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Chapter 1

Introduction

The word Nanoscience, which has been largely spread during the last decade,
is not all that young as it may seem at �rst glance. Its appearance is ascribed
to Norio Taniguchi at 1974, but the �rst ideas in this �eld were presented even
earlier during the famous talk of Richard Feynman at the American Physical So-
ciety meeting on December 1959, by the sentence: "There's plenty of room at the
bottom". The �rst device utilizing properties of low dimensional structure � metal-
oxide-semiconductor �eld-e�ect-transistor, was created in 1960 [Atalla 1959]. As
milestones which have paved the development of the nanoscience we can mention
the following celebrated events: the discovery of the Quantum-Hall e�ect in 1980
[Klitzing 1980] which clearly shows precise quantization of the transverse magnetore-
sistance; the development of a Scanning Tunneling Microscope in 1981 which gave a
possibility to create images at the scale of the Nanoworld; the discovery of fullerenes
in 1985 [Kroto 1985] a new quasi-zero-dimensional system and more recently the
discovery of carbon nanotubes [Iijima 1991] and graphene [Novoselov 2004]. In the
same time nanotechnology development pushed forward the electronics miniatur-
ization process. Progress in computer technology and considerable improvement
of manufacturing techniques stimulate signi�cant downscaling of the transistor, as
a landmark, one can cite the 22 manufacturing process which has been recently
developed [Intel 2011].

In this context an important question rises up: Are the physical laws that work
in bulk systems applicable to nanosystems? Reducing the structure size enhances
the quantum e�ects that, at some point, begin to dominate the electron proper-
ties. For instance, in some nanoscale systems the Boltzmann equation becomes
invalid, because it requires that potentials vary slowly on both the spatial scale of
the electron thermal wavelength and the temporal scale of the scattering processes.

Other related question comes up: Is there a limit to the downscaling? Is the
technology able to obey the Moore's law doubling the number of transistors on the
integrated circuits every two years keeping the principles of transport physics or
will it demand the next leap of the physical understanding of devices and their
operations?

Scienti�c interest in one-dimensional systems was inspired by their exceptional
physical properties which could have extraordinary applications. For example, one
can anticipate their use as extremely small interconnections and drain-source chan-
nels in electric circuits, as unique tools for nano-scale manipulations for engineering
purpose, as a system with a turnable band gap for the laser application, as high

http://newsroom.intel.com/docs/DOC-2032
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density electron emitters, etc.
The discovery of the Carbon Nanotubes (CNTs) in 1991 [Iijima 1991] gave rise

to a huge amount of publications on this completely new quasi-one-dimensional
allotropic form of the carbon [Endo 1996, Jorio 2008]. CNT can be described as
few layers of graphene rolled up in a cylindrical form having a diameter of several
nanometers and length up to several centimeters [Zhang 2011]. Their unusual prop-
erties are useful for applications in many di�erent areas: electronics, microscopy,
pharmacology, composite material, etc. For example they can exhibit a metallic
or semiconducting behaviour depending on the way how they were rolled up - chi-
rality of the nanotube. Another recent application of the CNTs was developed for
Nanochromatography, where CNTs with selected chirality are used as a stationary
phase to separate the chiral molecules (e.g. peptides, amino acids, etc.).

Another quasi-one-dimension structures � semiconducting nanowires (sc.-NWs)
� has attracted the attention of numerous researchers. These are unique systems for
exploring phenomena at the nanoscale and promising material for nanoelectronic and
optoelectronic devices. Thus, besides all the possibilities o�ered by a semiconducting
material nanowires exhibit additional advantages caused by the con�nement. These
properties, combined with high carrier mobility and tunable value of the band gap
give an opportunity to create high-frequency-operating devices, photodiodes, light-
emitting-diodes, etc. To realize these perspectives, a detailed understanding and
control of their growth, crystal structure, electronic properties and their combined
impact on device performance is essential.

The development of photolithography and e-beam lithography [Rai-Choudhury 1997]
has made feasible the creation of nanosystem in a handy way and has allowed the
connection of individual nano-objects, opening a possibility to probe their properties
by transport techniques. This gave a great opportunity to understand new aspects
of nanophysics studying new materials. Di�erent transport regimes, predicted in
nanostructures, were evidenced. For example ballistic conductance was revealed in
the transistor based on single CNT [Tans 1997].

The aim of the present work is to investigate the electronic properties of quasi-
one-dimensional systems: individually connected carbon C60 peapods and semicon-
ducting InAs nanowires. Carbon C60 peapods as a hybrid of C60 fullerenes and
CNTs attract attention as well due to their remarkable structure and unusual elec-
tronics properties. Preserving all advantages of CNT, peapods present the unique
possibility to tune theirs properties by varying the type of the fullerene. InAs NWs
attract particular interest because of a small direct band gap, small e�ective mass,
high electron mobility and large Fermi wavelength.

In this work we probe the electronic structure of these systems by transport mea-
surements in �eld-e�ect transistor (FET) con�guration combined with high mag-
netic �eld. In a general case the magnetic �eld is an e�cient tool for the study of the
electronic properties as it acts on both the spin and kinetic energy spectra. For high
enough magnetic �elds the magnetic length becomes smaller than the size of the
system, making the magnetic con�nement larger than the geometrical con�nement
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and thus inducing strong modi�cation of the transport regime.

In the �rst chapter of this thesis, we describe the basic electronic properties of
low dimensional systems with di�erent types of con�nement and transport regimes
in presence of electric and magnetic �elds.

In the second chapter, we present the devices preparation process and experi-
mental techniques used in this work.

The third chapter discusses the properties of carbon C60 peapods: mainly the
in�uence of the C60 fullerenes on the electronic structure. We describe the modi�ca-
tion of the transport properties induced by the partial transformation of the peapod
into DWCNT obtained by UV irradiation.

The forth chapter is devoted to the properties of InAs NWs. The e�ects of the
magnetic �eld on the conductance and on the energy spectrum are investigated at
di�erent �eld ranges. In particular, the quench of the conductance in the high mag-
netic �eld regime is revealed.

In the last chapter of this thesis, we draw conclusions upon the results obtained
herein and we discuss the perspectives of the work.





Chapter 2

Low-dimensional systems
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We start this chapter with a brief review of some basic properties of the low-
dimensional systems and then we discuss brie�y di�erent techniques developed for
creating such systems. Subsequently, we continue with a description of the electronic
transport regimes and magnetotransport in 1D systems. Some parts of this chapter
are based on the books "Electronic transport in mesoscopic System" [Datta 1995],
"Transport in Nanostructures" [Ferry 1997] and "Quantum Transport in Semicon-
ductor Nanostructures" [Beenakker 1991].

2.1 Energy dispersion, wave-function and density of states

2.1.1 3D, 2D and 1D free electron gas

In this section, the energy dispersion and the density of states (DOS) of the free
electron gas for di�erent dimensionality are recalled.
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3D system

Consider a free electron gas in a three dimensional box with volume V = LxLyLz.
Solving the time-independent Schrödinger equation:

−~2

2m
52 ψ(r) = Eψ(r) (2.1)

the electron wave-functions and energy dispersion can be written as:

ψk(r) =
1√
V
eikr (2.2)

E =
~2k2

2m
(2.3)

where k is a wave-vector which is de�ned by periodical boundary conditions as
k = 2π( n1

Lx
, n2
Ly
, n3
Lz

), n1, n2, n3 are integers.
As electrons have half-integer spin value (s = 1/2) they are fermions, and thus

obey the Pauli exclusion principle and Fermi-Dirac statistics. This means that in
the low temperature limit available states are occupied by pairs of electrons with
the opposite spin values up to a maximum value Ef � Fermi energy, according to
the Fermi function:

f(E) =
1

1 + e(E−Ef )/(kBT )
(2.4)

There are two temperature limits:
- non-degenerate conductor (kBT � Ef ) where distribution f(E) ≈ exp[−(E −

Ef )/(kBT )] behaves similar to the Boltzmann distribution;
- degenerate conductor (kBT � Ef ) where distribution f(E) ≈ ϑ(Ef − E) be-

haves as Heaviside step function.

The Fermi energy can be expressed as:

Ef =
~2k2f
2m

(2.5)

where kf is Fermi wave-vector. Hence in the reciprocal space all electrons �ll
up the states up to a sphere with radius kf , which is called the Fermi surface. The
value of the Fermi energy can be derived from the carrier concentration. The total
number of the electrons in the system N is equal to the number of the states inside
the Fermi surface and the volume of one state in the reciprocal space is 2π

Lx
× 2π
Ly
× 2π
Lz
:

N = 2(for the spin)
4

3
πk3f

V

(2π)3

substituting the kf from the equation 2.5 and denoting carrier concentration
n = N/V :
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Ef =
~2

2m
(3π2n)2/3 (2.6)

Electrons at the Fermi surface are characterized by Fermi wave-length λf and
velocity vf :

vf =
~kf
m

, kf =
2π

λf
(2.7)

Assuming that dimensions of our box are macroscopic (Lx, Ly, Lz � λf ), we have
a quasi-continuous energetic spectrum. The DOS can be calculated if we introduce
the concept of the density of a single-particle state through the Dirac delta function
δ(x). The whole DOS can be obtained if we sum the densities over all states:

g3D(E) =
∑

spin states

∑
k

δ(E − Ek) = 2
V

(2π)3

∫
d3k δ(E − ~2k2

2m
) ∼

√
E (2.8)

2D system

Now we con�ne the 3D electronic gas along one direction Lz � Lx, Ly and
Lz ≈ λf (we will come back to this criterion in the section 2.3.1). The electrons
are free to propagate in x-y plane but they are con�ned by some potential U(z) in
the z-direction which should be taken into consideration in the time-independent
Schrödinger equation: [

−~252

2m
+ U(z)

]
ψ(r) = Eψ(r) (2.9)

Then, the electronic wave-function can be written in the form:

ψk(r) = Aϕn(z)eikxxeikyy (2.10)

where the vector k = 2π( n1
Lx
, n2
Ly

) is a planar vector de�ned by periodical bound-
ary conditions, and the energy dispersion is:

E = εn +
~2

2m
(k2x + k2y) (2.11)

Unlike the 3D case now we have n di�erent subbands each characterized by
the wave-function ϕn(z) and energy εn. In the x − y plane, electron's motion is
described by quasi-continuous parabolic energetic spectrum Ekx,ky = ~2

2m(k2x + k2y)

with wave-functions:

ψ(x, y) =
1√
S
eikxxeikyy

normalized to the area S = LxLy. Accordingly the Fermi surface of 2DEG is a
circle with the radius kf . DOS inside one 2D subband can be expressed as:
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g2D(E′) = 2
∑
k

δ(E′ − Ek) = 2
V

(2π)2

∫
d2k δ(E′ − ~2k2

2m
) =

m

π~2
Θ(E′) (2.12)

where E′ = E − εn is the energy counted from the bottom of the subband
and Θ(E′) is a Heaviside function. We see that 2D DOS has a stepwise behaviour
(Fugure 2.1b) and as the number of occupied subbands increases.

