atmo-

sphere, by using standard techniques such as chemical vapor deposition (CVD)

or high pressure carbon monoxide (HiPCo), contain a broad distribution of

aggregated tubes with different diameters and chiralities. The optical devices

based on CNT thin film, showing the best performance, usually contain semicon-

ducting and metallic tubes with different structures, combined with several other

systems (nano-particles, molecules, metallic connector, substrate) [56] and [94].

Therefore, in order to improve the performance of the CNT based optical de-

vices, a deeper understanding of the optical properties of thin films containing

different tubes is necessary. In particular, a study of charge carriers dynam-

ics, charge transfer and charge transport into and among the different parts of

the whole system is necessary for increasing the efficiency of the carbon based

devices, choosing the better configuration and the most useful components. Re-

cently, we have shown that the architecture of CNT thin films strongly affects

the charge carrier dynamics [7]. In particular, by using transient reflectivity

measurements, we have demonstrated that the combination of bundling and

unalignment in carbon nanotube induces strong intertube interactions favoring
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the formation of short-living free charge carriers in semiconducting tubes. Some

of these charge carriers decay through a charge transfer nonradiative process to-

ward the metallic tubes within 400 fs.

Here, by using the same experimental technique, we show that the bundling

alone without the unalignment as well as the presence of defects is not enough to

generate this kind of free charge carriers. Performing one-color transient reflec-

tivity measurements, in a pump probe experimental set up, on vertically aligned

SWCNT, we reveal a response of the photoinduced charge carriers comparable

with the exciton-like behavior observed in literature on isolated SWCNT. Photo-

bleaching channels and non-linear effects, only measurable when the probability

of creating two or more excitons per nanotube is non-negligible [89] and [83],

are clearly revealed in the transient optical response.

3.3 Experimental details

Vertically aligned CNT bundles (Sample A and Sample B) were synthesized

in two different laboratories. Sample A was synthesized in the Department

of Engineering at the Cambridge University. The CVD process was done on

sputter deposited 10 nm of Al2O3 on Si/SiO2 (200 nm). Fe catalyst (1.1 nm) was

thermally evaporated onto Al2O3. Atmospheric pressure CVD was conducted

in a tube furnace at 750 oC in a mixture of C2H2/H2/Ar (30 min) after a 3

min pre-treatment in H2/Ar. Sample B was grown 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 × 10−8 Pa). The CVD processes were done on thin films of 150

nm thermally grown SiO2 support layer on polished n-type Si(100) substrates

and on 10 nm thick Al2O3 support layers grown via magnetron sputtering on

the previous film. 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% purity) at a growth rate of ≈ 0.6 nm/h. We operate in the

following parameter window: ≈ 0.6-8 nm Fe film thickness, 4 × 10−6-10−1 Pa

C2H2 pressure and 580-600 oC growth temperature.

Both samples were characterized by micro-Raman and SEM (Scanning Elec-

tron Microscope) measurements. Micro-Raman measurements on Sample A

were carried out using a Labram Dilor Raman H10 spectrometer equipped with
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an Olympus microscope and with a cooled CCD camera as photodetector. The

632.8 nm light from an He-Ne laser was used as the excitation radiation. Micro-

Raman measurements on Sample B were carried out using Renishaw 1000 Ra-

man Spectrometer (Series 1000). The spectra were excited with an Ar+ laser

(514.5 nm). SEM images were acquired on both samples ex-situ, after the

growth, by using a ZEISS SEM (mod. Supra 40, energy range 0.1-30 KeV).

Time-resolved reflectivity (TR) measurements have been performed with the

cavity-dumped Ti:Sapphire oscillator described in chapter one , 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.

3.4 Results and discussion

In Fig.3.1, TR signals collected on two vertically aligned SWCNT bundles

(Sample A (a), Sample B (b)) are shown together with SEM images. While

the TR signal on unaligned SWCNT is positive (see ref. [7]) in agreement with

the free-electron behavior of the photoinduced carriers, TR signal on aligned

SWCNT is negative.

The negative signal has been interpreted as a photobleaching process [95]

and [39]. When the pump photon energy is quasi-resonant with one of the

optical transition between two Van Hove Singularities (VHSs), a photobleaching

is usually expected in the one-color transient optical measurements. Absorption

of the pump pulse excites electrons into the 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 trasmittivity and negative in reflectivity (such as in the absorption) [46] and

[65]. The presence of the photobleaching channel in aligned SWCNT bundles

suggests that the free-electron like behavior of the photoinduced carriers [7] is

due to the unalignment of the bundles and not to the formation of bundles

themselves.

In order to exclude that the presence of structural defects affects the charge

carrier dynamics of SWCNT, in Fig. 3.1 the transient reflectivity response

has been shown for two SWCNT bundles with a different content of structural

defects. In Fig. 3.2 Raman spectra collected on Sample A and Sample B

by using an excitation wavelength of 632.8 nm (for Sample A) and 514.5 nm
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Figure 3.1: One-color (hν = 1.55 eV) transient reflectivity spectra collected on

vertically aligned (Sample A (a) and Sample B (b)). The SEM images of the samples

are also reported.

(for sample B) are reported. The D and the G modes are at about 1300 and

1700 cm−1, the G* mode at 2600 cm−1 and the radial breathing modes (RBM)

modes in the (150 cm−1, 250 cm−1) range [96]. Raman spectrum of Sample B is

characterized by an intense D mode [97], because the ratio I(D)/I(G) increases

with the excitation wavelength, the D mode suggests the significant presence of

structural defects in this sample.

It is important to underline that in Sample B the large presence of defects

is in anyway compatible with a predominant content of sp2 hybridization of C

atoms in the nanotube walls. The energy position of the G mode (about 1590

cm−1) and the ratio I(D)/I(G) = 0.9, in agreement with the graph taken from

ref. [63] and [98], argue that nanotubes are mainly composed of sp2-hybridized
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Figure 3.2: Raman spectra collected on Sample A (a) and Sample B (b) by using a

laser wavelength of 632.8 nm and 514.5 nm, respectively. The intensity of the D mode

in the Sample B suggests a significant presence of structural defects in this sample.

(c) Graph adapted from ref. [63] to estimate the content of sp2, sp3 hybridization in

Sample A and B.

C atoms even if the significant presence of defects clearly indicates that the wall

is composed of clusters and not of homogeneous graphene sheet.

From the analysis of the RBM mode, it is possible to estimate the average

diameter of the carbon nanotubes and then by using the Kataura scheme [99]

to evaluate the energy positions of the VHSs in both samples. In Sample B the

RBM are principally located around 160 cm−1 (sharp structure) and 270 cm−1

(broad structure) corresponding to a diameter ranging from 0.9 nm to 1.55 nm.

In the Kataura scheme [99] these diameters indicate that the second VHS (E22)
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is located at about 1.15 eV and 1.7 eV, respectively. On the contrary, in Sample

A, the RBM are located around 185 cm−1 and 215 cm−1 corresponding to a

diameter of 1.4 nm and 1.2 nm. From the Kataura plot, the second VHS results

at about 1.2 eV - 1.45 eV. For both samples, the pump photon energy (1.5 eV)

is able to populate the second VHS giving rise to a photobleaching channel in

the transient reflectivity (Fig.3.1).

However, by interpolating the transient response, a difference in the reflec-

tivity of the two aligned bundles appears. While Sample A is well fitted by

two exponential decays, Sample B is interpolated only by one exponential curve

(Fig.3.3a and b).

Figure 3.3: (a, b) Transient reflectivity signal collected on Sample A and B. The data

result well fitted by two and one exponential decay for Sample A and B, respectively.

(c,d) Decay time of the first dynamics versus the pump fluence for Sample A and

Sample B.

In both samples, the resulting decay time of the first dynamics (90 ± 10 fs

for Sample A (Fig.3.3c) and 65 ± 15 fs for Sample B (Fig.3.3d)) is compatible

with the relaxation time from the second excitonic level E22 to the first one
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E11 [100], [37] and [46]. The linear trend of the first decay time against the pump

fluence (Fig. 3.3c, d) leads to exclude radiative processes [101]. Concerning the

second dynamics (with a relaxation time of about 1 ps) of Sample A transient

signal, it is usually ascribed in SWCNT to non-linear excitonic effects [89].

A picture of the dynamics in this case is reported in Fig. 3.4a. Excitons are

promoted by the pump from the ground state GS to E22 (second VHS) state,

inducing the first photobleaching. The excitons created in E22 state relax very

fast (in few tens of fs) to the E11 state (first VHS). Due to the high pump fluence

(1014 - 1015 photons/cm2) and the long E11 decay time (few picoseconds [93]),

excitons annihilate and repopulate E22. This process, known as exciton-exciton

annihilation (EEA), increases the transmittivity of the probe resulting in a

second photobleaching channel.

Due to the dipole selection rules, the optical transition from the ground

state to E22 state is likely when the pump polarization is parallel to the carbon

tube [93]. In our experimental condition, the pump polarization is perpendicular

to the tube. However, because of in Sample A the pump photon energy (1.5

eV) is resonant with the GS-E22 transition (1.3 ± 0.2 eV), a dense population is

in anyway photoinduced in the E22 state allowing the EEA process. In Sample

B, the energy of the GS-E22 transition is less resonant with the pump photon

energy, thereby reducing the excited carrier density and preventing the EEA.

In order to verify that the positive second dynamics in Sample A is the

result of an EEA process, in Fig.3.4b the inverse of the transient reflectivity,

(∆R/R)−1, is plotted as a function of the delay time. The quadratic dependence

of the temporal evolution of the exciton population on the population itself

implies that [83], [90] and [39]:

(
∆R

R

)−1

∝ ∆t (3.1)

here ∆t is the delay time between pump pulse and probe pulses. The linear

behavior shown in Fig.3.4b confirms the non-linear character of the second dy-

namics in Sample A transient signal. To rationalize our findings, a rate equation

model [39] and [90] is here proposed to interpret the physical processes drawn

in Fig. 3.4a. The temporal evolution of the excitons on the E22 state (N2) and

on the E11 (N1) is then determined by:
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Figure 3.4: (a) Sketch of the relaxation processes of the carriers excited in Sample

A. (b) Fitting of the transient signal collected on Sample A by using the rate equation

model. The linear behavior of the inverse of the transient reflectivity versus the delay

time confirms that the second dynamics is ascribed to the exciton-exciton annihilation

process.

{
dN2

dt = A ·G(t)−B ·N2 + C
2 ·N

2
1

dN1

dt = B ·N2 −D ·N1 − C ·N2
1

(3.2)

where the Gaussian laser pump G(t) = (σ2π)
−1
e−t

2/2σ2

source populates



64 Transient reflectivity on aligned SWCNT

the E22 state that becomes depopulated by the −BN2 term where B−1 corre-

sponds to the N2 decay time (E22 →E11). The CN12/2 term represents the

population of the E22 state due to the annihilation of the excitons on the E11

state. As a consequence the E11 state is populated by the relaxation of the

excitons from the E22 state (BN2) and depopulated by the relaxation into the

ground state (−DN1) and by the annihilation process (−CN12). In the approx-

imation that the static reflectivity is mainly dominated by the complex part

of the dielectric function, as found for HOPG graphite [102], the ∆R/R signal

is proportional to the N2 population, the probe photon energy being resonant

with the E22 state. As shown in Fig.3.4b, the transient response is well approx-

imated by the proposed model. The mean fitted B−1 value, for the low fluence

spectra, is 65 ± 15 fs. This value is consistent with the value (40 fs) reported

for the E22 →E11 decay in SWCNT and with the result previously obtained

by interpolating the data with two exponential curves. The fitted D−1 value is

consistent with the relaxation time of the E11 state.

3.5 Conclusions

In conclusion, by performing transient reflectivity measurements on SWCNT

bundles we have shown that the free-electron behavior already observed in un-

aligned bundles is mainly due to the unalignment. The presence of bundles

and a different content of structural defects in the vertically aligned SWCNT

reveal an excitonic behavior comparable with that observed in literature on

isolated tubes. In order to address the second dynamic revealed in the tran-

sient response, a rate equation model involving the exciton-exciton annihilation

process has been proposed.



Chapter 4

Charge carriers dynamics in

ultra-pure single walled

carbon nanotubes

free-standing thin films

The charge carriers dynamics in an ultrapure metallic enriched single wall

carbon nanotube film is investigated thought transient optical absorption spec-

troscopy. By a comparison of the transient transmission signals collected with an

excitation photon energy in or out of resonance from the main exciton absorption

peak we single out a long lived photoabsorption dynamics not ascribable to the

exciton excited-state absorption. This long lived signal is not present in semi-

conducting enriched ultrapure films, prepared from the same parent SWCNT

mixture, and thus is ascribed to be originated from the metallic SWCNT species.