1D system

We continue to reduce the dimensionality of our system and con�ne it along the
y direction (Lz, Ly � Lx). The electrons are free to propagate only along the x
direction and they are con�ned by potentials Uy(y) and Uz(z) in y and z directions,
thus time-independent Schrödinger equation is:[

−~252

2m
+ Uy(y) + Uz(z)

]
ψ(r) = Eψ(r) (2.13)

and the corresponding electronic wave-functions are:

ψk(r) =
1√
Lx
eikxxχny(y)ϕnz(z) (2.14)

where vector k = 2π(nx
Lx
, 0, 0).

Performing the same operation (Eq. 2.8 and 2.12), it is easy to show that the
energy dispersion will be:

E = εny + εnz +
~2k2x
2m

(2.15)

and DOS for the one 1D subband:

g1D(E′) ∼ 1/
√
E′ (2.16)

where εny and εnz are the energy levels de�ned by the con�ning potentials Uy(y),
Uz(z) and E′ = E − εny − εnz . Now, as we approach the bottom of the 1D sub-
band, the DOS diverges (van Hove singularity) (Figure2.1c). This drastic change
in the DOS caused by reducing the dimensionality of the system predicts unusual
properties of 1D materials and has attracted a lot of attention of the scientists.
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Figure 2.1: DOS as a function of energy fot (a) 3DEG, (b) 2DEG with only the
lowest occupied subband, (c) 1DEG with in�nite boundary conditions (see section
2.1.2). Dashed areas correspond to the occupied electronic states

The dimensionality of the system in�uences the DOS and the energy disper-
sion law. The energy levels εny , εnz and the wave-functions ϕnz(z), χny(y) of the
electronic states in y and z directions are the eigenvalues and the eigenfunctions of
the Schrödinger equation with con�ning potentials Uy(y) and Uz(z). In general, for
arbitrary con�nement potential there are no analytical solutions. We will present
below several examples of the solution for three particular potentials, which can be
used to describe the actual potential in real nanosystems.

2.1.2 Analytical solutions of the eigen energies and wave-functions
in the 1D case for di�erent potential pro�les

In�nite quantum well potential

Consider free 2DEG in x−y plane con�ned in y direction by an in�nite potential
quantum well:

U(y) =

{
+∞, y /∈ [0, L],

0, y ∈ [0, L];

In order to �nd the wave-functions χ(y) related with the motion in y direction,
we should solve the one-dimensional Schrödinger equation:
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− ~2

2m

d2χ(y)

dy2
= Eχ(y) (2.17)

with the boundary conditions:

χ(y) = 0 for y /∈ (0, L) (2.18)

A solution of the equation 2.17 is a superposition of two planar waves propagating
in opposite directions along the axis y:

χ(y) = Aei
2mE
~2 y +Be−i

2mE
~2 y

From the boundary condition χ(0) = 0 and wave-function normalization
∫ L
0 |χ(y)|2 =

1 we can �nd coe�cients A and B. Hence the wave-function can be rewritten as:

χ(y) =

√
2

L
sin
(πny
L

)
where n = 1, 2, 3... (2.19)

The energy levels can be found from another boundary condition χ(L) = 0 :

En =
π2~2

2mL2
n2 (2.20)

As we can see, the wave-functions are a set of standing waves which are limited
by the quantum well and the energy levels have a quadratic distribution. On the
Figure 2.1c, we can see the corresponding n2 spacing of the Van Hove singularities.

Performing similar calculations for the con�nement in z direction we can derive
the wave-functions and corresponding energy levels for the quasi-1D nanowire with
a rectangular cross-section Ly × Lz.

ψk(r) =
2√

LxLyLz
eikxxsin

(
πnyy

Ly

)
sin

(
πnzz

Lz

)
(2.21)

Ekx,ny ,nz =
~2k2x
2m

+
π2~2

2mL2
y

n2y +
π2~2

2mL2
z

n2z (2.22)

In�nite cylindrical con�ning potential

Analytical solution in the in�nite cylindrical potential pro�le can be applied to
a big variety of real systems, for example, to quasi-1D nanowires. To obtain the
wave-functions and energy spectrum for such kind of system, we should solve the
Schrödinger equation with in�nite cylindrical con�ning potential:

U(y, z) =

{
+∞, y2 + z2 > R2,

0, y2 + z2 ≤ R2;

Schrödinger equation in cylindrical coordinates r(ρ, z, φ) for ρ ≤ R can be
written as:
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− ~2

2m

(
∂2ψ(r)

∂ρ2
+

1

ρ

∂ψ(r)

∂ρ
+
∂2ψ(r)

∂z2
+

1

ρ2
∂2ψ(r)

∂φ2

)
= Eψ(r) (2.23)

The solution can be presented as ψ(%, z, φ) = P (ρ)Z(z)Φ(φ), thus we can sepa-
rate the equation and derive P (ρ) and Z(z) :

Zn(z) =
1√
Lz
eikzz where kz =

2πn

Lz
, n = 1, 2, 3...

Φ(φ) = (2π)−1/2eimφ where m = 0,±1,±2...

and equation for P (ρ) can be reduced to:

ρ2
d2P (ρ)

dρ2
+ρ

dP (ρ)

dρ
+(k2ρ2−m2)P (ρ) = 0 ,with the boundary condition P (R) = 0

The solutions are Bessel functions Jm(km,pρ) such that km,pR = jm,p, where
jm,p is the pth zero of the Bessel function Jm. Thus, the total wave-functions and
corresponding energy levels are given by:

ψ(%, z, φ) =
1√

2πLz
eikzzeimφJm(jm,p

ρ

R
) (2.24)

Em,p =
~2

2m

(
j2m,p
R2

+ k2z

)
(2.25)

Parabolic con�ning potential

Consider free 2DEG in x− y plane with a parabolic con�ning potential:

U(y) =
1

2
mω0y

2 (2.26)

We assume that the carrier concentration is low enough, thus only the �rst
energetic z-subband with energy εz is occupied, which will be omitted in the further
calculations. The Schrödinger equation in this case is:[

−~252

2m
+

1

2
mω0y

2

]
Ψ(x, y) = EΨ(x, y) (2.27)

or with the substitution px ≡ −i~ ∂
∂x and py ≡ −i~ ∂

∂y :[
p2x
2m

+
p2y
2m

+
1

2
mω0y

2

]
Ψ(x, y) = EΨ(x, y) (2.28)

Accordingly to the equation 2.14 a solution can be expressed as:

Ψ(x, y) =
1√
Lx
χ(y)eikxx (2.29)
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where the function χ(y) satis�es the equation:[
~2k2x
2m

+
p2y
2m

+
1

2
mω0y

2

]
χ(y) = Eχ(y) (2.30)

The eigenfunctions and eigenenergies of this equation are given by:

χn,k(y) = un(q) where q =

√
mω0

~
y (2.31)

E(n, k) =
~2k2x
2m

+ (n+
1

2
)~ω0, n = 0, 1, 2... (2.32)

where un(q) = e−q
2/2Hn(q) and Hn(q) is the nth Hermite polynomial.

Figure 2.2: Dispersion relation E(k) for electrical subbands due to the parabolic
con�ning potential U(y) = 1

2mω0y
2.

The dispersion relation (Figure 2.2) shows that di�erent index n correspond
to the di�erent subbands with equidistant spacing of ~ω0. Thus, increasing the
con�ning potential increases the energy splitting of the electrical subbands. We will
come back to this type of con�nement in the section 2.4.2.

2.2 Creation of 2D and 1D systems

A typical example of a 2D electronic con�nement is obtained in an inversion
layer in a semiconductor substrate. This is widely used in MOSFET (metal-oxide-
semiconductor �eld-e�ect transistor). A typical device consists of a SiO2 layer (a
few nanometers thick) grown on a p-type Si substrate, covered by a metallic gate
electrode. The 2D electron gas (2DEG) appears in the p-type Si at the oxide�sc.
interface as a result of the band-bending which comes from the electrostatic balance
caused by the application of a positive voltage Vg on the gate, as shown on the
�gure 2.3.

The electron concentration ns of the 2DEG is obtained by the relation ensS =

C(Vg − Vt), where S is the surface of the layer, C is the geometrical capacitance of
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Figure 2.3: The diagram of the band structure of a MOSFET. A 2DEG is formed
at the interface between the oxide and the p-type silicon substrate as a consequence
of the positive voltage Vg on the gate electrode. Taken from [Beenakker 1991].

the gate electrode and Vt is the threshold voltage beyond which inversion layer is
created. We can de�ne C = εSiO2S/dSiO2 (εSiO2 is the dielectric constant of the
SiO2 layer and dSiO2 its thickness), so

ns =
εSiO2

edSiO2

(Vg − Vt) (2.33)

As we can see electronic concentration is linearly proportional to the applied
electric �eld across the oxide layer Vg/dSiO2 .

Inversion layer in Si/SiO2/metal structure was the �rst experimental demon-
stration of quantized electronic states due to the arti�cial con�nement. The success
of the Si-based MOSFET is due to the smooth Si�SiO2 interface, which varies only
by a few atomic steps allowing the existence of well-de�ned quantum states. Later,
the development of the molecular beam epitaxy (MBE) and metal organic chemical
vapor deposition (MOCVD) has allowed to create more complicated heterostruc-
tures with the quantization perpendicular to the substrate, such as the high electron
mobility transistor (HEMT), commonly based on GaAs and AlGaAs materials.

HEMT uses a junction between two materials with di�erent band gaps as a
conducting channel instead of a doped region, like in MOSFET (Figure 2.4). The
electrons are con�ned at the GaAs�AlGaAs interface by a potential well coming
from the conduction band o�set between two semiconductors and the electrostatic
potential of the positively charged donors in the n-doped AlGaAs layer. To reduce
scattering from these donors, the doped layer can be separated from the interface
by an undoped AlGaAs spacer layer, which leads to the very high mobility of the
2DEG (up to 3.2x107 cm2/V/s at low temperature) [Kumar 2010].

There are two principal methods to achieve a quasi-one-dimensional structure
based on the lateral con�nement of the 2DEG: by lithography techniques, one can
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Figure 2.4: Band structure in GaAs/AlGaAs heterojunction based HEMT.

pattern a lateral gate and con�ne the 2DEG by applying an electrostatic potential,
or etch directly the 2DEG, creating a geometrical con�ning potential. Modern
technologies allow to reach a characteristic width of such systems about several tens
of nanometers in both cases. The simplest example is presented at Figure 2.5a
where narrow channel was de�ned by scaling down the width of the gate contact.
The disadvantages for this type of the devices are some uncertainty in the channel
width beyond the gate. This problem is solved in the device Figure 2.5b, fabricated
by dry-etching techniques. But the presence of sidewalls may reduce the electron
mobility due the sidewall scattering.

Figure 2.5: Schematic views of two methods used to de�ne a narrow electron accu-
mulation layer. The location of the 2DEG is shown in black.

All techniques mentioned above are referred as a Top�Down approach of the
nanodevice fabrication: starting from large 3D patterns we use external tools to
reduce the material size and to manufacture the low-dimensional devices. Another
approach, called Bottom�Up, in which the properties of single atoms or molecules
are used to create nano-objects. The advantage of the second approach is that
nano-objects under certain conditions achieve almost ideal crystallinity. This means
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that nanodevices based on such kind of nano-objects could reveal unique transport
properties. Another advantage of the Bottom�Up technologies is the possibility to
produce devices in parallel and much cheaper than Top�Down methods if the self-
assembly of these objects is under control at the nanoscale and over wide areas.
The problem is that once the object is created it has to be manipulated. We will
consider a technique of such manipulation in the chapter 3.

2.3 Electronic transport in quasi-1D systems

In quasi-1D system, electrons are free to move in one dimensions, but they are
tightly con�ned in the two others, which leads to quantized energy levels for motion
in these directions. In order to describe the electronic transport in low dimensional
systems, and particularly in 1D system, it is necessary to de�ne the characteristic
lengths. Characteristic lengths of the electronic transport are the mean free path
le, the phase relaxation length lϕ and the electron wave-length λf at Ef , as only
electrons with energies close to the Fermi energy are responsible for the charge
transport of the system. When one or more dimensions of the system start to be
comparable with these lengths the electronic properties are modi�ed as compared
to those of the corresponding bulk system. These systems are called mesoscopic.
This term means that the system is still large compared to the microscopic (atomic)
scale but its properties cannot be described by a conventional macroscopic model.
To de�ne the transport regime, we determine relations between L (characteristic
dimension of the system), le, lϕ and λf . First of all, let us remind the physical
meaning of le, lϕ and λf .

2.3.1 The characteristic lengths

Mean free path (le)

An elastic collision is a collision which a�ects only the direction of the electron
momentum and an inelastic collision changes the value of the electron's momentum
and thus modi�es the electron phase. Denoting the mean time between two adja-
cent elastic collisions as τels, we can de�ne a time after which the direction of the
momentum will be completely randomized compared to the direction of the initial
momentum τe (momentum relaxation time) as:

1

τe
= αe

1

τels

where αe ∈ [0, 1] denotes the e�ciency of individual elastic collision to modify the
momentum. As the considered electrons have energies close to the Fermi energy, the
mean distance that an electron travels before its direction of the initial momentum
is completely randomized (mean free path) le can be expressed as:

le = vfτe (2.34)
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Phase relaxation length (lϕ)

In analogy with the momentum relaxation time the phase relaxation time can
be written as:

1

τϕ
= αϕ

1

τinels
where αϕ ∈ [0, 1]

where τinels is the mean time between two adjacent inelastic collisions. To de�ne
the phase relaxation length lϕ we should consider two cases:

i) τϕ . τe : the electron motion between two inelastic collisions is ballistic and
we can write:

lϕ = vfτϕ (2.35)

ii) τϕ � τe : the electron motion between two inelastic collisions is di�usive
and it consists of ∼ τϕ/τe randomly orientated ballistic segments of length le. Thus
we can calculate lϕ as a root mean squared distance traveled by the electron in a
particular direction:

lϕ =

√
τϕ
τe
l2e 〈cos2θ〉 =

√
1

2
vf leτϕ =

√
Dτϕ (2.36)

where D = vf le/2 is the di�usion coe�cient.

Fermi-wavelength (λf)

Another characteristic length of the system is the Fermi-wavelength λf . As we
saw in the section 2.1 in the 2D system, allowed values for ky are spaced by the
2π/W , where W is a characteristic width of the con�ning potential. Each value
of the ky ∈ [−kf , kf ] gives a distinct transverse mode, thus the total number of
propagating modes N is:

N = Round

(
kfW

π

)
= Round

(
2W

λf

)
(2.37)

where Round is rounding down to the nearest integer number. When the λf
is of the order of the width of the system W , we have only few transverse modes
and thus we can treat this system as a quasi-1D. Hence another criterion of the
low-dimensional system is: the Fermi-wavelength is comparable to the size of the
system.

Di�erent transport regimes in quasi-1D system are shown on the �gure 2.6 for
various ratios of characteristic lengths le, lϕ and W ; λf is of the order of the width
of the system W .
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Figure 2.6: Electron trajectories characteristic for the (a) di�usive (le < W,L), (b)
quasi-ballistic (W < le < L) and (c) ballistic (W,L < le) transport regimes, in the
case of specular boundary scattering. Asterisks are the internal impurity. Taken
from [Heinrich 1988].

2.3.2 Classical transport (Drude � Boltzmann model)

The conductor is in the classical transport regime if L � le � lϕ and kf le �
1. The �rst condition means that an electron passing through the conductor is
subjected to a large number of collisions and at the same time there is no interference
between electrons wave-functions, so they behave as a classical particles. The second
inequality, called criterion of Io�e-Reggel, avoid the localization of the electrons
due to the scattering centers (Anderson localization) [Anderson 1958]. It should
be noticed that the Boltzmann description is semi-classical, as we treat electrons
as a classical particles and in the same time the band structure and Fermi-Dirac
statistics, deduced from the Schrödinger equation are introduced into the model.

In the periodic potential of the crystal lattice, electrons can be represented by
Bloch wave-functions with a wave-vector k. Hence the group velocity can be de�ned
as:

v(k) =
1

~
∂E

∂k
=

~k
m∗

(2.38)

where m∗ is the e�ective electron mass and ~k is the electron momentum. Since
there are no interference e�ects (le � lϕ) between the collisions we can use the
classical law for describing the dynamics of electrons:

F =
∂(~k)

∂t
=⇒ F = m∗

∂v

∂t
(2.39)
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where F is the sum of external forces applied to the electron. In the presence of
an electric �eld E, there are two forces: force of the electric �eld and the "friction"
force caused by the collisions.

F = −eE−
(
dp

dt

)
scattering

(2.40)

If we assume that an electron after being scattered receives its momentum due
to the external �eld and looses it completely at the next scattering, so the system
reaches an equilibrium and we can say that all the electrons have a mean velocity
value vd, which is called drift velocity. Hence:

eE = −m
∗vd
τe

=⇒ vd = −eτe
m∗

E = −µE (2.41)

where µ is the electron mobility.
The Boltzmann model describes the evolution of the electron energy distribution

in the presence of external forces. At the thermodynamic equilibrium electrons obeys
the Fermi-Dirac statistic f(E) (Eq. 2.4), thus to determinate its evolution in time
we should resolve the Boltzmann equation:

df

dt
=
∂f

∂t
+

1

~
∂f

∂k
F+

∂f

∂r
v(k) (2.42)

Electric �eld shifts the Fermi-Dirac distribution by a vector kd = −eEτe/~, thus:

[f(k)]
E6=0 = [f(k-kd)]E=0

In the k-space, it can be seen as a shift of the Fermi surface by the vector kd
(Figure 2.7).

Figure 2.7: At low temperatures all the states within a circle of the radius kf are
occupied at equilibrium (left-handed shading). In the presence of the electric �eld
the circle is shifted in the direction of −E (right-handed shading). Taken from
[Datta 1995].
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Now, the number of the electrons propagating along the x axis is not compen-
sated by electrons moving in the opposite direction. For the weak electric �eld
(kd � kf ), nothing happens deeply inside the Fermi surface. It is only near −kf
the states that used to be full become empty, while near +kf the states that were
empty become full. So, only a small number of electrons with energy states from
kf − kd to kf + kd are carrying the current and the current density can be written
as:

J = −e
∫ E(kf+kd)

E(kf−kd)
f(E)v(E)DOS(E)dE = σE (2.43)

where

σ = enµ (2.44)

is the Drude conductivity and f obeys the Boltzmann equation. If we substitute
the µ = eτe/m

∗ and denote di�usion coe�cient D = τe/m
∗, we obtain the Einstein

relation for the conductivity:

σ = e2nD (2.45)

In order to show the agreement of derived conductivity with the Ohm's law, we
can calculate the current in the conductor with length L and cross-section S under
the bias voltage V :

I = JS = σES = σ
V

L
S (2.46)

If we denote system resistivity ρ = 1/σ we obtain the Ohm's law:

I =
V

ρLS
=
V

R

2.3.3 Ballistic regime

A system is in a ballistic regime if the electrons propagate without collisions. As a
consequence from this de�nition, the system should satisfy the inequality L� le, lϕ.
From the classical conductance equation G = σS/L, where σ is the conductivity,
a parameter speci�ed by the material of the sample, we should expect an in�nite
increase of the conductance with the reduction of the length L. But experimentally
it was found, that once the system's length becomes shorter than the mean free
path, the conductance is limited by some value G0. The Landauer-Büttiker model
allows to understand this discrepancy considering the conductance as a probability
that electron can be transmitted through the system.

Consider a quasi-1D system with N electronic conduction channels connected by
two perfect contacts at zero temperature (Figure2.8) and polarized by a tension V .
Denoting the chemical potential of the left and right contacts µ1 and µ2 respectively,
we can write eV = µ1 − µ2.
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As we have an asymmetry in the electron energy distribution, the �ow of elec-
trons emitted from the left contact to the right one is not equal to the opposite �ow
emitted by right contact and we can calculate the current as:

I = e

∫ µ1

µ2

v(E)D(E)dE (2.47)

replacing the velocity of the electrons by v = 1
~
∂E
∂k and DOS of electrons propa-

gating in one direction by D(E) = N
π
∂k
∂E we have:

I =
2eN

h
(µ1 − µ2) =

2e2N

h
V (2.48)

and the conductance

G =
I

V
=

2e2N

h
= NG0 (2.49)

where G0 = 2e2/h ≈ 7.75 10−5Ω−1 is called the quantum of conductance.

Figure 2.8: (a) A conductor under external bias between two contacts. (b) Band
diagram under bias. In the contacts there is a high DOS - indicated by shading,
thus +k stated and −k states have nearly the same quasi-Fermi level µ1 and µ2
correspondingly.

We derived the conductance of the 1D system in the ballistic regime, which
behaves as multi-moded waveguide: electrons propagate between the contacts with
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a constant energy de�ned by the initial state. The conductance is independent
of the length L of the sample, and it increases proportionally to the number of
conducting bands (modes) N involved in the process. Consequently, the resistance
of the ballistic conductor with a single mode is ∼ 12.9kΩ, if we assumed that there
are no collisions in the system. This resistance comes from the contacts and can
be explained by the fact that in the metallic contacts we have a 3D electronic gas
with the quasi-continuous energy distribution while in the 1D conductor we have
a discrete energy distribution in y-z plane. Thus some of the electrons from the
contacts will be re�ected by the interface contact/conductor, because there is no
"place" (in energetic space) for such electrons in the 1D system.