By estimating the equilibrium temperature of the photoexcited carriers in the

metallic tubes upon laser excitation we are able to exclude a pure thermal ef-

fect as the origin of the observed photoabsorption signal. We suggest that the

origin of the PA transient as to be found in optical transitions involving an hot

Dirac fermion population excited in the vicinity of the Fermi level which can be

promoted in higher lying electronic states upon absorption of probe photons.
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Starting from this assignation and considering the pump energy and fluence

dependence of the signal amplitude we found evidence of a possible carrier mul-

tiplication process taking place in the metallic carbon nanotubes.

4.1 introduction

Thin film of metallic or doped semiconducting SWCNT are good candidates

to replace the conducting transparent metallic oxides in both organic or inor-

ganic solar cells due to their superior conductivity. In particular metallic carbon

nanotubes show the capability to withstand large current densities due to their

low electron-phonon coupling [26] and to have large carriers mobility [27]. On

the other hand semiconducting carbon nanotubes can be turned metallic via

molecular charge transfer dopants where the chemically induced state filling

effect is also responsible for a dramatic change of the their optical absorp-

tion spectra. Both an increased conductivity and an increased transparency

in the visible or in the infrared part of the spectrum can be simultaneously

archived [28], making doped SWCNT layers an ideal candidate for transparent

electrodes fabrication. As we have already pointed out much of the ongoing ex-

perimental and theoretical efforts focus on the transient optical properties, and

therefore on the carrier relaxation dynamics, of isolated semiconducting carbon

nanotubes [3]. In particular the transient optical properties of metallic carbon

nanotubes are not commonly investigated and their carrier relaxation dynamics

is usually inferred from experiments performed on mixed metallic and semicon-

ducting SWCNT samples [43, 103]. In these chapter we investigate the carriers

relaxation process, within a few picoseconds time scale, in metallic enriched and

semiconducting enriched ultrapure single-wall carbon nanotubes free standing

films, using two-color time-resolved optical transmittivity measurements. The

high level of purity of our samples allows us to disentangle the contribution

of metallic and semiconducting tubes in the optical transients highlighting the

different dynamical behavior of the two SWCNT species.
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4.2 Ultrapure free-standing SWCNT

The samples consists in two free standing ultrapure carbon nanotubes thin

films provided by the group leaded by prof. K. Kamáras from the Wigner re-

search center for physics. Each sample is prepared starting from laser-ablated

SWCNTs of 1.34 nm mean diameter using the purification procedure described

in [28]. The first sample is a metallic enriched carbon nanotubes (M-SWCNT)

film whilst the second one is a semiconducting enriched carbon nanotubes (S-

SWCNT) film. Both samples are characterized via optical transmission experi-

ments in a wide wavelength range, from the far infrared (0.004 eV) to the UV

(6.5 eV) [104]. The static transmission spectra of the M-SWCNT enriched film

is reported in fig.4.1

Figure 4.1: Static optical transmittance spectra for the metallic enriched SWCNT

free standing film.

The characteristic peaks due to the exciton transitions can be clearly re-

solved. The main transition peaks are localized around 1.75 eV and between

3.11-3.28 eV. These are identified as the M11 and M33 exciton transitions arising

from the metallic tubes. Residual semiconducting SWCNT are responsible for

the absorption peaks localized at 0.66 eV and 1.19 eV. The high absorbance
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shoulder localized at low energies is due to a combination of the SWCNT

Drude conductivity and to the transitions across the curvature-induced ban-

gap [104]. The high purity degree of the SWCNT films is confirmed by the

lack of strong background absorption in the near infrared [8, 105] and by the

presence of strong exciton resonances, whilst the multiple SWCNT chiralities

and solid state effects, such as intertube interactions, are responsible for the

inhomogeneous broadening of the exciton transitions as well as the lineshapes

structure of the absorption peaks.

The static transmittance spectra of the S-SWCNT film is reported in fig.4.2.

As for the metallic tube sample a set of transitions can be clearly resolved. E11

and E22 exciton transitions are found around 0.66 and 1.19 eV. Another group

of transitions is detected between 2.21 and 2.7 eV. These set of absorption lines

are ascribed to the E33 exciton transitions due to the various SWCNT chiralities

present in the sample.

Figure 4.2: Static optical transmittance spectra for the semiconducting enriched

SWCNT free standing film.

The high ratio between the semiconducting and the metallic tubes content

in the semiconducting enriched film, as well as its low value for the metallic

enriched one, is testified by the optical absorption measurements. From a simple
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comparison among the absorption spectra (fig.4.2, Fig.4.1) the quenching of the

exciton transitions due to the metallic or, conversely, to the semiconducting

tubes is evident. The broad absorption feature centered at 4.6 eV, which is

present in both samples, can be ascribed to the π plasmon resonance. The

film thickness is 92±2 nm for the semiconducting enriched sample whilst the

for metallic enriched one it is estimated in about 130 nm. For both samples we

assume a density of 0.4 gr/cm3 as measured in [104] for similar samples prepared

with the same ultrapurification technique and parent nanotube mixture.

4.3 Experimental setup and laser system

Time resolved optical measurements have been performed only with the

high fluence setup systems described in chapter one in a two-color transient

transmittivity (TT) scheme. The most of the TT experiments are performed

in a two-color variable-pump and fixed-probe configuration by using a 1 KHz

amplified Ti:Sapphire laser system capable to deliver 0.5 mJ, 150 fs, 1.55 eV light

pulses, together with a travelling wave optical parametric amplifier (TOPAS).

The probe energy is kept fixed at 1.55 eV whilst the pump energy is tuned

in the 0.75 - 1.0 eV and 1.55 - 2.05 eV energy ranges. For the latter range

the TOPAS output is doubled via a BBO nonlinear optical crystal. The pump

beam is focalized at the sample plane in a 100 µm spot diameter, corresponding

to a 2.3 - 10 mJ/cm2 fluence range. Cross-polarized pump and probe beam

in a near normal incidence configuration are used. In order to directly access

the relaxation dynamics of the first exciton state in the semiconducting carbon

nanotubes a TT measurement using the TOPAS output as a probe is performed.

In this inverted configuration the pump photon energy is kept fixed at 1.55 eV,

the pump FWHM spot size is 200 µm and the probe spot size is increased at

100 µm. A schematic illustration of the experimental line in this alternative

configuration is reported in fig.4.3.
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Figure 4.3: Experimental line schematic for the fixed pump - tunable probe config-

uration.

4.4 Metallic enriched SWCNT: results and dis-

cussion

In Fig.4.4 the transient transmittivity signals collected varying the pump

photon energies in an IR interval between 0.75 eV and 1 eV are reported. The

pump fluence is 22.9±0.25 mJ/cm2 for all the measurements, whilst the probe

energy is fixed at 1.55 eV. In this range the TT signal is characterized by a

strong photobleaching signal near zero-delay which rapidly relax within 500 fs.

For delay times longer than 500 fs a photoabsorption feature develops and slowly

relax toward the equilibrium condition on a multi-picosecond time scale.

Metallic carbon nanotubes are characterized by the presence of bands with

linear dispersion which directly descend from the Graphene band structure
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Figure 4.4: Transient transmittivity signal from the metallic enriched SWCNT film.

F=22.9±0.25 mJ/cm2. Excitation photon energies are between 0.75 and 1.0 eV. Traks

are shifted for clarity.

around the K point. Direct interband transitions between states in these bands

are generally allowed and give rise to an absorption continuum around the exci-

ton absorption peak that , in our sample, is centered at 1.75 eV (Fig.4.1). The

pump photon energies used in the IR range, being at most 1 eV, are well out of

resonance with the main exciton transition, we thus expect to excite electron-

hole pairs within the π − π∗ states in the absorption continuum. Relying on

this consideration we ascribe the photobleaching signal near zero-delay times to

a fast electron-electron scattering process which quickly broadens the photoex-

cited electron distribution up to the probe energy. The observed signal is due

to a final state filling effect caused by this highly out of equilibrium electron

distribution. Similar effects are commonly observed in HOPG and Graphene

transient optical measurements. Moreover the electron-electron scattering time

in HOPG is estimated to be in the order of 10 fs [106], well below the FWHM
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cross-correlation time of our laser system (≈ 180 fs). The increasing amplitude

of the photobleaching feature with increasing pump photon energy also support

this assignment. On the contrary the long-lived photoabsorption signal which

develops for longer delay times has no trivial similarities with the graphene or

HOPG case. Moreover, as will be further discussed in the next paragraph, is

not observed in the semiconducting enriched SWCNT sample (Fig.4.5).

Figure 4.5: Comparison between the transient transmittivity signal from metallic

enriched SWCNT (red line) and semiconducting enriched SWCNT films (black line).

F=22.9±0.25 mJ/cm2 with a 0.88 eV excitation energy.

In fig. 4.6 the TT signals collected with pump photon energies in a visible

range, between 1.56 and 2.03 eV are reported.

In this case the pump fluence is 7.6±0.25 mJ/cm2 whilst the probe photon

energy is 1.55 eV. As for the previous case (4.4) the TT signal shows a fast pho-

tobleaching feature near zero-delay times followed by a long photoabsorption

dynamics. For pump photon energies between 1.76 and 2.03 eV an additional

intermediate relaxation in the photoabsorption signal becomes evident, together

with an abrupt reduction of the photobleaching peak value. These excitation

energies are resonant, or sightly above, with the M11 exciton transitions there-
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Figure 4.6: Transient transmittivity signal from the metallic enriched SWCNT film.

F=7.6±0.25 mJ/cm2. Excitation photon energies are between 1.56 and 2.03 eV. Each

signal is labeled with its pump photon energy. Tracks are shifted for clarity.

fore the additional feature of the photoabsorption signal can be due to the direct

exciton population. It is worth to note that the energy difference between the

M11 and the M22 exciton states is of about 1.5 eV thus an additional pho-

toabsorption channel opens up at our probe photon energy when a significant

exciton population is generated by the pump pulse. In this case the reduced
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photobleaching peak intensity can be due to the lower spectral weight of the

interband transition near the exciton absorption peak or simply to the overlap

with an increased photoabsorption signal, being the two processes independent.

For long delay times only the slowest component of the photoabsorption signal

is still present. Due to the high fluence used in our experiments and to the

high optical density of our sample (Fig.4.1) a significative amount of energy is

deposited in the pumped volume by each pump pulse so thermal effects could

be at the origin of the long lived photoabsorption signal. It has been found, us-

ing resonant Raman spectroscopy, that lattice heating in semiconducting carbon

nanotubes can lead to either blue-shift or red-shift of the E22 exciton absorption

line, depending on the tube chirality [107]. A red-shift of the optical absorption

spectra could indeed justify to the observed photoabsorption signal at long de-

lay times. Moreover, at first glance, a multi-picosecond relaxation dynamic can

be consistent with the slow heat diffusion outside the excited volume due to the

electronic thermal conductivity of the SWCNT. In order to investigate this pos-

sibility we estimate the carrier equilibrium temperature using a two-temperature

model [42] and analyze the dependence of the phoabsorption signal intensity (at

long delay times) on the equilibrium temperature variations. Since our measure-

ments do not allow to directly access the carrier temperature our model is based

on the results reported by Hertel and Moos in [43]. In [43] the evolution of a

photoexcited carrier distribution in the proximity of the Fermi level was inves-

tigated using time resolve photoemission measurements performed on a mixed

metallic and semiconducting SWCNT film. From the photoemission spectra

the electron temperature of the thermalized electrons was directly measured

interpolating the photoemission spectra with a Fermi-Dirac function. Moreover

the electronic temperature variation, due to energy transfer toward the phonon

system, takes place on a picosecond time scale. From these measurements an

estimation of the electron-phonon coupling term in metallic SWCNT was ob-

tained. (See chapter one) Following [43] we estimate the carrier temperature

using equation (4.1)

Ce
dTe
dt

= −H (Te, Tl) + S (t)

Cl
dTl
dt

= H (Te, Tl)

. (4.1)

where S (t) is the laser pulse power, Te and Tl are the electron and the lattice
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temperature, Ce and Cl are the electronic and lattice heat capacities. The

coupling term H (Te, Tl) describes the interaction between the electronic and

the phononic degrees of freedom that, for electronic and phononic temepeature

similar or smaller than the Debye temperature Θd, reads [44]

H (Te, Tl) =
144ζ (5) kbγ

h

λ

Θ2
d

(
T 5
e − T 5

l

)
(4.2)

In eq.(4.2) ζ is the Riemann zeta function, kb the Boltzmann constant, γ the

electronic heat capacity coefficient, h the Planck constant and λ the electron-

phonon mass enhancement factor. Dispite the large excitation anisotropy along

the pump light path across the SWCNT film, caused by the high optical density

of the film, for simplicity we neglect heat diffusion terms in our simulations.