2.3.4 Conductor as a waveguide with a �nite transmission proba-
bility

We consider a di�usive system where le � L in the incoherent regime (lϕ � le)
and we consider propagation of electrons in the conductor as a transmission of wave-
functions through a waveguide. A simple approach to de�ne a di�usive conductor
is to introduce a transmission probability of the system. Consider as previously
a quasi-1D system with N conduction electronic bands below Ef , contacted by
two ideal contacts at zero temperature, with a probability T ≤ 1 that an electron
injected in the contact 1 will be transmitted to the contact 2 (Figure2.9).

Figure 2.9: a) A conductor having a transmission probability T under external
bias between two contacts. b) Band diagram under bias with ingoing and outgoing
currents at the interfaces contact/conductor.
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By polarizing the system with the potential V = (µ1 − µ2)/e, we write the
current ingoing from the contact 1 to the conductor as (see Eq. 2.48):

I→1 =
2eN

h
(µ1 − µ2)

and the current outgoing from the conductor I→2 to the contact 2 as I→1 times a
transmission probability T :

I→2 =
2eN

h
T (µ1 − µ2)

and the re�ected part of the current as:

I←1 =
2eN

h
(1− T )(µ1 − µ2)

Thus the full current �owing from left contact to right contact is:

I = I→1 − I←1 = I→2 =
2eN

h
T (µ1 − µ2)

Hence the conductance is equal to:

G =
I

V
=

2e2N

h
T = G0NT (2.50)

This equation, called the Landauer formula, describes the properties of low-
dimensional conductor, with a length-independent contact resistance and the steps-
like conductance behaviour versus the number of �lled channels. In the same time
it recovers the Ohm's law for large conductors.

From the equation 2.50, the resistance of the conductor R can be written as:

R =
h

2e2N

1

T
=

h

2e2N
+

h

2e2N

1− T
T

(2.51)

where the �rst term comes from the contact resistance of the ballistic system
and the second term is due to the presence of re�ection inside the system and
proportional to the ratio of re�ected to propagated electrons (1− T )/T . It can be
shown that this ratio has an additive property for incoherent electrons. This means
that the transmission probability T (X) of the system with X scatterers, each having
a transmission probability T , is given by

1− T (X)

T (X)
= X

1− T
T

⇒ T (X) =
T

X(1− T ) + T

and if we rewrite the number of scatterers X trough the linear density of scat-
terers ν in a conductor of length L as: X = νL, we can write:

T (L) =
L0

L+ L0



2.3. Electronic transport in quasi-1D systems 23

where L0 ≡ T
ν(1−T ) is of the order of mean free path le (in case T ∼ 1). The last

is easy to see if we remember that le is the average distance that an electron can
pass before it is scattered. So the probability to be scattered on the distance le is:

(1− T )νle ∼ 1 ⇒ le ∼
1

ν(1− T )
∼ L0

Hence the equation 2.50 can be rewritten as:

G = G0N
le

L+ le
, or in case where le � L as G ≈ G0N

le
L

(2.52)

For the resistance, accordingly with equation 2.51, we can write:

R =
h

2e2N
+

h

2e2N

L

le
= Rc +Rcl (2.53)

The number of the conduction electronic subbands N is proportional to the
width of the sample W (Eq. 2.37): N ∼ kfW/π. Hence the resistance of the
conductor (Eq. 2.53) consists of the resistance of the contacts Rc, which becomes
negligible with the increase of W , and thus:

R ≈ 1

σ

L

W
where σ = e2n

vf le
π

(2.54)

where n is a carrier concentration. If we de�ne di�usion coe�cient asD = vf le/π

we obtain the Einstein relation σ = e2nD for the conductivity. Thus, the Landauer
formula recovers the Ohm's law as we increase the size of the system.

2.3.5 Coherent transport

At low temperature, the phase relaxation length lϕ can be comparable or larger
than the mean free path le, and the quantum nature of the electrons, represented
by their wave function, in particular its phase, should be taken in to account. First
we will describe the case where lϕ exceeds the length of the system L.

Consider a single mode conductor connected to ideal contacts with two scattering
centers in series with probabilities T1 and T2 and re�ection probabilities R1 and R2

respectively.

Figure 2.10: A conductor with two scatterers in series with transmission probabilities
T1 and T2 and re�ection probabilities R1 and R2 respectively under external bias
between two contacts.
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The transmission probability through the system is [Datta 1995]:

T =
T1T2

1− 2
√
R1R2cosθ +R1R2

(2.55)

where θ is the phase shift acquired in one round-trip between the scatterers.
Before we write down the resistance of such a system, it should be noted, that
interference e�ects depend on the scatterers con�guration and on the electron wave-
length, so the resistance could be de�ned only through an ensemble averaged over
many conductors having di�erent con�gurations but the same number of scattering
centers.

ρ12 =

〈
1− T
T

〉
here ρ12 is the resistance normalized to h/2e2. If we substitute T from equation

2.55 and realize the ensemble averaging as integration over all possible phase shifts
θ:

ρ12 =

∫
1

2π

1 +R1R2 − T1T2 − 2
√
R1R2cosθ

T1T2
dθ =

1 +R1R2 − T1T2
T1T2

we see that there is no more additivity for the ratio (1 − T )/T . Hence if we
de�ne the resistances of the individual scatterers as

ρ1 ≡ 1−T1
T1

and ρ2 ≡ 1−T2
T2

we can write:
ρ12 = ρ1 + ρ2 + 2ρ1ρ2 (2.56)

To obtain the resistance as a function of the conductor length L we consider
what happens if to the conductor of length L and resistance ρ1(L) we add a short
section of length ∆L, with resistance ρ2(∆L). As this section is small it has a
ballistic conductance and its resistance can be derived from equation 2.53:

ρ2(∆L) =
∆L

L0

where L0 is in the order of the mean free path. Here we ignore the contact
resistance, as we are interested only in the intrinsic resistance of short section ∆L.
From the equation 2.56:

ρ(L+ ∆L) = ρ(L) + [1 + 2ρ(L)]
∆L

L0

reducing ∆L we can write the di�erential equation:

dρ

dL
=
ρ(L+ ∆L)− ρ(L)

∆L
=

1 + 2ρ

L0
(2.57)
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This equation was solved by Landauer [Landauer 1970] and the solution is:

ρ(L) =
1

2
(e2L/L0 − 1) (2.58)

The derived quantum resistance dependence ρ(L) di�ers drastically from the
Ohm's law, because the electron interference was taken into the account.

2.3.6 Universal Conductance Fluctuations

In the previous section, we derived the resistance of a single-moded conductor
in the phase-coherent regime. It was shown [Thouless 1977] that multi-moded con-
ductor resistance can be described by this solution as well, if it is long enough that
the resistance is of the order of h/2e2. From the equation 2.53 we can see that
this requires that the length exceeds NL0, which is called localization length Lc.
According to the relation between the length of the phase-coherent conductor and
the localization length we can divide the conductance regimes into two types:

- regime of strong localization (L ≥ Lc): the resistance no longer scales
linearly with L but diverges exponentially;

- regime of weak localization (L� Lc): the resistance from equation 2.58
can be expressed as a Taylor series up to second order:

ρ(L) ∼

[
L

Lc
+

(
L

Lc

)2
]

where the �rst term ρcl = L/Lc is the classical Ohm's behaviour and the second
term ∆ρ = (L/Lc)

2 = ρ2cl represents the deviation due to the interference. Thus the
related correction to the conductance ∆G (in 2e2/h units) is:

∆G = ∆

(
1

ρ

)
= −∆ρ

ρ2
' −1

Taking into account this correction we derive the ensemble averaged conductance of
the system in the weak localization conduction regime:

< G >= Gcl −G0 (2.59)

We see that interference e�ects lead to the reduction of the conductance by G0

and this correction is universal and independent of the system's characteristics while
L < lϕ. If L > lϕ the conductor can be consider as a L/lϕ series of phase-coherent
blocs, each of which contains many elastic scatterers. This type of transport is called
quantum di�usive regime. Inside the blocs, we can use the equation 2.59 for weak
localization conduction regime and in between them we can apply Ohm's law and
treat them as a series of resistances r:

r = (Gcl −G0)
−1 (2.60)

where Gcl = σWlϕ and W is the width of the conductor. Thus:
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< G−1tot >=
L

lϕ
(Gcl −G0)

−1 ⇒ < Gtot >= σ
W

L
−G0

lϕ
L

(2.61)

the correction to the Ohm's law is the same up to a ratio of the phase relaxation
length to the length of the system.

We want to pay attention to the fact that corrections derived in equations 2.59
and 2.61 are the corrections to the ensemble average value of the conductance -
Universal Conductance Fluctuations (UCF). This means that the conductance will
vary from sample to sample due to di�erent con�gurations of scattering sites. These
�uctuations can be achieved as well by varying of the electron density or applying
a magnetic �eld and thus changing the Fermi wavelength of the electrons. For the
microscopic system (L < lϕ), these �uctuations are universal and the value is in the
order of [Datta 1995]:

δG ≈ e2

h
(2.62)

and for the macroscopic system (L > lϕ) the value of �uctuations is reduced by the
number of the coherent blocs in the system lϕ/L [Datta 1995]:

δG ≈ C e
2

h

(
lϕ
L

)3/2

(2.63)

where parameter C depends on the geometry of the system.

2.4 Magnetotransport

The magnetic �eld may have a profound e�ect on the electronic and transport
properties of the nanostructures and leads to the appearance of new fundamen-
tal behaviors, such as the quantum hall e�ect (QHE) and fractional quantum hall
e�ect(FQHE).

2.4.1 Classical magnetotransport

Conductivity measurement in a weak magnetic �eld is an e�ective tool to charac-
terize the semiconducting system, as it provide the carrier density n and the mobility
µ individually, whereas the conductivity only derives their product σ ∼ nµ. This
can be shown if we assume that an electron, after scattering, receives its momentum
due to the external �eld and looses it completely at the next scattering:

mvd
τm

= e[E+ vd ×B] (2.64)

where vd is the drift velocity of the electrons. After some calculations we obtain
a resistivity as a second-order tensor:

E = ρ[2]J (2.65)

where
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ρxx = σ−1 (2.66)

and

ρyx = −ρxy =
µBz
σ

=
Bz
en

(2.67)

We derived the longitudinal and the Hall resistances in the Drude model. These
values can be measured in a sample with 2DEG in a Hall bar con�guration (see
Figure 2.11 )

Figure 2.11: Hall bar con�guration for magnetoresistance measurements.

Where the longitudinal voltage drop is Vx = (V1−V2) and the Hall voltage drop
is VH = (V2 − V3). Hence from the equation 2.65:

Ex = ρxxJx and Ey = ρyxJx

Taking into the account the con�guration of the sample wee can express the resis-
tivity as:

ρxx =
VxW

IL
and ρyx =

VH
I

Thus we can derive the carrier concentration n and the mobility µ from the equations
2.66 and 2.67 :

n =
IB

eVH
(2.68)

µ =
IL

enVxW
(2.69)

The Drude model predicts that the longitudinal resistance is constant and the
Hall resistance increases linearly with the magnetic �eld. This prediction holds quite
well at low magnetic �elds, however at high magnetic �elds in low temperatures
were observed oscillations of the longitudinal resistivity, called Shubnikov-de Haas
oscillations, and the Hall resistance exhibits plateaus corresponding to the minima
in the longitudinal resistance. Understanding of these features involves the quantum
e�ects such as formation of Landau levels.
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2.4.2 2DEG under quantizing magnetic �eld

We consider a 2D rectangular conductor in a constant magnetic �eld applied
perpendicular to the plane of the conductor. We assume that the carrier concentra-
tion is low enough, thus they occupy only the �rst electronic z�subband with energy
εz which will be omitted in the further calculations. Schrödinger equation for this
system in the e�ective mass approximation is:[

(i~5+eA)2

2m∗

]
Ψ(x, y) = EΨ(x, y) (2.70)

where A is a vector potential of the magnetic �eld, which in the Landau gauge
is expressed as:

Ax = −By and Ay = 0

Performing the substitution px ≡ −i~ ∂
∂x and py ≡ −i~ ∂

∂y equation 2.70 can
rewritten as: [

(px + eBy)2

2m∗
+

p2y
2m∗

]
Ψ(x, y) = EΨ(x, y) (2.71)

The solutions of this equation can be expressed in the form of plane waves:

Ψ(x, y) =
1√
Lx
χ(y)eikx (2.72)

where Lx is the length of the system and the function χ(y) satis�es the equation:[
(~k + eBy)2

2m∗
+

p2y
2m∗

]
χ(y) = Eχ(y) (2.73)

The last one can be rewritten in the form:[
p2y

2m∗
+

1

2
m∗ω2

c (y + yk)
2

]
χ(y) = Eχ(y) (2.74)

where

yk ≡
~k
eB

and ωc =
eB

m∗
(2.75)

Equation 2.74 is the equation of the harmonic oscillator centered at y = − ~k
eB

and not at y = 0 as it was for 1D system with the parabolic con�ning potential (eq.
2.30). Hence the eigenfunctions and eigenenergies are similar to the equations 2.31,
2.32:

χn,k(y) = un(q + qk) (2.76)

E(n, k) =

(
n+

1

2

)
~ωc , n = 0, 1, 2, ... (2.77)
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where q =
√
m∗ωc/~y and qk =

√
m∗ωc/~yk

States with di�erent n belong to the di�erent magnetic subbands, which are
spaced equidistantly by ~ωc (see Figure 2.12).

Figure 2.12: Dispersion relation E(k) for Landau levels (magnetic subbands) in
2DEG.

The description is similar to the one-dimensional system with the parabolic
con�ning potential except the fact that the energy is independent of k, which leads
to a velocity v(n, k) ∼ ∂E/∂k = 0 associated with these states and not ~k/m∗ as
it was for electrical subbands. Thus wave-functions χn,k are localized along the y
direction near the y = yk values. And if we construct a wave-packet localized in x
it would not move. This reminds us a solution for electron in magnetic �eld from
classical dynamics, where electrons execute a circular movements in x−y plane and
don't move in any particular direction.

Hence the presence of the magnetic �eld splits the 2DEG subbands with con-
stant DOS into discrete Landau levels. The number of states in one Landau level
(degeneracy of the Landau level) can be calculated if we remind that the allowed k
values are spaced by 2π/L, so the corresponding wave-functions are spaced along y
direction by:

∆yk =
~∆k

eB
=

2π~
eBL

To obtain the whole number of states we can divide width of the sample W by ∆yk
(taking spin into the account):

N =
eBS

π~
, so the degeneracy is: n =

N

S
=
eB

π~
(2.78)

Thus we can write the DOS for 2DEG in a perpendicular magnetic �eld as:

N(E,B) =
eB

π~
∑
n

δ

[
E −

(
n+

1

2

)
~ωc
]

(2.79)

2.4.3 Toward 1D conductor under high magnetic �eld

Now we consider the same system as in previous section 2.4.2 additionally con-
�ned by a parabolic potential U(y) = 1

2m
∗ω0y

2. We start from the equation 2.73
we and add the potential:
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[
(~k + eBy)2

2m∗
+

p2y
2m∗

+
1

2
m∗ω0y

2

]
χ(y) = Eχ(y) (2.80)

and rewrite it in the form of a one-dimensional Schrödinger equation with a
parabolic potential:[

p2y
2m∗

+
1

2
m∗

ω2
0ω

2
c

ω2
c0

y2k +
1

2
m∗ω2

c

[
y +

ω2
c

ω2
c0

yk

]2]
χ(y) = Eχ(y) (2.81)

where ω2
c0 = ω2

c + ω2
0

Thus, the eigenfunctions and eigenenergies are given by:

χn,k(y) = un

(
q +

ω2
cω

2
c0

q k

)
(2.82)

E(n, k) =
1

2
m∗

ω2
0ω

2
c

ω2
c0

y2k +

(
n+

1

2

)
~ωc0 (2.83)

where q = y
√
m∗ωc0/~ and qk = yk

√
m∗ωc0/~

and the velocity:

v(n, k) =
1

~
∂E(n, k)

∂k
=

~k
m∗

ω2
0

ω2
c0

(2.84)

The dispersion relationE(n, k) (Figure 2.13) shows the appearance of the magneto-
electric subbands. We can notice that the ratio

ω2
0

ω2
c0

=

(
1 +

ω2
c

ω2
0

)−1
governs the transformation of the magneto-electric subbands to purely magnetic
subbands when ω0 � ωc or to purely electric subbands for ωc � ω0.

Figure 2.13: Dispersion relation E(k) for magneto-electric subbands in a parabolic
potential.
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So at the �rst glance, it seems that the e�ect of the magnetic �eld can be taken
into account through the increase of the e�ective electron mass:

m∗ −→ m∗
(

1 +
ω2
c

ω2
0

)
making the subbands more �at as B increases. It can also be noticed that the
presence of the magnetic �eld in�uences the location of the electronic wave-function.
From the previous section (2.4.2) we saw that the magnetic �eld a�ects the wave-
function corresponding to a state (n,k) in the same way as a parabolic con�nement
potential with center y = −yk, thus localizing it in the y direction near yk. Using
the de�nition (Eq. 2.75) yk ≡ (~k)/(eB), if we substitute ~k from equation 2.84 it
comes:

yk = v(n, k)
m∗

eB

ω2
c0

ω2
0

= v(n, k)
1

ωc

ω2
0 + ω2

c

ω2
0

(2.85)

We derived that the location of the wave-function is proportional to its velocity.
Thus the presence of the magnetic �eld shifts the states carrying the current in x
direction to one side of the sample and states carrying the current in the opposite
direction to another side of the sample. This spatial gap in the y direction between
the forward and backward propagating states increases with the �eld (Figure 2.14).

Figure 2.14: Calculated energy versus center coordinate x0 for a 200-nm-wide wire
and a magnetic �eld intensity of 5 T. The shaded regions correspond to skipping
orbits associated with edge state behavior. Taken from [Ferry 1997].
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At the boundaries of the wire, we see the increase of the DOS, while at the middle
of the wire (approximately 50�150 nm) the energy states are broadly dispersed and
the corresponding values of k vectors are close to zero. Thus, the current is carried by
only the edge states. This again reminds us the solution from classical mechanics,
where the Lorentz force ev × B is opposite for the electrons moving in opposite
directions, leading to the appearance of the Hall voltage across the sample.

2.4.4 Magneto size e�ects

According to the Drude formula the longitudinal resistivity is independent of
the magnetic �eld. This starts to be violated once the size of the system becomes

comparable with the magnetic length LB =
√

~
eB . This size e�ect can be illustrated

using a classical approach. Consider a ballistic 2D system with a width W and
di�use boundary scattering (Figure 2.15).

Figure 2.15: Illustration of the e�ect of a magnetic �eld on motion though a chan-
nel with di�use boundary scattering. a) Electrons which in a zero �eld move nearly
parallel to the boundary can reverse their motion in weak magnetic �elds. b) Sup-
pression of back scattering at the boundaries in strong magnetic �elds. Taken from
[Beenakker 1991].

At low magnetic �eld (LB ∼ 2W ), the curvature of electron trajectories are
large and the di�use re�ection at the sample border can enhance the backscattering
processes (Figure 2.15a) and therefore we observe the positive magnetoresistance.
At high magnetic �eld (LB < W/2), the small curvature radius combined with the
di�use re�ection results in the suppression of the backscattering (Figure 2.15b) and
leads to a negative magnetoresistance.

In the same classical approach we can discuss a negative magnetoresistance in a
di�usion transport regime - �gure 2.16.
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Figure 2.16: Electron trajectories in a 2D channel with specular boundary scattering
with one isolated di�usive center close to a boundary. a) Backscattering e�ect in
zero magnetic �eld. b) Illustration of the backscattering suppression induced by the
strong magnetic �eld. Taken from [Beenakker 1991].

It is notable, that in the presence of a magnetic �eld the positions of the im-
purities should be taken into account with respect to the channel boundaries. An
increase of the magnetic �eld (LB ≤ W/2) "excludes" the contribution of the im-
purities to the scattering process, if they are close to the boundaries. Thereby we
can say that magnetic �eld forms the conducting channels along the edges of the
sample.

This reminds us the solution obtained in the previous section 2.4.3, when we saw
that the magnetic �eld separates the states carrying the current along the sample to
the opposites sides of the sample according to the current direction (Figure 2.14).

2.4.5 Suppression of weak localization by a magnetic �eld

In section 2.4.4 we discussed the negative magnetoresistance in the classical
approach. Here we will examine the case of the coherent transport, when lϕ is not
negligible compared to system length L. We recall that in zero magnetic �eld the
conductance value in the weak localization regime is lover than conductance value
in the ballistic regime by δG:

δG ∼ e2

h

(
lϕ
L

)3/2

(2.86)

The cause of this e�ect is the constructive interference of the clockwise and
anticlockwise propagating waves in a closed-loop trajectory (Figure 2.17).
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Figure 2.17: Schematic electron di�usion in a disordered system. The curves repre-
sent di�erent electron trajectories with (l1, l2) and without (l3) closed-loop regions.
For the trajectory l2 the clockwise (l+2 ) and the anticlockwise (l−2 ) propagations are
shown.