As source term (S (t) in eq.(4.1)) we use a Gaussian function representing the

laser pulse total power. Its FWHM duration is extracted from cross-correlation

measurements whilst its peak intensity is calculated by multiplying the pump

fluence with the sample absorption value at the pump center energy. The values

of λ/θ2
d is taken as 4× 10−10 1/K2 [43] whilst for the electronic heat capacity a

value of γ =0.035 mJ/gK is assumed. In [43] the lattice temperature variation

was neglected and thus the lattice is considered as a heat bath with infinite heat

capacity. Due to the high pump fluences used in our experiment we relax this

approximation, keeping trak of the lattice temperature evolution as well. At 300

K the lattice heat capacity of carbon nanotubes is similar to the graphite one

[108] we thus use the Cl values reported in [109] which are valid for graphite in a

temperature range between 300 K and 1700 K. Since this approximation does not

take into account the different SWCNT and Graphite Debye temperatures, nor

the possibility of nonequilibrium optical phonons emission in the first instants

after the excitation, our results should be considered only as an estimation of

the carrier temperature evolution. In fig.4.7 an exemplificative simulation for a

pump fluence of 7.6±0.25 mJ/cm2 at 1.65 eV is reported.

The red line is the temperature evolution for the electron distribution whilst

the blue one is the temperature evolution of the lattice. For comparison the

temperature of the electrons considering Cl = ∞ is also reported (green line).

In our fluences and photon energy ranges the maximum electron temperature is

about 2100 K . Obviously this model assumes a complete electron thermalization

within the pump pulse duration and cannot be used to account the effects due to
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Figure 4.7: Simulation of the electronic (red line and markers) and lattice (blue line)

temperature evolution using eq.(4.1). The pump fluence is 7.6±0.25 mJ/cm2 and the

excitation photon energy is 1.65 eV. The green line is the electronic temperature if an

infinite lattice heat capacity is used.

the out of equilibrium electron population such as the the photobleaching signal

observed near zero delay times in our TT signals (Fig.4.4 and 4.6). It is worth

to note that in our simulations a complete thermalization between the electronic

and the lattice degrees of freedom takes place within one picosecond. Moreover

a significant lattice heating is found, being the equilibrium temperatures in the

order of 1000 K. In fig.4.8 the absolute value of the photoabsorption signal am-

plitude versus the estimated equilibrium temperature is displayed. The reported

signal amplitude is measured 3.8 ps after the excitation for all the TT signal

collected in the 0.75-1.0 eV and in the 1.56-1.65 eV energy intervals, where a

significant contribution from the intermediate photoabsorption dynamics (Fig.

4.6) is not present. The different equilibrium temperatures depend both on the

laser pump fluence, which is 7.6±0.25 mJ/cm2 for the 1.56-1.65 eV measure-

ments (red triangles) and 22.9±0.25 mJ/cm2 for the 0.75-1.0 eV measurements
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(black squares), and on the sample absorption coefficient at the pump photon

energy.

Figure 4.8: Amplitude of the PA signal 3.8 ps after the pump excitation. The

black squares are relative to measurements performed in the 0.75-1.0 eV energy range

and with a laser pump fluence of 22.9±0.25 mJ/cm2. The red triangles are relative

to measurements performed in the 1.56-1.64 energy range and with a laser pump

fluence of 7.6±0.25 mJ/cm2. The blue line is a linear interpolation of both dataset.

The equilibrium temperature variation are due to the combined effects of fluence and

sample absorption variations. The error bars on the equilibrium temperature are

calculated using the fluence absolute error values.

Taking into account the results of our simulations we expect that 3.8 ps after

the pump excitation the electron-lattice thermal equilibrium is well established,

therefore only the eventual dependence of the slow photoabsorption amplitude

on the equilibrium temperature is highlighted. From a simple inspection of

graph 4.8 it is evident that the photoabsorption signal amplitude is almost con-

stant in the whole equilibrium temperature interval (≈ 950 - 1350 K). If the

physical mechanism at the base of the slow photoabsorption signal had a pure
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thermal origin its temperature dependence obtained by keeping a constant laser

pump fluence and scanning the excitation energies or by keeping a fixed photon

energy and scanning the laser fluences should be the same. In fig.4.9a the TT

signals collected at 1.65 eV with three different laser fluences are reported to-

gether with the slow photoabsorption signal magnitude versus the corresponding

equilibrium temperature. (fig.4.9 b). In this case the signal magnitude shows a

clear linear dependence on the estimated equilibrium temperature with a slope

of 2.2× 10−7 1/K.

Figure 4.9: a) TT signal at 1.65 eV for 3 different pump fluences. b) PA signal ampli-

tude at 3.8 ps after the photoexcitation versus the estimated equilibrium temperature.

the blue line is a linear fit interpolation with slope of 2.2 × 10−7 1/K

Comparing fig4.8 and fig4.9 the different photoabsorption amplitude depen-

dence on the equilibrium temperatures is evident. This rules out a pure sample

heating effect as the main source of the long photoabsorption.

Photoabsorption signals, originating from metallic carbon nanotubes, has

been previously observed by Luer et al. [103] In [103], using time and energy

resolved TT measurements, a photoabsorption signal band is detected and as-

signed to optical transitions involving hot Dirac fermions. Hot electrons in the

proximity of the Fermi energy can be promoted to higher lying states upon

absorption of probe photons if their polarization is perpendicular to the tube

axis [110], giving rise to a PA signal. Similarly we ascribe the long photoab-

sorption channel to optical transitions that excite the long lived Dirac Fermions
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from the bottom of the π* band to a higher energy level. Due to our fixed

probe photon energy we cannot directly determine the PA band center energy,

however using the alternative setup configuration described in the laser system

section, we performed an experiment with an excitation energy of 1.55 eV and

a probe energy of 0.76 eV. In these conditions only a photobleaching signal is

detected. (Fig. 4.10)

Figure 4.10: Comparison between the TT signal collected with an excitation energy

of 0.75 eV and a probe energy of 1.55 eV (red line) and the TT signal collected at an

excitation energy of 1.55 eV with a probe energy of 0.76 eV. (black line and markers).

The latter signal is inverted in sign and rescaled in order to highlight the similar

dynamics.

This result assigns a lower limit on the energy of the photoabsorption band

edge indicating that the optical transitions responsible for the PA signal take

place from Dirac fermions states toward band states localized at more than 0.76

eV from the Fermi energy. The PB singnal is consistent with a final state fill-

ing effect of the optical transitions between the linear bands around the Fermi

edge. Despite the short delay time window used for the measurement the PB
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signal shows a slow relaxation dynamics comparable to the PA signal one fur-

ther supporting the idea that Dirac fermions are involved in both processes.

The absence photoabsorption signal at 0.76 eV also rules out a possible Drude

contribution to the PA signal detected at 1.5 eV since, in this case, a character-

istic increase of the PA signal magnitude for decreasing probe energies should

be observed. In order to get further insight on the process we fit our dataset

with three exponential decay functions convolved with a Gaussian.

∆T

T
= G (t) ∗

(
A1e

− t
τ1 +A2e

− t
τ1 +A3e

− t
τ3

)
(4.3)

From now on we will refer to A1 and τ1 as the first photobleaching signal

amplitude and decay time, to A2 and τ2 as the ones for the intermediate fast

component, to A3 and τ3 as the amplitude and the decay time of the slow PA

signal component.

In fig. 4.11 the TT signal collected at F=7.6±0.25 mJ/cm2 with an excita-

tion energy of 0.88 eV together with its best fit is reported. As can be seen the

TT signal is quite well interpolated by this empirical function giving a χ2 value

of 1.7× 10−5.

The long delay time window (Fig.4.11) allows to determine the decay time

constant of the slow PA signal component τ3=6800±240 fs. Due to the shorter

delay times windows of the other measurements we impose this τ3 value in all

the other TT signal fittings. For the measurements performed in the 0.75-1.0

eV energy range the fast photobeleching process has amplitudes, A1, between

0.012 ± 0.0004 and 0.022 ± 0.0004 with relaxation time constants oscillating

around 160 ±10 fs. A similar behavior for the τ1 values is found in the 1.56-2.03

eV range whilst A1 decreases from 0.04 ± 0.03 at 1.56 eV to 0.012 ± 0.0002 at

1.88 eV. The intermediate PA relaxation shows a more complex behavior having

an almost vanishing amplitude, A2, for the signals collected at 0.75 eV and 0.78

eV. The TT signal at 0.88 eV and 1 eV starts to show non negligible amplitudes

( -0.0006 and -0.0005 respectively) and with about ten percent relative error.

Their τ2 values are of about 750 fs. For the measurements in the 1.56-2.01

eV range A2 shows a significant increase for measurements equal or above 1.76

eV being in the range -0.009, -0.004 with a a relative error of about 20%. τ2
values oscillate around a 660 fs mean value. It is worth to note that dispite the

oscillation of the best fit coefficient A2 and τ2 the TT signal is well interpolated
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Figure 4.11: TT signal collected at an excitation energy of 0.88 eV and with a pump

fluence of 7.6±0.25 mJ/cm2 (red line). The black line is the best fit obtained using

eq. (4.3)

only using the third exponential term and the variation of the A3 value, reported

in fig. 4.12, cannot be avoided by means of A2 and τ2 variations.

A3 clearly increase with the the excitation energies. Its peak value is reached

at 1.81 eV, about the M11 exciton resonance (at 1.75 eV). Above 1.81 eV A2

stabilizes at 0.0025. Since during our measurements we changed both the pump

laser fluence and the pulse photon energy the effective amount of energy de-

posited in the illuminated volume changes for each data point. We define an

effective fluence as Feff = AF where A is the static absorption of the SWCNT

film. The effective fluence can be viewed as an average fluence seen by the

sample neglecting the actual excitation anisotropy of the SWCNT layer. We

define this parameter in a similar manner of the average total energy per pulse

used in the estimation of the equilibrium temperature. In fig.4.12a each A3

value is labeled with is corresponding Eeff (see fig.4.12 caption). It is evident

that the lowest amplitudes of the slow photoabsorption tail corresponds to the

highest effective fluences. Moreover the smallest values of A2 occurs for exci-

tations at low photon energies. This behavior is highlighted in fig.4.12b where
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Figure 4.12: (a) A3 excitation energy dependence. Each data point is labeled with

a numerical tag for identification proposes. The effective fluence (see text) of point

1 is Feff1 = 7.2 mJ/cm2, and similarly Feff2 = 6.8 mJ/cm2, Feff3 = 7.3 mJ/cm2,

Feff4 = 8.5 mJ/cm2, Feff5 = 4.6 mJ/cm2, Feff6 = 5.0 mJ/cm2, Feff7 = 5.9

mJ/cm2, Feff8 = 5.8 mJ/cm2,Feff9 = 5.5 mJ/cm2, Feff10 = 5.2 mJ/cm2, Feff11 =

4.9 mJ/cm2. For all the data points the statistical error given by the fitting software

is within the marker width. (b) A3 values normalized to the corresponding Feff value.

The difference between the two excitation energy regimes is highlighted.
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the A3 value is normalized to its Feff value. If the PA signal do not comes

from transitions involving hot Dirac fermions but instead is given by the exci-

ton states absorption a similar behavior could be expected, however we tend to

exclude this possibility. An exciton nature of the PA tail implicates that for low

excitation energies a significant amount of excitons are populated by means of

scattering processes, or by direct two photon absorption. Two photon absorp-

tion in semiconducting nanotubes was detected by F. Wang et al. using 130 fs

light pulses with a fluence of 0.5 mJ/cm2 [18]. Even if a two photon excitation

process is probable at our pump fluences, this assignation does not explain the

slow photobleaching signal observed with a 0.76 eV probe (fig4.10) and implies

an exciton lifetime of about 7 ps. Such a long relaxation time constant is not

commonly observed in SWCNT aggregates and is about 4 times slower than

the exciton lifetime obtained from our TT measuraments on semiconducting

enriched SWCNT, performed in similar experimental conditions (see next para-

graph). Moreover the strong coupling with the underlying continuum in metallic

SWCNT is commonly considered the cause of photoluminescence quenching in

SWCNT aggregates. In bundled metallic and semiconducting SWCNT mixtures

the carriers tunneling from S-SWCNT toward M-SWCNT reduces the carriers

lifetime to about 1 ps [10].If the nature of the PA signal is indeed related to

the excitation of hot Dirac fermions in SWCNT the photon energy and Feff
dependence of A3 can be the signature of a carrier multiplication effect. This

intriguing possibility was recently theoretically and experimentally investigated

in Graphene [111,112]. In this case the photoexcited electrons in the conduction

band can interact with valence band electrons giving rise to an impact ioniza-

tion process (II). A sufficiently energetic electron in the conduction band looses

its energy promoting another valence electron in the state continuum near the

Fermi energy. The final outcome is an increased number of electrons in the

conduction band with respect to the one due to the initial photoexcitation pro-

cess. Impact ionization in semiconducting SWCNT was proposed by Ueda et

al. [113] et al. to explain the energy and fluence dependence of their transient

transmittivity signals. In this case II was observed for excitation energies in

the near uv range. Due to the presence of bandgaps a high photon energy is

needed to fulfill energy and momentum conservation during the II process but

in metallic SWCNT the lack of bandgaps could lead to II even for lower ex-

citation energies. If only electron-electron interaction are considered, electron
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relaxation process can involves the generation of electron-holes pairs to which

the energy and momentum of the decaying electron is transferred, moreover,

in case of metallic armchair nanotubes, the electron-hole excitation spectrum

has the same basic structure of the Graphene one. [41] The electron-hole ex-

citation spectrum is the density of the possible electron-hole excited states at

a given energy and momentum. The overlap between this spectrum with the

electron energy loss spectrum defines the phase space volume where the decay-

ing electrons can excite an electron hole pair [41]. Recent theoretical works on

graphene have predicted a carrier multiplication coefficient greater then 4 at

least for low excitation densities [111]. The similarities between the M-SWCNT

and the graphene electron hole excitation spectrum lead us to suggest that an

efficient carrier multiplication can take place in metallic tubes as well. In this

case the the higher PA amplitude between 1.75 and 2.01 eV but at a ”low”

Eeff can be the signature of the carrier multiplication process since the final

photoexcited population density in the vicinity of the Fermi level turns out to

be greater than the one excited directly with pump pulses in the 0.75-1.0 eV

range and at an higher effective fluence.

4.5 Semiconducting enriched SWCNT: results

and discussion

In fig.4.13 the transient transmittivity signal collected with a probe energy

of 0.76 eV and at an excitation energy of 1.55 eV is reported. In this case

the probe energy is nearly resonant with the E11 transition and only a strong

photobleaching signal is detected.

Despite the out of resonance excitation fast intersubband relaxation pro-

cesses populates the first exciton state within the laser crosscorrelation timewidth.

In order to analyze the population dynamics we fit the transient absorption vari-

ation with a set of coupled rate equations. The transient absorption (TA) ∆A

can be directly calculated from the ∆T/T signal using the relation

∆A = −ln
(

1 +
∆T

T

)
and is interpolated using the following rate equations
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Figure 4.13: TT signal collected at an excitation energy of 1.55 eV and with a pump

fluence of F=8.90±0.06 mJ/cm2 (Feff=5.00±0.03 mJ/cm2).


dN0

dt = −p(t)σ02N0 + p(t)σ02N2 + 1
2kaN

2
1 + k10N1

dN1

dt = +k21N2 − kaN2
1 − k10N1

dN2

dt = p(t)σ02N0 − p(t)σ02N2 + 1
2kaN

2
1 − k21N2

(4.4)

where N0, N1, and N2 represents the populations of the ground state, the

first exciton sate and the second exciton state respectively. In the model de-

scribed in eq.(4.4) it is assumed that the pump pulse at 1.55 eV mainly excites

the the second exciton level E22. The laser excitation is described by a Gaus-

sian function p(t) with the pulse crosscorrelation timewidth. The amplitude

of g(t) is defined by the relation
∫
p(t)dt = F where F is the laser fluence in

photons/cm2, and the rate of the population density variation is calculated using

the absorption cross-sections σ02 of the sample at the pump energy. Both the

absorption and the stimulated emission are taken into account. Relaxation pro-

cesses from E11 toward the ground state and from E22 toward E11 are described
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by the rate constants k10 and k21 respectively. Simple exponential relaxation

dynamics are considered and no time dependent rate constants are introduced.

Due to our high excitation fluence we expect that exciton-exciton interaction

can take place, to account of this phenomenon we introduce the time indepen-

dent exciton-exciton annihilation rate Ka. We assume that one of the exciton

pairs involved in the annihilation process is promoted in the E22 state. The

absorption cross section σ12 is directly evaluated from the static transmission

spectrum (fig.4.2) using the relation σ = −ln (T ) /Ncd where d is the sample

thickness (92 nm) and nc is the number of carbon atoms per unit volume. For

our sample Nc is estimated in about 2×1022 atoms/cm3. From this relation we

get an absorption cross section of 4.2 × 10−18 cm2 at 1.55 eV. The σ value for

the first and the second exciton transitions are 8.9× 10−18 cm2 and 6.8× 10−18

cm2 respectively. Even if no background subtraction is attempted, the cross

section value for the first exciton transition is similar to the one reported in lit-

erature for isolated (6,5) tubes which is 7× 10−18 cm2 [114]. Following [40] we

solve the system (4.4) for the population density per unit length of the carbon

nanotubes Ni (i=0,1,2). Ni is related to the carbon atom density of the sample,

Nc, by the relations Ni = n/w and w = (dNc) /δ where n is the population

density per unit area and δ is the carbon atom density per unit length of the

SWCNT in the sample. For a (17,0) tube, that as a diameter of 1.33 nm, δ is

1.59× 109 atoms/cm. w can be viewed as the total tubes length per unit area

of the sample. In fig.4.14 the transient absorption of signal together its best fit

using (4.4) is displayed.

The signal is interpolated using the relation ∆A = wN1σ12 − wN1σprobe
where σprobe is the absorption cross section at the probe energy (0.76 eV) and

σ12 is the absorption cross section for the E11→E22 transition. The positive

term is introduced since the the probe energy is almost resonant with the latter

transitions and thus a photoabsorption signal is expected to be superimposed

on the E11 bleaching [46]. The best fitting parameters are k21 = 1.2±0.4×10−2

fs−1 , k10 = 3.1±0.6×10−4 fs−1 and σ12 = 3.8±0.3×10−18 cm2. Surprisingly

the exciton-exciton annihilation rate constant is only 2 ± 0.8 × 10−4 nm/fs,

more than one order of magnitude smaller that the values commonly reported

in literature [40]. Despite this discrepancy it is worth to note that to obtain a

good interpolation the EEA term is necessary and the initial steep decay of the

signal can not be recovered only by adjusting the dissipative terms k10 and k21.



4.5 Semiconducting enriched SWCNT: results and discussion 87

Figure 4.14: Transient absorption signal from the semiconducting enriched SWCNT

film (red line). F=8.90±0.06 mJ/cm2 (Feff=5.00±0.03 mJ/cm2). The blue line is the

best fit interpolation using the rate equation model (4.4)

Moreover due to the nonresonant excitation the initial exciton density N2 is

clearly overestimated and part of the pump energy is dissipated in the phononic

degrees of freedom before being converted into an exciton population. From the

analysis we extract a E11 relaxation time constant of 3.2 ± 0.5 ps. This results

further support the idea that the long photobelachig transient found in the

metallic eneriched SWCNT film, at the same probe energy, with an estimated

time constant of about 7 ps, is not due to a residual SWCNT contamination of

the sample. (Fig.4.10).

In Fig.4.15 the transient transmittivity signals collected varying the pump

photon energies in an interval between 1.74 and 2.04 eV are reported. For these

measurements the laser pump fluence is kept at 8.1 mJ/cm2 and the probe

energy is 1.55 eV. All the spectra are characterized by a fast photobleaching

signal near zero delay times followed by a slower photoabsorption tail which

relax on a few picosecond time scale.
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Figure 4.15: Transient transmittivity signal from the semiconducting enriched

SWCNT film. F=8.1±0.25 mJ/cm2. Excitation photon energies are between 1.74

and 2.04 eV. Each signal is labeled with its pump photon energy. Tracks are shifted

for clarity.

In fig.4.16 we report the signals collected for excitation energies of 1.60 and

1.71 eV on a different sample point. Whilst the overall shape of the TT relax-

ation does not change, a small variation of the signal amplitude can be observed

with respect to the previous dataset (fig.4.15).

These amplitude differences are due to sample inhomogeneity, possibly small

thickness variation are found changing the sample point even if all the other
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Figure 4.16: Transient transmittivity signal from the semiconducting enriched

SWCNT film. F=8.1±0.25 mJ/cm2. Excitation photon energies are between 1.71

and 1.60 eV. Each signal is labeled with its pump photon energy. Tracks are shifted

for clarity.

experimental parameters are equal. It is worth to note that no significant sam-

ple point dependence of the TT signals is detected on the metallic enriched

SWCNT film. As for the metallic enriched sample (fig.4.6) the weight of the

photobleaching transient relative to the photoabsorption peak value increases

as the excitation energy approaches the probe energy. In fig.4.17 the TT signal

collected for excitation energies of 0.75 , 0.88 and 1.0 eV are reported.

As for the previous measurements the signals present both a fast photo-

bleachig and a slower photoabsorption tail but, for this excitation energies,

the photobleaching spike is shifted with respect to the beginning of the optical

transient. Our pump energies are prevalently out of resonance with the exciton

transition of the sample. Exciton absorption peaks for the S-SWCNT sample
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Figure 4.17: Transient transmittivity signal from the semiconducting enriched

SWCNT film. F=22.9±0.25 mJ/cm2. Excitation photon energies are 0.75, 0.88 and

1.00 eV. Each signal is labeled with its pump photon energy. Tracks are shifted for

clarity and the zero delay time is arbitrarily fixed at the beginning of the optical

transient and are normalized to the negative peak amplitude.

are localized at 0.66 and 1.19 eV (fig.4.2) so only the 1.0 eV and the 0.77 eV

pump pulses are within the E22 and E11 linewidths. Despite the out of reso-

nance excitation we expect that a significant exciton population is excited in

our sample, as demonstrated by the strong photobleaching signal found at a

probe energy of 0.76 eV (fig.4.13). Moreover off resonance population of the the

exciton transitions is commonly observed in time and energy resolved transient

transmittivity experiments when the pump energy is higher than the transitions

energy, such as in our case. Also our 1.55 eV probe is out of resonance with

the main absorption peaks, being localized between the E22 transition and the

peaks due to the residual metallic SWCNTs. In this experimental condition we
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expect that the TT signals mainly come from transitions between the E11 and

the E33 exciton states, which will results in a photoabsorption signal, being the

probe nearly resonant with the E11-E22 transition [46]. For excitation energies

in the 0.77-1.0 eV range, the photobleaching spike shifts from the zero delay

time. This behavior is not observed for metallic tubes (fig.4.4). Fast transients

near zero-delay times under nonresonant excitations have been previously ob-

served in isolated SWCNT by S. Tao et al in [115] and ascribed to a stark shift

of the exciton transitions. Since our probe energy is in a local minim of the

absorption spectra our experimental sensitivity to the exciton lineshifts is small

and an accurate timing of the pump and probe crosscorrelation, using a nonlin-

ear crystal placed at the sample point, shows that the maximum photobleaching

amplitude is reached after the pulses coincidence. This is in agreement with a

population induced χ3 effect [116] and lead us to ascribe the fast transient to

state filling even in the 0.77-1.0 eV energy range. In order to address the nature

of the fast photobleaching transient we fit the transient absorption spectra asso-

ciated with the signals reported in fig.4.15,4.16 and fig.4.17 with a rate equation

model similar to the one reported in (4.4). For the measurements performed

in the 0.77-1.0 eV excitation energy range the rate equation system is modified

by considering resonant excitation of the E11 or the E22 transition according

to the pump energy. Also two photon excitation of the E22 state and the E11

absorption of the pump photons are introduced as fitting parameters. Assuming

that the fast photobleaching signal is due to an exciton population of the E22

level whilst the long PA tail is due to the E11→E33 transition, the TA signals

are fitted with ∆A = wN1σ13 − wN2σprobe where σ13 is the absorption cross

section for the E11→E33 process and σprobe is the absorption cross section at

the probe energy (1.55 eV). Despite these modifications, the model is incapable

to satisfactory interpolate all the TA signals, giving an unconfident set of ab-

sorption cross sections σ13, which varies widely form one TA signal to the other.

The unsatisfactory outcome of the fitting model lead us to propose that the fast

photobleaching transient is due to a transient filling effect on of the state con-

tinuum below the E22 transition as proposed for the metallic enriched SWCNT.

When the excitation energy is higher than the E22 transition, i.e. in the 1.60

- 2.04 eV, the direct photoexcitation of the band state is possible even for iso-

lated semiconducting SWCNT as demonstrated in [19] moreover the tube-tube

interactions and the residual bundling could increase the continuum absorption
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cross section by altering the SWCNT band structure [10]. In this case the ap-

parent shift of the PB transient (Fig.4.17) for excitation energies in the 0.77-1.0

eV range can be due to the presence of bandgaps in the semiconducting tubes.

For these low energies no direct excitation of the sate continuum is possible and

a build-up of the E11 population is needed before a significant population is

promoted in the higher lying states upon absorption of a second pump photon.

Obviously also the exciton-exciton annihilation process is capable to promote

a population on an excited level, still since both these processes are included

in our rate equation model we underline that the the transient bleaching is not

satisfactory described taking only the exciton effects into account.