Now, as we apply a magnetic �eld, the electron momentum should we written
as:

p = ~k− eA (2.87)

Hence the acquired phase di�erence for clockwise (+) and anticlockwise (-) prop-
agation around the close loop is:

∆ϕ =
1

~

(∮
+
p+dl−

∮
−
p−dl

)
=

2e

~

∫
(5×A)dS =

2eBS

~
≡ 2S

L2
B

≡ 4π
Φ

Φ0
(2.88)

where LB is a magnetic length, Φ0 ≡ h/e is an elementary quantum �ux and S
is an area enclosed by the closed-loop trajectory. Thus, the constructive interference
of these wave is broken and the weak localization is suppressed. Further increase of
the magnetic �eld a�ects the phase di�erence and the constructive interference can
be restored. Hence we will see �uctuations of the conductance, which varies from
one sample to another, depending on the particular con�guration of impurities. A
measure for the typical magnetic �eld scale of these �uctuations is called correla-
tion �eld Bc. It can be estimated from the �rst expression for the acquired phase
di�erence (Eq. 2.88) ∆ϕ = 2S/L2

B. The largest existing area that can be enclosed
by the coherence wave functions is proportional to the l2φ, thus the magnetic �eld
begins to have a signi�cant e�ect on the weak localization when lφ ∼ LB.

Finally, we have four di�erent characteristic lengths for the system: channel
width W , mean free path le, phase relaxation length lϕ and magnetic length lB.
Depending on the relative magnitude of this lengths we can distinguish di�erent
regimes listed in the Table 2.1 [Beenakker 1991]
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Dirty metal (le �W ) Pure metal (le �W )
Cond. 2D 1D 1D weak �eld 1D strong �eld
regime (lϕ �W ) (lϕ �W ) (L2

B �Wle) (Wle � L2
B �W 2)

Bc
~
e

1
2l2ϕ

~
e

√
3

Wlϕ
~
e
1
W

√
C1

Wvf lϕ
~
e

C2le
W 2vf lϕ

Table 2.1: Magnetic characteristic �eld Bc for the weak localization suppression in
di�erent regimes.

For all cases, we assume a channel length L � lϕ, channel width W � λf and
lϕ � le. The constants are given by C1 = 9.5 and C2 = 24/5 for specular boundary
scattering, and C1 = 4π and C2 = 3 for di�usive boundary scattering. For pure
metals, the case LB < W is out of the di�usive transport regime for weak localiza-
tion.

2.4.6 In�uence of the 1D band structure on the conductance of the
system.

Large research e�orts have been made to analyze the electronic transport proper-
ties of 1D systems [van Wees 1988, Bogachek 1993, Bogachek 1994, Bogachek 1996,
Scherbakov 1996, Debald 2005, Tserkovnyak 2006]. In the absence of magnetic �eld
and if one neglects the coherence e�ects, the conductance of a con�ned system, like
a conductance of a NW, is de�ned by the Landauer formula:

G =
2e2

h
NT (2.89)

It depends on the transmission probability T and on the number of propagating
modes N , which is determined by the cross-section of the NW. Thus, assuming a
ballistic transport regime, the conductance is quantized in 2e2/h units when the
cross-section is varied.

The e�ect of the magnetic �eld on the conductance can be taken into ac-
count as a time independent perturbation of the system through the Kubo formula
[Kubo 1966]. In this approach the conductance can be written as:

G(Ef , B) =
2e2

h
D(Ef , B)DOS(Ef , B) (2.90)

In a weak magnetic �eld the magnetoconductivity is mainly governed by the
di�usion coe�cient D(Ef , B). In the high magnetic �eld regime (

√
~/eB � W -

system width), the modulation of the density of states at the Fermi energy may
signi�cantly impact the magnetoconductivity. For example, a shift of the electronic
energy levels under the in�uence of an applied magnetic �eld may lead to signi�cant
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changes in the conductance. Bogachek et al. [Bogachek 1993, Bogachek 1994] pre-
dicted a step-like variations of the conductance in longitudinal magnetic �eld. These
calculations were performed for relatively wide wires, characterized by a large num-
ber of conducting channels. The step-like structures on the magnetoconductance
smothed by the temperature (Figure 2.18), track the number of conducting chan-
nels at Ef .

Figure 2.18: a) Conductance as a function of kfa (a is the NW diameter, k is a
momentum along the NW axis) at di�erent temperatures T = 0, 0.1, 0.5, 1.0, 1.5 and
2.0 (in unites of ~2/(m∗a2kB)), from [Bogachek 1994]. b) Conductance as a function
of normalized magnetic �ux (α = Φ/Φ0) through the NW at di�erent temperatures
T = 0, 0.2, 1.5, 5.0 and 15.0 (in unites of ~2/(m∗a2kB)). From [Bogachek 1993].

It was predicted that, at low temperatures sharp modulations should appear on
the scale of a fraction of a �ux quantum Φ0, a new scale for mesoscopic phenomena.
These sharp conductance steps (Figure 2.18b) are caused by the shift of electronic
levels through the Fermi level in a magnetic �eld. Thus, the scale of this phenomena
is related to the separation of energy levels in the system. At �nite temperature
these steps are broadened and will be smoothed when kT becomes comparable with
the average energy level spacing. As expected the conductance steps are broadened
at �nite temperatures, as can be seen in Figs. 2 and 3. The temperature scale for
the broadening is related to the average energy level spacing.

At low doping levels, Bogachek et al. [Bogachek 1996] predicted a magnetic
switch e�ect and the occurrence of a magnetic quench of the quantum transport in
nanowires (Figure 2.19a).
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Figure 2.19: a) Conductance of a NW as a function of normalized magnetic �ux
(α = Φ/Φ0). The di�erent curves correspond to the marked values of kfa0 (a0 is
the NW diameter). b) Conductance of a NW versus α for kfa0=3.3 for di�erent
temperatures, measured in 4Ef/(kfa0)

2 units. c) Dependence of the electromag-
netic subbands (k2mn = 2m∗Emn(a0)/~2) versus α. The dotted line corresponds to
kfa0=3.3. From [Bogachek 1996].

The two lower curves on the �gure 2.19a (kfa0=2.5, 4.0) reveal a conductance
quench, since all the electromagnetic subbands crossed the Fermi level due to the
magneto-induced shift toward higher energies. The conductance modulations on the
two upper curves (kfa0=6.0, 8.0) occur due to changes in the number of electro-
magnetic subbands crossing the Fermi level. Additionally, using the band structure
calculation, another e�ect has been predicted: the enhancement of the magnetocon-
ductance along with the increase of the temperature under appropriate conditions
(Figure 2.19b,c). This e�ect originates from the thermally activated increase of the
transmission probability of a quantum channel located above the Fermi level.

These theoretical investigations unveil the direct link between the magnetocon-
ductance behaviour in the high �eld regime and the electronic band structure.

2.4.7 Conclusion

In this section, the in�uence of the magnetic �eld on the transport properties
of mesoscopic systems was described. Started from the classical Drude model, we
presented the band structure of the 2D and 1D under magnetic �eld, where it
can be considered as an additional con�nement of the system. The application of
the magnetic �eld suppresses weak localization in the system, once it exceeds the
values of the correlation magnetic �eld Bc. The Bc value depends on the purity
of the system (pure and duty metal limit) and express di�erently for coherent and
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noncoherent regimes. The following increase of the magnetic �eld causes strong
modi�cations of the band structure, which in�uence the conductance of the system.
These band structure modi�cations lead to conductance modulations followed by
the conductance quench at high magnetic �eld.
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In this chapter, we present the sample fabrication process and the experimental
techniques that have been used to study the electronic properties of individual nano-
objects. The are several di�culties related to the electric contacts, which should
provide an ohmic behaviour and must present good mechanical characteristics. In
addition, nano-objects are very sensitive to electric discharges, thus, once connected,
all further manipulations require special protection of the sample. These issues will
be discussed in this chapter.

3.1 Device fabrication and characterization

During the work on this thesis, more than 60 samples were produced and charac-
terized. The most part of the samples fabrication was done in the clean room of the
Laboratory for Analysis and Architecture of Systems (LAAS) with the invaluable
help of the LAAS technical sta�.

3.1.1 InAs nanowires

In the present work, we have studied the transport properties of the InAs NWs
with two di�erent diameters: 30 nm and 80 nm.
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30 nm diameter nanowires. The 30 nm diameter NWs were manufactured
and electrically contacted by Renaud Leturcq and Philippe Caro� from Institut
d'Electronique, de Microelectronique, et de Nanotechnologie (IEMN). InAs nanowires,
grown by Au-assisted metal organic vapor phase epitaxy, were provided in a FET
con�guration: deposited on a Si/SiO2 substrate connected by the Ti/Au (10nm/100nm)
contacts. The distance between the electrodes is 380 nm and the thickness of the
SiO2 layer (lox) is 310 ± 5 nm. According to the TEM observations NWs are
monocrystals of wurtzite crystallographic structure with <0001> growing direction.
The preliminary measurements of the conductance versus gate voltage reveal the
unipolar n-type behaviour. For more details, see [Pfund 2006].

80 nm diameter nanowires. The 80 nm diameter NWs were manufactured and
electrically contacted by Lucia Sorba and colleagues from NEST laboratory of Isti-
tuto Nanoscienze CNR and Scuola Normale Superiore. InAs nanowires have been
grown by Chemical Beam Epitaxy (CBE) in a Riber Compact-21 system by Au-
assisted growth on InAs(111)B substrates. Trimethylindium In(CH3)3 (TMIn) and
tertiarybutylarsine AsH2(CH3)3 (TBAs) were employed as metal-organic (MO) pre-
cursors for InAs growth. The InAs segment was grown for 90 min at a tempera-
ture of (430 ± 10◦C), with MO line pressures of 0.3 and 1.0 Torr for TMIn and
TBAs, respectively. Subsequently, samples were prepared in a FET con�guration
on a Si/SiO2 (lox = 300nm) substrate via e-beam lithography. Electrodes made
of Ti/Au (10nm/100nm) and were spaced by 600 nm. The wire diameters were
estimated by SEM to be about 80 nm. For more details, see [Heun 2010].

3.1.2 Peapod fabrication process

The peapods were fabricated by the process discovered by M. Monthioux in
2002 [Monthioux 2002]. First, SWCNTs are passed through a puri�cation step:
various procedures of acid treatments (HCl, HNO3, H2SO or theirs mixes), assisted
by cross-�ow �ltration and sonication. The major goal of this step is to remove
catalyst particles and impurity carbon phases such as amorphous carbon, polyaro-
matic shells and graphite particles. At the same time, during the puri�cation, the
SWCNTs are opened, removing their caps as demonstrated by Monthioux et al.
[Monthioux 2001]. Then open SWCNTs and fullerene material are inserted into
glass ampoule, sealed under vacuum, and heat-treated beyond the fullerene sub-
limation temperature during 24h. Capillary forces pull C60 inside the SWCNT,
creating peapods (Figure 3.1).