As for the previous case we interpolate all the TT signals with an empirical

fitting function of the form

∆T

T
= G (t) ∗

(
A1e

− t−t0τ1 +A2e
− t
τ2

)
(4.5)

The first exponential decay, which accounts for the transient bleaching, is

translated by a delay t0 with respect of the second one in order to describe the

relative shift observed in the 0.77-1.0 eV measurements. An exemplificative fit

is reported in fig.4.18

Using this empirical function the potoabsorption dynamics relaxation time

constants result to be between 1100 and 1400 fs. The first photobleaching time

constant oscillates around a 100 fs mean value. The difference between the

PA time constant obtained with this empirical function and the E11 lifetime

obtained with the rate equation model (4.4) suggests that a different mechanism

aside the E11→E22 absorption may contribute to the PA signal at this probe

energy (1.55 eV). Moreover from the analysis reported in fig.4.14 we found that

in the intermediate delay ranges the exciton exciton annihilation term plays

an important role and a good fit using the rate equations model is obtained

only by introducing it. The deviation from the simple exponential relaxation is

not contemplated in the empirical function (4.5) and could result in a difference

between the rate constants of the PA dynamics. In order to clarify this behavior

further experimental efforts are needed. It is still worth to note that no difference

between the PA relaxation time constant of the metallic enriched sample are

found exchanging the roles of the pump and the probe beams and comparing

the measurements taken with a 1.55 eV probe a difference of about 4 times in the

relaxation time constant is measured. For completeness in fig.4.19a we report
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Figure 4.18: Transient transmittivity signal from the semiconducting enriched

SWCNT film. F=22.9±0.25 mJ/cm2. Excitation photon energy is 2.04 eV. The blue

line is the best fit results using eq (4.5)

the fluence dependence of the PB signal amplitude for an excitation energy of

1.82 eV.

The amplitude is extracted from the fitting results using (4.5) and its values

are displayed versus Feff . In fig.4.19b the PA initial amplitude versus Feff
is reported. In both graphs the best linear fit (black line) is also displayed.

The deviation from the linear behavior is evident, in particular for the PA

amplitude variation. Sub-linear amplitude variations of the PA signal amplitude

are expected in case of nonlinear phenomena such as exciton-exciton annihilation

[40]. In fig.4.20a and fig.4.20b the Feff dependance of the PB and the PA signal

amplitude for an excitation energy of 0.88 eV is reported. As for the previous

case the deviation from the linear behavior (black line) is evident.

The PB magnitudes show a smaller deviation from the ideal linear fluence

dependence of a χ3 process with respect to the associated PA amplitudes and

the best fit slopes are different for the two excitation energies. The slope for the
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Figure 4.19: Effective fluence dependence of the photobleaching (PB) and the pho-

toabsorption (PA) initial amplitudes at a pump photon energy of 1.82 eV. Black lines

are linear interpolations with a zero intercept. On the inset the TT signals are dis-

played.

Figure 4.20: Effective fluence dependence of the photobleaching (PB) and the pho-

toabsorption (PA) initial amplitudes at a pump photon energy of 0.88 eV. Black lines

are linear interpolations with a zero intercept. On the inset the TT signals are dis-

played.

0.88 eV excitation is of about 2×10−3 cm2/mJ whilst for the 1.82 eV pump the
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changes to about 4×10−3 cm2/mJ. Besides these results in order to fully clarify

the nature of the photobeaching signal further experimental efforts are needed.

4.6 Conclusions

In conclusion we performed time resolved transmittivity experiments on ul-

tarpure metallic enriched and semiconducting enriched free standing SWCNT

films tuning the pump energy in a wide range. The TT signals show remark-

ably differences at long delay times where, for the metallic enriched sample,

a slow photoabsorption dynamics with a relaxation time constant of 6.7 ps is

found. This dynamics is not present in the semiconducting enriched sample

where only an absorption signal with a mean time constant of 1.2 ps is present.

The PA relaxation time constant of the metallic enriched sample does not show

a dependance on the pump photon energy and is present even for nonresonant

excitation of the M11 transition. By estimating the equilibrium temperature of

the photoexcited carriers in the metallic tubes we are able to exclude a pure

thermal effect, such as an exciton thermal line shift, as the origin of the ob-

served photoabsorption signal. We suggest that the origin of the PA transient

as to be found in optical transitions involving an hot Dirac fermion population

excited in the vicinity of the Fermi level which can be promoted in higher lying

electronic states upon absorption of probe photons with an energy greater than

0.75 eV. Starting from this assignation and considering the pump energy and

fluence dependence of the PA signal amplitude we found evidence of a possible

carrier multiplication process taking place in the metallic carbon nanotubes.

For excitation energies above 1.6 eV the PA signal magnitude is greater then

for excitation energies in the 0.75-1.0 eV range even if the total absorbed en-

ergy per pulse is about 1.5 times smaller. Carrier multiplication is currently

theoretically and experimentally investigated in graphene and compelling evi-

dences of its occurrence in semiconducting carbon nanotubes has been already

found for excitation energies in the ultraviolet spectral range. If confirmed, this

result has great relevance for photovoltaic application since in an opportunely

designed device carrier multiplication reduces the energy losses due to phonons

interactions and could potentially increase both the quantum efficiency and the

effective power conversion efficency of the system.
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Chapter 5

Interface-coupled relaxation

dynamics in carbon

nanotube-Si hybrid solar

cells

The role of carbon nanotubes (CNTs) in the heterojunction solar cell based

on CNTs deposited on n-Si wafer is investigated by transient optical spec-

troscopy. Thanks to the different optical response of these two materials, we

are able to show that the holes generated in the Si depletion layer, by the fem-

tosecond laser pump, transfer from Si to carbon nanotubes within two picosec-

onds, driven by the built-in heterojunction potential. Furthermore the CNTs

are found to play an active role in the junction, and do not act only as nano-

sized channels for charge collection and transport to the electrodes. The results

here reported show that transient optical spectroscopy is a powerful technique

for measuring the processes occurring immediately after the photogeneration of

electron-hole pairs in a SWCNT/n-Si heterojunction solar cell.
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5.1 Introduction

One of the key aspects underlying the application of novel materials in pho-

tovoltaic devices is the understanding of the steps immediately following the

arrival of the light. The overall efficiency of a photovoltaic device is mainly gov-

erned by two factors: absorption efficiency and its internal quantum efficiency.

The former is influenced by the capability of the active material to efficiently

absorb photons in the solar spectrum wavelength range. The latter is mainly de-

termined by the diffusion, dissociation and transfer of the excited charge. These

processes occur on ultrafast time scales. Information on this timescale is diffi-

cult to access and a direct measurement of charge transfer dynamics upon light

excitation is matter of many of the current research efforts. In this framework,

time resolved optical spectroscopy is a powerful tool for exploring the exciton

dissociation processes or the dynamics following hole-electron pair excitation,

and has been successfully applied, among many others, to dye-sensitized het-

erojunction solar cells [117] and polymer based heterojunctions [118, 119]. On

the other hand, much of the current research on n-Si/SWCNT solar cell devices

focuses on the time averaged properties and only a little information about

processes actually occurring on fast timescales is available. In this chapter we

follow the process of charge separation and injection across the n-Si/SWCNT

heterojunction using time resolved optical reflectivity measurements, exploiting

the different transient response of the SWCNT and the n-Si layers.

The CNT/n-Si interface has shown to be a suitable heterojunction for solar

cells showing efficiencies up to 10-13% [29, 29, 120]. The solar cells consist of a

semitransparent thin film of nanotubes conformally coating a n-type crystalline

silicon substrate to create high-density p-n heterojunctions [120] or Schottky

junctions [121] between nanotubes and n-Si to favor charge separation and ex-

tract electrons (through n-Si) and holes (through nanotubes). (See chapter one).

The key point is that the role of CNTs in the CNT/n-Si heterojunction is not

completely understood. The first possibility is that CNT film behaves only as a

transparent coating and that, when exposed to light, photons absorbed within

the underlying n-Si generate electron-hole pairs that are driven in opposite di-

rections by the field associated with the built-in potential in the depletion layer

with holes extracted on the CNT film side and electrons on the n-Si side [121].

Nonetheless, theoretical studies have predicted photoconductivity of individual
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nanotubes [122,123] and appreciable photocurrent has been observed when nan-

otube films were irradiated by light. [51] Therefore the second possibility is that

CNTs serve both as photogeneration sites and transparent coating for charge

carriers (holes) transport. The goal of this work is to perform time resolved

optical spectroscopy directly on a SWCNT/n-Si based solar cell, in order to

clarify the role of CNTs in the SWCNT/n-Si heterojunction investigating the

relaxation dynamics of the photoexcited carriers at the interface. As the laser

pump fluence was selected to hinder a transient optical response from the bulk

silicon, our spectroscopy set-up is tuned to excite prevalently the SWCNT layers

or their electronic states involved in the junction formation. In order to single

out the effects of the junction, the transient optical response from the cell has

been directly compared with the ones collected on the same type of SWCNT

deposited, in the same experimental conditions, on a glass substrate. More-

over, by tuning the pump photon energy across the Si absorption edge, we have

extrapolated the role of SWCNT film. The results show that for excitations

below the Si absorption threshold, both samples display the same behavior,

and therefore the response is determined by the SWCNT layer alone. In turn,

for energies above the Si absorption threshold, the SWCNT/n-Si junction dis-

plays a slow dynamics, along with an enhancement of the photobleaching effect.

This is recognized as an intrinsic behavior of the junction, not found on the

SWCNT/Glass interface, and is rationalized as a charge transfer (holes) from Si

to SWCNT across the junction, depleting the occupied levels of SWCNT. This

interface charge transfer dynamics develops within 2 ps, driven by the built-in

field of the junction.

5.2 SWCNT/n-Si heterojunction

The heterojunction solar cells used in these experiments are provided by the

group of Paola Castrucci at the Roma Tor Vergata University. The n-silicon sub-

strate, obtained from FBK (Fondazione Bruno Kessler, Trento, Italy), consisted

in 5×10 mm2 slices of a SiO2-passivated (thickness 300 nm) n-type Si(100), with

a resistivity of 3−12 Ohm·cm and an aluminum ohmic back contact. The oxide

layer was patterned by a lithographic process with a positive resist and sub-

sequent chemical etching in order to obtain a 5×5 mm2 bare silicon window

in the middle of two SiO2 steps.The chemical etching was carried out wetting
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for 5 minutes the bare SiO2 with a HF/NH4F buffer solution. This patterning

of SiO2 layer allows to create nanotube/n-Si multijunctions in the 5×5 mm2

Si-n window and, at the same time, to insulate the silver paste deposited on

the nanotube film from the n-Si underneath so to avoid short circuits between

the metal electrode and the Si. A scheme of the fabricated device is shown in

Fig.5.1a together with a picture of the cell used in these experiments (Fig.5.1b).

Figure 5.1: a) Schematic representation of the structure of the SWCNT/n-Si het-

erojunction solar cells used in this experiments. b) 5.5 ml solar cell picture.

SWCNT films on n-type silicon and on glass were obtained percolating a

SWCNT dispersion in water through a cellulose acetate membrane filter (PALL

corp. 0.45 µm pores). SWCNT powder (>90% in carbon, >70% in SWCNT

(various chirality), diameter ranging between 0.7-1.4 nm) has been obtained

from Sigma-Aldrich. In such a powder, the percentage of metallic nanotubes

has been estimated to be not less than 65% [31] The nanotube dispersion was

prepared sonicating about 100 µg of a SWCNT powder in a sodium dodecyl-

sulfate (SDS) (98% Sigma Aldrich) solution in water, concentration of 3% in

weight. After 1 hour of sonication, the dispersion was left to settle down and

the clear supernatant containing unbundled nanotubes was separated from the

precipitate and used to fabricate the film. The filtration was carried out in a

vacuum filtration assembly. Once the SWCNT film is casted on the membrane,

in order to remove the residual SDS, it is washed several times with deionized

water and finally with an ethanol/methanol/water mixture (15:15:70 in vol-

ume). Different film thicknesses can be obtained by varying the amount of the
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filtered solution. The SWCNT film is transferred on the patterned Si substrate

pressing the SWCNT coated membrane onto the Si/SiO2 surface. The proce-

dure, though properly modified has been derived from literature. [124], [125].

The cellulose acetate membrane lying on top of SWCNT film is removed by

dissolution in acetone (3-4 washes) and finally by rinsing with isopropanol. The

SWCNT film was contacted creating two silver paint pads on top of the insulat-

ing SiO2 areas. During the deposition of the SWCNT film on Si, particular care

is taken to avoid the contact between the film and the side of the silicon that

would eventually cause electron leakage. For the experiment reported in this

chapter we used two cells characterized by different SWCNT film thicknesses

labeled, by the amount of filtered solution used in their preparation, as 5.5 ml

and 1.5 ml. The cells external quantum efficiency spectrum, in a static illumi-

nation condition, was measured by a dedicated set-up equipped with a 150 W

Xenon lamp as light source and a monochromator. The number of the incident

photons is evaluated in terms of the power density of the Xe lamp, measured

by a calibrated Si photodiode and acquired by a lock-in amplifier locked to the

Xe lamp modulation signal. The resulting cell current is also detected by the

lock-in amplifier. In Fig5.2 a comparison between the EQE spectra for the two

samples and the EQE spectra of a conventional p-n silicon solar cells is reported

The static EQE for the 5.5 ml sample varies between the 10% and 35%

in the explored energy range (300-1000 nm) whilst for the 1.5 sample the EQE

values are between the 30% and the 60%. The SWCNT/Si-n EQE spectra shape

resemble the p-n cell one, suggesting that the photoexcited electron-hole pairs

generation and dissociation process take place in the silicon depletion region of

the heterojunction. It is worth to note that even if the EQE of the conventional

silicon p-n junction is greater than the SWCNT/n-Si ones for wavelengths below

470 nm the 1.5 ml cell shows an enhanced EQE for wavelengths in the blue part

of the visible spectrum. The spectral EQE extension in the blue part of the

spectrum is analyzed in detail in the work of Del Gobbo et al. [31] for a set of

SWCNT/n-Si built with the same materials and procedures of the samples used

in this work. In the blue and UV part of the spectrum the EQE of the silicon

cell is mainly limited by the high surface recombination velocity and by the

high optical absorption coefficient which confines the photoexcited carriers in a

thin region close to the front surface. The increased EQE of the SWCNT/n-

Si junction is ascribed to a reduction of the surface recombination velocity for
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Figure 5.2: External quantum efficiency spectra of the 5.5 ml (red line), 1.5 ml (green

line) SWCNT/n-Si cells and of a conventional p-n silicon solar cell (dark grey points)

charge carriers generated in the silicon underneath the SWCNT layer and to the

comparable scale of the SWCNT layer thickness and the electron diffusion length

in the carbon nanotubes. The latter also account for the low EQE value in the

blue part of the spectrum of the 5.5 ml cell, which is characterized by a thicker

SWCNT layer. The power conversion efficiency η of the two heterojunctions

was determined from their I-V characteristic using a solar simulator For the 5.5

ml cell η = 1.51% whilst for the 1.5 ml sample η = 0.26 %. The lower value

of the power conversion efficiency for the 1.5 ml sample, which has an higher

EQE. Fig.5.2 could be due to the higher sheet resistance of the thin SWCNT

layer, wich is in the order of 1.4 KΩ, increasing the internal resistance of the

device and thus lowering the maximum available voltage for an external load.

5.3 SWCNT/Glass reference sample

In order to clarify the role of the junction formation in the hybrid solar cell

we have performed a set of control experiments on a SWCNT layer deposited

onto a lab glass slide. In this systems no CNT/substrate heterojunctions are
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expected to be present due to the high band gap of the glass and its insulating

properties. The SWCNT/Glass sample has been prepared with the same type

of carbon nanotubes, chemical and transfer procedure. The used amount of

the parent solution is 4.5 ml, we thus expect that the average film thickness is

sightly lower than the one of the 5.5 ml SWCNT/n-Si cell. This sample is also

used to characterize the static optical properties of the SWCNT film via optical

transmission experiments. In fig.5.3 the absorption spectra of the SWCNT layer

is reported.

Figure 5.3: Static optical absorption spectra of the SWCNT/Glass reference sample.

The absorption magnitude scale is an estimation based on transmittance measure-

ments performed on our SWCNT/Glass reference sample and neglecting the interface

reflectance.

The absorption spectra magnitude scale is only an estimation since it is ob-

tained from the average of multiple transmittance measurements performed on

several points of the reference sample and neglecting the reflectance contribu-

tion. The absorption data show the presence of the characteristic peaks due to

the exciton transitions in the SWCNT. Due to the large diameter and chirality

dispersion of the tubes as well as residual sulfactant and intertube interactions
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sharp exciton transition cannot be clearly resolved. In [31] by crossing the

absorption peaks positions with the radial breathing mode frequency (from Ra-

man scattering measurements) a chiralty assignment is performed. The SWCNT

layer is mainly composed of (8,5), (7,7), (9,9), (11,8), (9,3) metallic SWCNTs

and (9,8) (11,7) (10,2) (13,6) semiconducting tubes. As reported in the previous

paragraph the metallic tubes contents is no less than 65%.

Laser system Time resolved optical measurements have been performed with

the two laser systems described in chapter one. One-color transient reflectivity

(TR) experiments in the low fluence regime have been carried out with a cavity

dumped Ti:Sapphire oscillator (Coherent Mira 900 together with an APE pulse

switch), producing 120 fs, 1.55 eV light pulses. The pump beam diameter at

the sample position is 50 µm, corresponding to fluences in the 0.1 - 0.5mJ/cm2

range. TR experiments in a two-color variable-pump and fixed-probe configura-

tion have been performed by using a 1 KHz amplified Ti:Sapphire laser system

capable to deliver 0.5 mJ, 150 fs, 1.55 eV light pulses, together with a traveling

wave optical parametric amplifier (TOPAS). The probe energy is kept fixed at

1.55 eV whilst the pump energy is tuned in the 0.751.01 eV and 1.7−2.0 eV

energy ranges. For the latter range the TOPAS output is doubled via a BBO

nonlinear optical crystal. The pump beam is focalized at the sample plane in

a 100 µm spot diameter, corresponding to a 2.3 - 10 mJ/cm2 fluence range.

Cross-polarized pump and probe beam in a near normal incidence configuration

are used in both the experimental setups.

Two-color time resolved reflectivity experiments As previously reported,

the goal of this work is to investigate the processes of charge carrier excitation,

dissociation and transport on an ultrafast time scale. In fig.5.4 a comparison be-

tween the optical absorption coefficient of the crystalline silicon (gray diamonds.

From [126]). and the estimated absorption coefficient of our SWCNT/Glass ref-

erence sample is reported (blue line). The Green line are data available in

literature [127] for the absorption coefficient of a free-standing carbon nanotube

layer. The light blue arrow markers indicate the pump photon energies used in

the present experiments.

The optical absorption coefficient for the SWCNT/Glass reference sample is

calculated from the optical absorption data (Fig.5.4) assuming a film thickness of
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Figure 5.4: Estimated optical absorption coefficient for the metallic enriched

SWCNT/Glass reference sample (blue line), for a free standing SWCNT film (Green

line, adapted from [127]) and for crystalline Silicon (dark grey diamonds, adapted

from [126]). The light blue arrow markers indicate the pump photon energies used in

the present experiments.

40 nm. The estimated thickness is based on the values reported in [128] and ob-

tained with angle-resolved XPS measurements performed on similar SWCNT/n-

Si cells. The absorption coefficient of crystallize silicon clearly show the onset

of the indirect optical interband transitions at 1.12 eV.

The silicon absorption coefficient, below 1.12 eV, strongly depends on the

n-doping concentration and increases with it [129]. For a n-silicon sample with

a room temperature carriers concentration of 1.4×1016 e−/cm3 the absorption

coefficient in the 0.78-0.87 eV energy interval is found to be in the order of 0.11

cm−1 [129]. This value of doping is higher than the one of our sample, which is

about 6× 1014 e/cm3, therefore a smaller absorption coefficient is expected.

For photon energies below 1.12 eV a negligible amount of charge carriers
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can be promoted in the silicon conduction band upon light absorption. On the

contrary for the SWCNT layer the optical absorption coefficient is in general

higher than the silicon one and, aside for the small modulation due the exciton

transitions, do not shows sharp edges in the 0.6-2.2 eV photon energy range. It

important to stress that the SWCNT data that cover the full energy interval

(green line) are taken from [127] and are collected on a free standing carbon

nanotube film and not on our SWCNT/Glass reference sample. The agreement,

at least by order of magnitude, between the absorption coefficients of the the

two SWCNT layers led us to safely assume that also our reference sample will

show a similar behavior also in the 0.6−1.12 eV energy interval where a direct

measurement is unavailable. While SWCNT absorb in all the explored pump

energy range, n-Si wafer absorbs mainly in the visible region (from now on

labeled as VIS), being the pump excitation energies in the infrared range (from

now on labeled as IR) below the onset of the silicon indirect optical transition

(1.12 eV). Therefore, it is expected that, in the IR range, where the absorption

coefficient of SWCNT is orders of magnitude greater than the silicon ones, a

significant carriers population is pumped only in the carbon nanotube leading

to a non uniform excitation of the heterojunction. Moreover we also expect that

the transient reflectivity signal for pump photon energies in the IR is mainly

due to relaxation dynamics of carriers excited in SWCNT layer. Conversely, in

the VIS region, carriers are excited both in SWCNT layer and in n-Si wafer. We

will exploit the differences in the relaxation dynamics between the IR and the

VIS excitation regime to highlight the roles of the SWCNT layer and the silicon

substrate in the heterojunction working. We choose to perform TR experiments

at the following excitation photon energies: 0.78 eV, 0.87 eV and 1.01 eV for

the IR range and at 1.72 eV, 1.82 eV, 1.87 eV, 1.97 eV and 2.03 eV for the IR

range. In order to further investigate the effect of the heterojunction on the

carriers relaxation dynamics we also perform the same set of TR measurements

on the SWCNT/Glass reference sample. In fig.5.5 the TR signals from the

SWCNT/Glass reference is reported for a selected set of pump photon energies.

In both the excitation energy ranges the sign of the transient signals for the

SWCNT/Glass reference sample is always negative. This in agreement with a

photobleaching (PB) process as previously reported in literature for unaligned

SWCNTs not arranged in bundles. [6, 7, 130]. In a PB process the absorption

of the pump pulse excites electrons in the conduction band, creating holes in
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Figure 5.5: Transient optical reflectivity signals collected on the SWCNT/Glass

reference sample at 4 different excitation energies. a) pump photon energy hν=0.87

eV, b) hν=1.01 eV, c) hν=1.82 eV, d) hν=1.97 eV. For all the measurements the

pump fluence is kept fixed at 7.7 mJ/cm2. The probe energy is 1.55 eV.

the valence band. Until these carriers relax, the transient filling of the available

final state decrease the absorption of the probe photons because of the Pauli

exclusion principle. In case of excitonic transitions the same argument holds

and the optical pumping of the exciton transition leads to a reduced oscilla-

tor strength for the exciton creation [131]. This effect gives a decrease of the

probe absorption inducing a positive transient signal in transmittivity and neg-

ative in reflectivity (such as in the absorption). The difference in the TR signal

peak magnitude for different excitation energy can be ascribed to the absorp-

tion coefficient variation with the pump wavelength, since the pump fluence is

kept constant at 7.7 mJ/cm2 for all the measurements. Aside from the peak



108 Relaxation dynamics in SWCNT/n-Si solar cells

value variation the TR signals show no significant difference in their relaxation

dynamics for the different pump energies, as shown in fig.5.6

Figure 5.6: Comparison between transient reflectivity signals collected on reference

sample at 0.87 eV (dark blue) and 1.97 eV (light blue) pump photon energy. The

pump fluence is kept constant at 7.7 mJ/cm2.

It is worth noting that the laser linewidth is slightly larger (about 30 fs) in

the VIS then in the IR region thus justifying the symmetric broadening of the

transient response around zero delay time.

In fig5.7 the TR signals from the SWCNT/n-Si is reported for a selected set

of pump photon energies.

For excitation energies in the IR range the signal is always negative and

with a relaxation dynamics similar to the SWCNT/Glass reference sample. In

the VIS range for small and negative delay times a sharp positive transient can

be observed. In the assumption that the TR signals is dominated by the sole

variation of the complex part of the dielectric function a positive TR signal is

usually a fingerprint of a photoabsorption process in which the pump excited

electron population is made available for an higher energy optical transition that

involves absorption of the probe photons. Since the positive feature is found at
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Figure 5.7: Transient optical reflectivity signals collected on the SWCNT/n-Si ref-

erence sample at 4 different excitation energies. a) pump photon energy hν=0.87 eV,

b) hν=1.01 eV, c) hν=1.82 eV, d) hν=1.97 eV. For all the measurements the pump

fluence is kept fixed at 7.7 mJ/cm2. The probe energy is 1.55 eV.

negative delay times when the pump and the probe overlap is small and only

a fraction of the total pump pulse energy has been absorbed by the sample

this effect should be evident for smaller pump fluences. One-color 1.55 eV TR

measurements, (Fig.5.14)has been performed with a different laser system in

a fifty fold lower pump fluence regime but no appreciable positive feature in

the TR data is found. This result seems to exclude a photabsorption process

as a possible explanation for the positive transient at higher pump fluence,

moreover due to the pump and probe crossed polarization geometry used in

our experiments and for the large energy difference between the pump and

the probe pulses energy any coherent spike effects [132] could be ruled out as
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well. This positive transient is peculiar of the SWCNT/n-Si samples but since

is nature need further work to be clarified we restrict our considerations only

at large and positive pump-probe delays where pure nonlinear effects can be

neglected due to the small dephasing times typical of solid state systems at room

temperature. While with an IR pump photon energy the relaxation dynamics of

the photobleaching component for SWCNT/n-Si are similar to those observed on

the reference sample for both IR and VIS regime, the transient signal collected

in the VIS range shows an enhancement of the relaxation dynamics. In fig5.8

an exemplificative comparison between the TR signals collected at 0.87 eV (red

line) and 1.97 eV (orange line) is reported.