This method is speci�cally well adapted to prepare C60 peapods due to the rather
low sublimation temperature of fullerenes (∼ 350◦C) and the exceptional thermal
stability of the isolated C60 molecules (∼ 3000 − 4000 K) [Dresselhaus 1995].
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Figure 3.1: HRTEM image of SWCNT containing a row of C60 fullerenes concentric
with the tubule axis. Scale bar, 2.0 nm. [Monthioux 2001])

The fabrication process is successful since the �lling rate reaches almost 100%
[Hirahara 2000]. The resulting peapods are subjected to an 800◦C heat treatment
in vacuum for 1 h, in order to remove the excess fullerenes.

The C60 peapods for our experiments were provided by the research group of
Marc Monthioux from the Centre d'Elaboration de Matériaux et d'Etudes Struc-
turales (CEMES), in a form of suspension with sodium dodecyl sulfate (SDS) sur-
factant.

3.1.3 Substrate preparation and deposition

As back gate of the peapod-based FET, we used n-doped silicon substrate with
an approximate carrier concentration n ≈ 1021cm−3, which gives a resistivity on the
order of several mΩ/cm, as a back gate. For this purpose, it is covered with 300 nm
of thermally oxidized SiO2 layer.

The �rst step is a photo-lithography on a four-inch Si/SiO2 substrate in order
to de�ne large contacts and to create reference marks for the e-beam lithography.
Following development, metallization and lift-o� processes determine 161 areas of
the 6× 6 mm size with nine contact zones inside, with twelve contacts in each zone
(Figure 3.2). The contacts consist of two metallic layers: Cr 10 nm as an adhesive
layer and Au 40 nm. Below we refer to these contacts as to macroelectrodes. Then
the four-inch substrate is diced into the 6 × 6 mm areas, which are ready for the
sample deposition.

Prior to deposition, nano-objects are usually put into solution. Solvent should
be chosen in accordance with the type of the nanomaterial, taking into account such
parameters as viscosity, solubility, surface tension, hydrophobicity or hydrophilicity
of the nano-objects, etc. Due to the Van der Waals forces, nano-particles tend
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Figure 3.2: Four-inch substrate consist of 161 areas of the 6 × 6mm size with nine
contact zones inside, each zone have twelve macroelectrodes.

to stick together and form big clusters. There are several techniques to create
a homogeneous suspension and thus achieve isolated individual nano-objects after
deposition. The most widely used are the ultrasonic dispersion (sonication) and
the use of surfactants. Particularly for the peapods we use SDS surfactant to avoid
CNTs bundling.

The suspension is deposited on the substrate in a form of droplet using mi-
cropipette, after a short time (∼30 sec.) the substrate is rinsed with ethanol and a
�ow of nitrogen. This cleaning process does not remove nano-particles, as they stick
to the substrate by Van der Waals forces. Then, individual nano-objects are de-
tected using atomic force microscope (AFM), in case of peapods, or using scanning
electron microscope (SEM), in case of nanowires (see section 3.1.5). In addition,
the peapods chosen for the transport experiment are studied by micro-Raman spec-
troscopy to ensure that we are working with a single object and not with a bundle
(see section 3.3).

3.1.4 Electron-beam lithography

Electron-beam lithography is the most widely used technique for nano-device
fabrication. It is a lithographic technique where a �nely focused electron beam
emitted in a patterned fashion across a surface. The surface of the sample is covered
with a �lm of a e-beam-sensitive resist. Subsequent selectively removing of either
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exposed or non-exposed regions of the resist (developing procedure) is performed.
In our case, we use polymethylmethacrylate (PMMA) (30 mg/l) as a positive

resist. We deposit it on top of the substrate by spin coating with a resulting layer
height of 300 nm. E-beam lithography is performed by the "Raith 150" lithography
system. In general, the exposure time or the rate of e-beam lithography in strongly
dependent on the substrate material, type of the resist and geometry of the contacts.

In order to calibrate the system for our samples we performed multiple tests,
varying the width of the contacts (resolution correction), distance between them
(shadow e�ect correction) and angle orientation (astigmatism correction). As a
result, we are able to create 200 nm-thick contacts spaced by 300 nm. Exposing time
and geometry are taken into account in the contact design made by the AutoCAD
software application (see Figure 3.3).

Figure 3.3: Snapshot of a contact design with aligned AFM images. Filled rectangles
are the contacts to be de�ned by e-beam lithography. Di�erent colors correspond
to the di�erent exposition doses (blue � 280 µA/cm2 , violet � 336 µA/cm2). The
zoomed part presents an AFM image of the individual peapod that will be crossed
by four contacts.

After e-beam lithography, the exposed parts of the PMMA polymers are chopped
up and thus start to be solvable with mix of methyl isobutyl ketone and isopropyl
alcohol. Metallization is made in a vacuum chamber where a chosen type of metal
is heated up until it evaporates. This evaporated metal then condenses on the
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substrate as a thin metallic �lm. The metal for the contacts is chosen in order to
obtain a weak Schottky barrier. The height of the metallic �lm should be less than
one third of the PMMA thickness to ensure the disconnection of the contact areas
from the other part of the metallic layer (see Figure 3.4). For the peapods we use
a 50 nm-thick layer of Pt and, for the InAs nanowires a 10 nm-thick layer of Ti,
which plays the role of an adhesive layer, followed by a 100 nm-thick layer of Au.

Figure 3.4: Sketch of the e-beam lithography with positive resist following by lift-o�
process: a) sample deposition, b) PMMA spin coating, c) e-beam exposition, d)
PMMA developing, e) metallization, f) lift-o�.

The lift-o� process is made by immersing the sample into the thrichloroethylene
heated up to 60oC for several minutes. Then the sample is rinsed with acetone,
alcohol, deionized water and a �ow of nitrogen. The result can be controlled by
optical microscopy. This procedure shall be repeated until the PMMA is completely
removed from the substrate.

The �nal step is a rapid thermal annealing in order to passivate the contacts
and thus to improve their quality. It is carried out at 300◦C for three minutes
in the gas mixture H2 (5%) and N2 (95%). Created contacts, which make the
connection between a nano-object and macroelectrodes, will be referred below as
microelectrodes. A schematic peapod device is shown in Figure 3.5.
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Figure 3.5: Schematic drawing of the substrate with connected peapod device in
FET con�guration.

3.1.5 AFM and SEM microscopy

Atomic force microscopy is a high-resolution type of scanning probe microscopy
which is used to determine the surface topography. Atomic force microscope (AFM)
contains a cantilever with a sharp tip that scans the sample surface (see Figure 3.6).
The tip curvature is of the order of several nanometers. As the tip is brought close
to the sample, the surface forces between the tip and the samples (such as Van der
Waals forces, capillary forces, chemical bonding, electrostatic forces, etc.) de�ect
the cantilever. This de�ection is measured using a laser spot re�ected from the
cantilever's top surface into a photodetector. Feedback mechanism is employed to
maintain a constant tip-to-sample distance and thus to avoid the collision of the tip
with the surface. The sample is mounted on a table, which performs the scanning
in the x − y plane by piezoelectric motors. The cantilever is placed on top of the
sample and is governed by piezoelectric motor in the z direction. The resulting
map of the area z = f(x, y) represents the topography of the sample. AFM can be
operated in a number of modes, depending on the application. We use the close-
contact (tapping) mode where the cantilever is oscillating with a frequency close
to its resonant frequency. The deviations from this value, caused by the sample's
surface, are detected by the laser re�ection into the four-sector photodetector. The
oscillation frequency is controlled by proportional-integral-derivative (PID) control
loop feedback. The AFM, used in this work, allows to observe a surface up to
100× 100 µm2 (which is limited by the linearity of the x− y piezo-motors) with a
height resolution of about 1 nm. The lateral resolution is much lower, being limited
by the number of pixels in the AFM image.
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Figure 3.6: a) Atomic force microscope �Paci�c Nanotechnology�. b)AFM scan
plotted with a contrast proportional to the height. The green line indicates the
place of the pro�le � c). Signle peapod is clearly seen at the contract plot, and its
diameter can be estimated as d = 1.2± 0.3 nm.

We used AFM as a preliminary test to check the quality of the sample deposition
and to locate the peapods. AFM images are used further for the electric contacts
design (see section 3.1.4). Since the horizontal resolution of the AFM is much lower
than the vertical one, AFM cannot provide information whether the detected object
is a single peapod or it is a small bundle of peapods. In order to resolve this issue
we used micro-Raman microscopy (see section 3.3). After e-beam lithography we
used AFM in order to check the contacts quality and the device con�guration.

Another widely used technique to de�ne the position of nano-objects is the elec-
tronic microscopy. Scanning electron microscope (SEM) images a sample by scan-
ning it with a beam of electrons in a raster scan pattern. The advantage is that
image of a sample can be obtained in several seconds almost as a snapshot, which
avoids the non-linearity e�ects of the AFM images caused by the long scanning
time (from 20 to 80 minutes) and by piezo-motors calibration. As disadvantages,
we note i) the probability of defect creation by a high power e-beam in the under-
study structures; ii) the lack of the image contrast for some pairs substrate�sample.
For example, it is impossible to see CNTs on the Si substrate.

3.1.6 Electric micro-connection of the sample

The �rst test, which should be done before the mounting of the sample on the
set-up for the transport measurements, is to check the device's conductance as a
function of the gate voltage. A sample may not conduct current for several reasons:
bad electric contacts, break-down of the SiO2 layer, electric disconnection (e-beam
misalignment, electric discharge), or mechanical break-down of the nano-object.

This check is performed on the probe station, where the sample is �xed on the
movable table, which provides the back gate voltage, and the drain-source voltage
is applied through the thin needles contacted to the macroelectrodes. Details of the
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conductance measurements will be described in the next section.
After we veri�ed the quality of the sample, we glued it to the ceramic support

with golden pads (Figure 3.7) by silver paste. Thus the bottom of the Si substrate
is connected with the back-gate contact.

Figure 3.7: a) Bonding machine, b) ceramic support with a gold pads. The 100
µm-diameter golden wires are used for bonding.

We used a bonding machine to make the interconnections between the macro-
contacts and gold pads. Further connections to the sample holder are made by
golden wires and silver paint. The �gure 3.8 presents the insert for the transport
measurements. The sample is installed on the rotating plateau surrounded by twelve
pins, which are connected by twisted pairs to connectors at the top of the insert.
The temperature diode is placed on the plateau near the sample. The magnetic �eld
is measured by a pick-up coil, reeled around the end of the insert.