Figure 5.8: Transient reflectivity signal on SWCNT/Si-n junction at 0.87 eV (red

lines) and 1.97 eV (orange lines) pump photon energy. The pump fluence is kept

constant at 7.7 mJ/cm2

It is known from literature that the transient response of crystalline Si ex-

cited above its absorption threshold [133] exhibits a negative variation with a

multi-picosecond decay dynamics mainly due to the slow recombination of the

photoexcited electrons and holes lying at the bands edges. Therefore, in order
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to exclude that the slower relaxation dynamics found in transient signals col-

lected in the visible region (Fig.5.8) is merely due to the superposition of the

signals from the nanotubes (fast dynamic) and from the underlying substrate

(slow dynamic) we have performed transient measurements on the bare n-Si

substrate. As shown in Fig.5.9 (grey curve), in similar experimental conditions

the response of n-Si has a step-like behavior, but from experiments performed in

the two-color configuration, we checked that its ∆R/R signal is lower than our

experimental resolution (∆R/R ∼ 10−4). This result ensures that, for all the

measurements performed in the VIS range, the transient response comes from

the relaxation dynamics of the carriers in SWCNT layer.

Figure 5.9: One color transient reflectivity signals collected on the reference sample

(SWCNT/Glass, blue line) and on Si substrate (gray line), using a photon energy

of 1.55 eV. Note the difference in the ∆R/R signal magnitude. For the one-color

measurement on the n-Si crystal the low fluence setup is employed and the pump

fluence is in the order of 1 mJ/cm2.

Therefore, the enhancement of the relaxation dynamics observed in the VIS

regime has to be ascribed to the response of SWCNT in contact with n-Si

and it is observed when the pump photon energy is able to excite carriers in
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SWCNT as well as in n-Si substrate. In order to get insights in the role of

the SWCNT/n-Si junction in the relaxation dynamics, we compare the signals

from the SWCNT/n-Si heterojunction to those collected on the reference sample

for all the used excitation energies. The pump fluence is kept constant at 7.7

mJ/cm2. The normalized value of ∆R/R on SWCNT/n-Si junction, together

with the one from the SWCNT/glass reference is displayed in Fig.5.10. All

signals are normalized to the ∆R/R maximum and in a logarithmic scale for

highlighting the differences at longer delay times. In the IR range, for an excita-

tion energy of 0.78 eV (Fig.5.10a) the junction TR signal redraws the signal of

the reference sample. At 0.87 and 1.01 eV pump photon energies (Fig.5.10b and

Fig.5.10c) the SWCNT/n-Si TR signal starts to manifest a longer relaxation dy-

namics deviating from the SWCNT/Glass one. This difference becomes much

more evident for the pump excitation above the Si bandgap energy value as

shown in Fig.5.10d, Fig.5.10e and Fig.5.10f collected at a pump photon energy

of 1.72 eV, 1.82 eV and 1.97 eV, respectively.

This behavior unambiguously suggests that when the density of the charge

carriers excited in the Si substrate is no more negligible, the transient response

of SWCNT/n-Si junction deviates from the response of the reference sample.

In order to quantify the difference observed in the relaxation dynamics, the

transient signals of both samples are interpolated with a two-exponential decay

fitting function of the form:

∆R

R
= A1e

− t−t0τ1 +A2e
− t−t0τ2 (5.1)

where A1 and A2 are the amplitude for the fast and the slow relaxation

components of the photobleaching dynamics, characterized by a relaxation time

constant τ1 and τ2 respectively. t0 is fixed at 100 fs after the the peak of the

TR photobleaching signal in order to minimize the effect of the pump pulse

(whose time croscorrelation FWHM is in the order of 200 fs) on the signal

relaxation shape. This fitting procedure is chosen in order to exclude the fast

positive transient (Fig.5.7) from the data analysis. Even if this fitting function

is only approximate and does not explicitly account for the pump and probe

convolution effects on the relaxation dynamics, the simple double exponential

form of the relaxation dynamics allows to analytically calculate the correction

for the extracted time constants at least for the slower relaxation component.

For simplicity we report in fig.5.11 the calculated time constant as given by the
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Figure 5.10: Comparison between selected TR signals from the SWCNT/Glass ref-

erence sample (blue line) and from the SWCNT/n-Si junction (red line) in logarithmic

scale. All TR signals are peak-value normalized and reversed in sign. Pump photon

energies are (a) 0.78 eV, (b) 0.87 eV, (c) 1.01 eV, (d) 1.72 eV, (e) 1.82 eV, (f) 1.97 eV

respectively. For all the collected signals the pump fluence is kept fixed at 7.7 mJ/cm2
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fitting function without any analytical corrections.

Figure 5.11: Comparison between the fast (a) and slow (b) relaxation time constants

of the SWCNT/Glass reference sample (blue squares) and SWCNT/n-Si junction (red

circles) upon the variation of pump photon energy as given by a bi-exponential in-

terpolation of the TR signals. Error bars are estimated on a statistical basis by the

fitting software

Considering the statistical error, wich is directly calculated by the fitting

software on a statistical basis, in the IR region both the fast (about 225 fs) and

the slow (about 1000 fs) decay of the SWCNT/n-Si junction are comparable with

those of SWCNT/Glass reference sample. Conversely, in the visible region where

carriers are excited also in n-Si wafer, while the fast decay of the two samples

can be considered still comparable (about 300 fs), the slow relaxation time of the

SWCNT/n-Si junction is about twice than the reference sample. The value of

the fast decay time is in agreement with the data available in literature [41,46] on

similar systems and is ascribed to the rapid thermalization, via electron-electron

scattering, of the laser-excited carrier population in carbon nanotubes. The

hot electron population thermalizes then with the lattice via phonon emission

processes giving rise to the slow component of the relaxation dynamics. The

value of this slow decay reported in literature on metallic enriched SWCNT

films [41] is about 1 ps in accordance with the value measured on SWCNT on

glass. In Fig.5.12a and Fig.5.12b a comparison among the amplitude values ,

A1 and A2 obtained by the same fitting procedure is reported.

For both samples, the amplitude of the fast relaxation dynamics increases
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Figure 5.12: Comparison between the SWCNT/Glass (blue squares) and SWCNT/n-

Si (red circles) fast (c) and slow (d) relaxation dynamics initial values. Both the

numerical values and the error bars magnitude are extracted by the interpolation of

the bare TR signals with a double exponential decay fitting function.

from the IR to the visible energy range. As observed earlier in ths section this

variation could be ascribed to the increasing of the absorption coefficient of the

SWCNT as the excitation photon energy get closer to the resonance with the

optical transitions in the metallic tubes, which, for tubes with this diameter

distribution, are localized among 1.7 and 2 eV (Fig.5.3 and 5.4). Moreover,

the mean value of the signal amplitudes is lower in the reference sample than in

SWCNT/n-Si. This happens for all the explored pump photon energies suggest-

ing that this difference is almost certainly due to a different density of SWCNT

in the area investigated by the laser beams or to the sightly different thickness

of the SWCNT films for the two samples. From this analysis of the data, we

can argue that the different optical response observed in the VIS region between

the SWCNT/n-Si junction and the reference sample has to be mainly ascribed

to an increase of the slow relaxation dynamics and that the origin of the slow

dynamics enhancement observed for SWCNT/n-Si heterojunction in the VIS

region has to be found in the presence of the carriers excited in the n-Si wafer.

In the SWCNT/n-Si junction formation, the balance of the chemical poten-

tials requires a net transfer of electrons from the n-Si towards the metallic tubes

via ionization of the silicon donor impurities in a region close to the junction

region. This process leads to the creation of a Schottky barrier in which the
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depleted region extends almost entirely into the semiconductor for a depth of a

few microns. [14] In the metallic tubes the excess electrons form a charge layer

that can induce a significant band bending in the semiconductor substrate and

the subsequent formation of a potential barrier that gives to the junction its

characteristic current-rectifying and light-to-electric current conversion proper-

ties. In this simple scheme is possible to construct a diagram from the energy

levels at the heterojunction interface starting from the workfunction of the car-

bon nanotubes (WCNT ), the Silicon electron affinity (χSi), its bandgap and its

n-doping level, which determines the position of the chemical potential inside

the bandgap. The energy level scheme constructed taking WCNT = 4.8 eV is

reported in fig.5.13. For the Silicon crystal the values of χSi and the bandgap

energy are taken from literature whilst the position of the chemical potential

is inferred from the n-silicon parameters and from the interpolation of the I-V

curves of the heterojunction cell (measurements not reported here).

Figure 5.13: Band diagram at the SWCNT/n-Si heterojunction interface

The large built-in potential (u 0.5 eV) permits the charge separation. Re-

cently, a thin SiO2 SiOx layer has been found between the SWCNT and the n-Si
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substrate using angle-resolved XPS measurements. [128] The oxide layer, whose

thickness is between 1 and 2 nm, slightly alters the band alignment at the junc-

tion interface (Fig.5.13). Whilst it has been reported that a particular thickness

of the oxide layer can lead to an increased power conversion efficiency [128,134],

for sake of simplicity, neglecting it, we model SWCNT/n-Si interface as a simple

Schottky junction. The electron-hole pairs generated in the n-Si depleted re-

gion upon absorption of the pump photons are quickly separated by the built-in

field, E = −∇φ(x). Whilst the electrons are swept away from the junction by

the built-in field, the holes are forced towards the metallic SWCNT layer where

they can easily cross the junction and become trapped in.

This simple picture suggest the possibility that the increased relaxation time

observed in the VIS range (Fig.5.10) can be primarily due to a net flux of

photoexcited holes that, under the effect of the built-in field in the device, drift

from the n-Si depleted region into the valence band of the SWCNT layer.

Since the magnitude of the light absorption coefficient depends on the dif-

ference between the density of initial and final states available for the optical

transitions weighted by their occupation number [14, 106] injected holes, could

lead to a transient bleaching in the SWCNT transient signals. The slow re-

laxation time of the excited carriers in the n-Si substrate together with the low

mobility of the holes in doped crystalline silicon [135] make the hole injection, at

the junction interface, acting as a slow source for the photobleaching signal, ac-

counting for the enhancement of the slow relaxation dynamics in SWCNT/n-Si

heterojunction. When the pump photon energy is below the absorption edge of

the n-Si substrate, such as in the IR range measurements, only a small amount

of electron-holes pairs are excited in the silicon giving rise to a negligible hole

flux and the measured transient signals from the SWCNT layer resembles those

collected on the SWCNT/Glass reference sample. Conversely, in the VIS regime,

due to the similar absorption coefficient value of SWCNT and n-Si wafer a high

density of carriers is excited by the pump pulse in both materials. The fast

electron-electron relaxation process rapidly thermalizes the carrier population

in the SWCNT layer without being significantly influenced by the silicon sub-

strate. On longer time scale the hole drift current from the substrate starts to

alter the carrier relaxation in the SWCNT film leading to the observed increase

of the slow relaxation time constant. The thickness d of the depletion layer has

been estimated by using the following equation (5.2)
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d =

(
2εeε0φ

ne

) 1
2

(5.2)

where φ is the build-in potential, n is the density of the Si doping ( wich in our

case is n ∼ 6×1014 e−/cm3) , εr and ε0 are the silicon and the vacuum dielectric

constants and e the elementary charge. The depletion layer thickness results

about 1 µm. Equation (5.2) is valid for ideal metal-semiconductor junction and

for a constant density of ionized impurities across the depleted region. For these

reasons the calculated d value must be considered only as a crude estimation

since the actual structure of the heterojunction, on a micrometric scale, is more

similar to disordered network of parallel connected nano-junctions formed by

each tube in contact with the n-silicon substrate. From this value, considering

the built-in potential of φ u 0.5 V and the value of the hole mobility for the

n-Silicon µh ∼ 264 cm2/V [135] is possible to estimate the time scale of the hole

drift time from the edge of the depleted region towards the SWCNT layer. The

time scale turns out to be in the order of 75 ps. Obviously this transit time

represent only an upper limit to the process time scale.

In order to estimate the value of electron-hole pairs density excited in the

depletion layer, we have calculated, starting from the laser pump fluence, the

photon numbers that, after crossing the SWCNT layer arrive in the Si depletion

region. For this estimation we make use of the average transmittivity TCNT
measured on the SWCNT/Glass reference sample which is in the order of 40%

(Fig.5.3) in the VIS energy range. Due to the different thickness of the two

SWCNT layers, the resulting value is slightly overestimated. The average den-

sity of the photoexcited pairs nEXC is then given by the relation:

nEXC =
Fs − Fse−αd

hνd
(5.3)

where Fs = F · TCNT ,T = 40%, α is the silicon absorption length at the

pump wavelength and F is the pump fluence. For a pump fluence of 7.7 mJ/cm2,

and at a pump photon energy of 2 eV, the average density of the pairs excited

in the n-Si depletion layer (calculated by assuming that 1 photon generates 1

e-h pair) is 3.4× 1019 pairs/cm3. This photoexcited carrier density greatly ex-

ceed the carrier concentration due to the n-doping. In such an high excitation

condition the simple band diagram shown in fig.5.13 no longer holds and a com-
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plex interplay between the drift and the diffusion terms at the heterojunction

interface can arise. In order to check the stability of our results we perform a

set of TR experiments on the 5.5 ml cell with o one-color, 1.55 eV low fluence

setup. The details about this setup are reported in the laser system paragraph.

A typical TR signal from the 5.5 ml solar cell collected at 1.55 eV and for a

pump fluence of 0.15 mJ/cm2 is reported in fig.5.14a. This fluence is more than

50 times smaller than the one used for the two-color TR experiment.

Figure 5.14: Comparison between the TR signals from the SWCNT/n-Si at two dif-

ferent fluences (and excitation energies). The SWCNT/glass TR signal is also reported

(blue line)

Also in this case the TR signal is compatible with a photobleaching pro-

cess and exhibit a two exponential relaxation dynamics. In fig.5.14b a direct

comparison with the TR signal collected at 1.82 eV and for a pump fluence of

7.7 mJ/cm2 (black line) is shown. Both signals are normalized at their pho-

tobleaching signal maximum and reversed in sign. The similarity between the

two TR signals is evident and the fitting procedure gives similar values of the

relaxation time constants for both the the fluences regimes. It is noteworthy

that by decreasing the pump laser fluence down to a value nearly 50 times more

weak the relaxation times of the transient response in the VIS range remains
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unchanged. For a pump fluence of 0.15 mJ/cm2 the average density of pho-

toexcited carriers in the n-Silicon layer, estimated with the eq.(5.3) is 2.3×1017

pairs/cm3. Since this value still greatly exceed the carriers concentration due

to the n-doping we measure the external quantum efficiency of the cell under

fs-pulsed light illumination in order to check for its proper operation. The EQE

values are reported in fig.5.15.

Figure 5.15: EQE values (red triangles) and the corespondent current density (blue

squares) measured on the SWCNT/n-Si under femtosecond pulsed illumination.

The EQE measurements are performed shunting the solar cell on a cur-

rent amplifier acquired with a lock-in technique similar to the one used for the

continuous-wave EQE measurements. The light source is the same laser oscilla-

tor used for the low fluence TR measurements. The EQE is calculated by taking

the ratio between the average photon number of the laser beam and the average

current from the cell, whilst the average current density in the device can be
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calculated considering the laser spot size (radius = 25 µm). The static EQE

for the 5.5 ml cell (Fig.5.15) at 1.55 eV is 32.5% whilst for pulsed illumination

varies between 20.5 % at 0.15 mJ/cm2 and 15 % at 0.47 mJ/cm2. Even for this

relatively high level of photoexcitation the EQE is reduced only at about the

50% of its static value whilst the expected carrier density in the silicon layer ex-

ceed of about one hundred times the n-doping density. This results, combined

with the overall constancy of the relaxation time constant in a wide fluence

range, support our hypothesis on the role of the drift current in the slower re-

laxation dynamics. Using the EQE value (20.5%) at 0.15 mJ/cm2 (Fig.5.15), to

estimate the pair density density contributing to the photocurrent the results

turns out to be 1.2×1018 pairs/cm3 per pulse, that is about 5 times higher with

respect to the average pair density excited in the n-Si depletion layer taking the

SWCNT layer transmission into account (using formula (5.3)). This somewhat

surprising result suggests that a contribution at the photocurrent seems also to

come from the carriers excited in the carbon nanotubes that, in the working

solar cell, may behave as photogeneration sites, in agreement with the results

reported in [31]. In order to fully clarify this behavior a continuous-wave EQE

measurement, combined with a careful determination of the carbon nanotube

layer transmission coefficient, is more suitable than our experimental setup, so

further investigation is needed. One of the key factor witch determines the

internal quantum efficiency of a photocell is the ability to generate and sepa-

rate the photoexcited charge carriers. An increased internal quantum efficiency

can reflect on an increased external external quantum efficiency of the device.

Leaded by this consideration we have performed a set of TR experiments on

the 1.5 ml heterojunction, which is characterized by a lower power conversion

efficiency but with an higher EQE. A comparison between the TR signals from

the 1.5 ml (green line) and the 5.5 ml (red line) cell is reported in fig.5.16

Both signal are collected at 1.55 eV and with a pump fluence of 0.45 mJ/cm2.

The more efficient cell (static EQE at 795nm (1.55 eV) =60%) shows an enhance-

ment of the second dynamics, whose relaxation time is about twice (3700±100

fs) the value (1640±100 fs) obtained on the less efficient cell (static EQE at

1.55 eV =30%). In accordance with our picture, a greater external quantum

efficiency means a larger number of electron-hole pairs excited and efficiently

separated in the depletion layer and then a larger hole injection rate in the

SWCNT layer, that we reveal through an enhancement of the second slow dy-
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Figure 5.16: Comparison between the 1.5 ml SWCNT/n-Si (green line) and 5.5 ml

SWCNT/n-Si (red line) TR signals. The relaxation dynamics for the higher EQE cell

is slower.

namics in the SWCNT transient response. As for the 5.5 ml cell, the relaxation

time constant of the TR signal collected on the 1.5 ml cell do not present a

significant variation over the entire low fluence range (0.15−0.47 mJ/cm2).

5.4 Conclusions

The goal of the present work was to clarify the role of SWCNT in hybrid

SWCNT/n-Si heterojunctions, by investigating the relaxation dynamics of the

photoexcited carriers at the interface. The relaxation dynamics of the TR sig-

nals from the photocells was compared with the dynamics of SWCNT/glass

reference sample, where no heterojunction effects are present. As the laser

pump fluence was selected to hinder a transient optical response from the bulk
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silicon, our spectroscopy set-up was properly tuned to excite prevalently the

SWCNT layer or both sides of the heterojunction. The results showed that for

excitations below the Si optical absorption threshold, both samples display the

same behavior, and therefore the response is determined by the SWCNT layer

alone. In turn, for energies above the Si absorption threshold, the SWCNT/n-Si

junction displays a slower relaxation dynamics, along with an enhancement of

the photobleaching effect. This was recognized as an intrinsic behavior of the

junction, not found on the SWCNT/Glass interface, and was rationalized as

a charge transfer of holes from n-Si to SWCNT across the junction, depleting

the occupied levels of the SWCNT. This interface charge transfer dynamics was

shown to develop on a multi picosecond time scale, possibly driven by the hole

drift current at the heterojunction interface. These results here reported show

that transient optical spectroscopy is a suitable tool for investigating the pro-

cesses occurring immediately after the photogeneration of electron-hole pairs

in a CNT/n-Si solar cells and, by extension, in a wider class of heterojunction

devices presenting similar optical characteristic. The analysis of the TR signals

combined with a quantitative theoretical model of the heterojunction can, in

principle, provide information on the heterojuncion parameters and clarify the

role of the heterostructure components on the carrier generation, dissociation

and transport.
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Chapter 6

Conclusions

In the first part of this thesis the carriers relaxation dynamics in carbon nan-

otubes aggregates with potential application in solar cells devices is investigated

by means of ultrafast time resolved optical spectroscopy. Three different kind of

CNT aggregates are considered: Aligned multi-walled carbon nanotubes, verti-

cally aligned single-walled carbon nanotubes bundles and free standing films of

ultrapure metallic and semiconducting enriched single-walled carbon nanotubes.

From one-color transient transmittivity measurements the complex behavior of

the carriers dynamics in aligned multi walled carbon nanotubes is revealed.

The optical response is characterized by photo-bleaching and photo-absorption

channels with a remarkable dependance on the probe polarization with respect

to the tubes axis. Our results indicate that the MWCNT electronic structure

is different from the highly oriented pyrolytic graphite one, and suggest the

existence of discrete levels with a well-defined symmetry in the electronic struc-

ture of MWCNT. One-color transient reflectivity experiments are performed

on aligned SWCNT bundles in order to clarify the effect of structural defects

on the carriers relaxation dynamics and on the transient optical properties of

bundled SWCNT. In one of our previous work [7], using a broadband probe, a

dramatic dependance of the transient reflectivity on the bundles alignment was

detected. Whilst aligned bundles shows only a fast transient photobleaching

of their optical transitions, unaligned bundles present a broadband transient

enhancement of their reflectivity which extends in a broad energy region above
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and below the exciting laser pulse center energy (at 1.55 eV). This behavior

was rationalized in terms of an enhanced conductivity of the sample induced

by the unalignment of the SWCNT bundles. This result is of particular in-

terest for the design of CNT based optoelectronic devices since seems to point

toward growth architecture dependent effects on the bundled SWCNT optical

and electronic properties. The results reported in this thesis exclude that the

conductivity enhancement can be simply ascribed to the presence of structural

defects in the SWCNT bundles and confirm the bundles unalignment as the

more probable cause of the transient reflectivity enhancement. However the de-

fect content influence the carriers relaxation characteristic times leading to the

suppression of a slower relaxation dynamics, which take place on a picosecond

time scale, and that is present in the sample with a lower defect content. The

presence of this slower decay dynamics may be the fingerprint of strong exci-

ton interaction effects (exciton-exciton annihilation) and therefore reveal the

stability of the excitons even in the CNT bundles. In the study of the prop-

erties of carbon nanotubes aggregates, such the the former SWCNT bundles,

the samples are usually a mixture of various SWCNT with different chiralities

and with metallic and semiconducting character. For this reason the carriers

relaxation dynamics in metallic carbon nanotubes is not commonly investigated

despite their potential application as charge collector and transparent conduc-

tive films in optoelectronic devices. In order to overcome this limitation we

study the transient optical properties of metallic enriched ultrapure SWCNT

free-standing films. From a direct comparison with an ultrapure semiconduct-

ing enriched free-standing film we are able to highlight a 6.7 ps photoabsorption

dynamics, which is present only in the metallic enriched sample and that is

detected even for non-resonant pumping of the main exciton absorption line.

From the analysis of the pump power and excitation photon energy dependence

of the transient signal we are able to exclude a pure thermal effect as the re-

sponsible physical mechanism. Following the consideration reported in [103]

we ascribe the slow photoabsorption transient to optical transitions involving

an hot Dirac fermion population excited in the vicinity of the Fermi level and

which can be promoted toward higher lying electronic states upon absorption

of probe photons with an appropriate energy. Moreover, if this assignation is

confirmed, our results seem to indicate that a carriers multiplication process

can take place in the metallic tubes. Aside from the theoretical interest this
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result can have a great relevance for photovoltaic application since in an oppor-

tunely designed device carriers multiplication reduces the energy losses due to

phonons interactions and could potentially increase both the quantum efficiency

and the effective power conversion efficiency of the system. The aforementioned

studies deals mainly on the intrinsic carriers dynamics in SWCNT aggregates

and must be regarded as a starting point in the study of more complex systems

such as CNT based heterojunction solar cells. In the last part of this thesis the

process of carriers separation and transport in a n-Si/SWCNT hybrid solar cell

is investigated with two-color time resolved reflectivity experiments. The hole

injection in the carbon nanotube layer of the junction manifests as an increased

relaxation time for the transient photobleaching signal. The charge transfer,

possibly mediated by an hole drift current from the n-Silicon depleted region,

takes place on a few picosecond time scale and its relaxation time constant in-

creases with the external quantum efficiency of the solar cells. The increased

relaxation time is detected only for excitation energies above the onset of the

Silicon indirect interband transition pointing toward a rather passive role of

the SWCNT as light harvesting element. However external quantum efficiency

measurements performed under femtosecond pulsed illumination indicates that

an electron transfer from SWCNT toward the n-Si substrate may take place.

In future transient reflectivity experiments using a broadband probe pulse will

be performed in order to follow the population dynamics in a wider energy

range and possibly follow the charge transfer process in both ways across the

heterojunction. The analysis of the transient reflectivity signals combined with

a quantitative theoretical model of the heterojunction will provide information

on the heterojuncion parameters, clarify the physical processes involved in the

carriers generation, dissociation and transport phenomena and the role of the

heterostructure components.
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