Figure 3.8: Insert for magnetotransport measurements.
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The magnetotransport experiments are carried under "pulsed" magnetic �elds,
thus when establishing electric connections, it is important to avoid wire loops, that
feed the induced voltage back into the measurement.

Once the sample is connected, we perform the annealing procedure in order to
desorb water and other impurities from the sample surface, which plays the role of an
additional sample doping. The sample holder is inserted into hermetic glass tubing
and pumped continuously for 24 hours at the temperature 110◦C. The e�ect of the
annealing can be observed as a shift of the conductance curve's G(Vg) minimum
toward the zero back gate voltage. Then we �ll the volume between the insert and
the glass tubing with He gas and insert this system into the cryostat.

For the magnetotransport measurements, it is important to limit use of any
metallic details in the set-up, as they may heat the sample environment during the
pulse of magnetic �eld because of induced currents.

3.2 Electronic transport measurements

Transport measurements were performed at the Laboratoire National des Champs
Magnétiques Intenses de Toulouse (LNCMI-T).

3.2.1 Generation of high magnetic �eld

There are three main ways to generate a high magnetic �eld for experimental
purpose:

- the use of resistive, superconducting or hybrid coils to produce a static magnetic
�eld up to 45 Tesla.

- the use of nondestructive resistive coils to produce a pulsed magnetic �eld up
to ∼80�100 Tesla. The pulse time ∆τpulse ∼ 20 ms.

- the use of destructive resistive coils to produce an short pulsed (∆τpulse ∼ 1 ms)
magnetic �eld up to 120 Tesla.

- the use of destructive resistive coils with additional external compression to
produce an ultra short pulsed ((∆τpulse ∼ 1 µs)) magnetic �eld up to 2800 Tesla
[Boyko 1999].

According to the research goals one should chose between the needed value of
the magnetic �eld and the duration of the time necessary for the measurements.
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Figure 3.9: a) Capacitor bank at LNCMI-Toulouse. b) General electric scheme for
a pulsed magnetic �eld creation. c) Sectional scheme of the set-up with the coil
and the nitrogen cryostat. d) A typical magnetic �eld pulse pro�le as a function
of time. e) Sectional view of a coil with Zylon reinforcement. Partly taken from
[Nanot 2009].

In this work the pulsed magnetic �eld was produced by nondestructive resistive
coil. LNCMI-T has a 14MJ capacitor bank (Figure 3.9a), which can be charged up
to 24 kV . A subsequent fast discharge through the coil creates a pulse of magnetic
�eld with a maximum value of 80 T and duration about ∼300 ms. We mainly use
them in the 55�60 T regime (Figure 3.9d) in order to reduce the wear and to extend
the life-time of the coils. The general electric scheme for a pulsed magnetic �eld
creation is presented on the �gure 3.9b.

At such magnetic �eld values, much attention shall be paid to the reinforcement
of the coil. For this purpose, a coil is made of copper-silver alloy winding surrounded
by the Zylon strengthening (Figure 3.9e). Another important point is heating of the
coil. The resistive coil is placed into the liquid nitrogen (see Figure 3.9c) and inside
the coil winding, channels are made to enable nitrogen circulation. The waiting time
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between two pulses is about 45 minutes for the fast-cooling coils of latest generation.
An important point in the coil's construction is the usable space � the inner bore

of the coil, where the magnetic �eld is maximal and its distribution is homogeneous.
In our experiments we use coils with a 27 mm hole diameter. As we were working
at low temperatures, some place inside is used by a helium cryostat, thus the �nal
diameter available for the insert for transport measurements is about 20 mm.

3.2.2 Measurements at zero magnetic �eld

As discussed in the previous sections, the sample is installed on the rotating
plateau at the end of the transport insert, which is surrounded by the glass tubing
with exchange gas (He), and inserted into the helium cryostat at the center of the
magnetic �eld. The top of the insert is connected with the measuring stand through
a low-pass �lter, in order to protect the sample from static electric discharges or
voltage jumps.

Figure 3.10: General electric schema of transport measurements. Partly taken from
[Nanot 2009].

We use the three main types of transport measurements:
� Current versus drain-source voltage I(Vds) at di�erent values of the gate volt-

age (Vg) in order to check the ohmic behaviour of the contacts. For this we use
Stanford Reasearch DS360 as a voltage source and Stanford Research SR560 as
current ampli�er.

� Conductance versus gate voltage G(Vg). Applying the AC drain-source voltage
(frequency ∼ 30 Hz) we measure the current with the lock-in current ampli�er
Stanford Reasearch 830. For the gate voltage sweep we use the Yokogawa GS610
voltage source, which allows to sweep from −110 V to 110 V .
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� Di�erential conductance versus gate voltage dI/dVds(Vg). We apply a DC
drain-source voltage combined with relatively low AC voltage (ratio is about the
100), and we measure the di�erential conductance of the sample using the lock-in
current ampli�er. The gate voltage sweep, as previously, is made by the Yokogawa
GS610 voltage source.

For all measurements we choose the drains-source voltage in order to keep a
temperature equilibrium eVds < kBT in the system. Temperature during the mea-
surements was controlled by the Lakeshore 330 or 332 using the calibrated silicon
diode, placed at the plateau near the sample, and electric heater, winded at the end
of the cryostat. Thus, the available temperature range is from 1.8 K to 300 K.

As mentioned above, nano-objects are very sensitive to all kinds of abrupt voltage
changes. Thus, to prevent such incidents, we use di�erent safety devices in the
measurement's schema (Figure 3.10): potentiometer to ground the sample during
the parameters modi�cation, loss-pass frequency �lter to cut high frequency voltage
peaks during the measurements, and grounded bracelets for the operator's hand to
avoid static electricity discharges.

3.2.3 Measurements at high magnetic �eld

The speci�city of magnetotransport measurements is that the time of the ex-
periment is limited by the duration of the magnetic pulse. Thus, the conductivity
recording rate shall be much larger than the characteristic variation rate of the
magnetic �eld and the sample conductance G(B). We use two types of transport
measurements:

DC. We apply DC drain-source voltage and we measure the current with the
current ampli�er with high dynamic range. In this case induced currents, which are
added to the signal, can be removed during the data treatment using the signal of
the pick-up coil as a reference.

AC. We apply a high-frequency drain-source voltage and measure the current
by the lock-in ampli�er. The frequency should exceed the characteristic variation
rate of the magnetic �eld and the sample conductance G(B), thus we have about
∼ 1kHz as a lower limit. Increasing the frequency, we increase an out-of-phase
signal, as our circuit has capacitance and inductance. In order to keep it relatively
small compared with the in-phase signal we get a upper limit for the frequency.
For our samples it was ∼ 9kHz. In AC case we have no induced currents in the
measured signal, as their frequency does not coincide with the detecting frequency.

For all magnetotransport measurement, we monitor the sample temperature.

3.3 Raman spectroscopy

The Raman spectroscopy was used in this work in order to characterize the CNTs
of the peapods. The measurements were performed at the Centre d'Elaboration de
Matériaux et d'Etudes Structurales (CEMES) with the invaluable help of Pascal
Puech, Mourad Berd and Ekaterina Pavlenko.
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3.3.1 Resonant Raman spectroscopy

Raman scattering is the inelastic scattering of light. During a scattering event,
a photon excites the system from the ground state to a virtual energy state. When
the system relaxes it emits a photon and it returns to a di�erent rotational or
vibrational state. The di�erence in energy between the original state and this new
state leads to a shift in the emitted photon's frequency away from the excitation
wavelength. A Raman spectrum is the intensity of the scattered light plotted as
a function of frequency shift of the scattered light. Generally, Raman spectra are
observed for scattered photons whose energy is smaller by the phonon energy �
Stokes scattering, as their sensitivity is bigger than photons whose energy is bigger
by the phonon energy � anti-Stokes scattering.

In resonance Raman spectroscopy, the energy of the incoming laser is adjusted
such that it coincides with an electronic transition of the system. So, rather than
exciting the molecule to a virtual energy state, it is excited to near one of its excited
electronic transitions. This technique became to be broadly applicable after the
development of the tunable lasers. Thus, the frequency of the laser beam could
be tuned to be near a particular resonance of the system, which leads to a strong
ampli�cation of the Raman signal. This is the main advantage of resonant Raman
spectroscopy, which allows study an extremely small quantity of the material. In
the current work we observe the Raman spectra from a single SWCNT.

3.3.2 Resonant Raman spectroscopy of CNTs

Raman spectra of CNTs consists of many features, that can be identi�ed with
speci�c phonon modes and with speci�c Raman scattering processes that contribute
to each feature. Raman spectra of CNTs provides information about their phonon
structure, electronic structure and structural defects.

Certain parts of the following chapter are based on the books "Physical Proper-
ties of Carbon Nanotubes" [Saito 1998] and [Dresselhaus 2005].

3.3.2.1 Vibration modes in the nanotubes

The understanding of the vibration modes of SWCNTs can be addressed through
the graphene modes, taking into account the particular symmetry of the tubes. The
phonon dispersion relation for a SWCNT can be determined by folding the phonon
dispersion of a graphene layer. Using this folding method, one can show how the
out-of-plane tangential acoustic mode in graphene gives rise to the radial breathing
mode (RBM) in CNT (Figure 3.11a).
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Figure 3.11: a) The out-of-plane tangential acoustic mode in graphene transforms
into the RBM in the SWCNT. b)Transverse and longitudinal optical modes in
graphene and in SWCNT.

Another peculiar vibration mode in the SWCNT originates from the in-plane
transverse and longitudinal optical modes in graphene (Figure 3.11b). In a SWCNT
they are splitted into in-plane vibrations along the tube axis (G+ band) and in-plane
vibrations along the circumferential direction (G− band). This speci�c structure of
the G bands is an easily recognizable sign of single-wall tubes and it does not exist
for a multiwall tubes.

Further, if we consider a tube with a speci�c chirality, we can derive the �ne
structure of the vibration modes. For example, the most intense modes for a (10,10)
nanotube are shown on the �gure 3.12.
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Figure 3.12: Seven most intense Raman modes and corresponding frequencies
(cm−1) for a (10,10) nanotube. The red arrows indicate the magnitude and di-
rection of the appropriate C-atom displacements. The unit cell (blue atoms) is
shown schematically in the upper right-hand corner. Taken from [Rao A. M. 1997]

3.3.2.2 Raman spectrum of CNTs

The unique spectroscopic properties of CNTs are largely due to the 1D con�ne-
ment, resulting in the van Hove singularities (vHS) in the nanotube DOS. When the
energy of incoming photons matches a di�erence between vHS of the valence and
conduction bands, one expects resonant enhancement of the corresponding Raman
signal.

In scattering process the number of emitted phonons before relaxation can be
di�erent, thus we can de�ne one-phonon, two-phonon and multi-phonon Raman
processes. The order of a scattering event is de�ned as its number in the sequence
of the total scattering events, including elastic scattering by defects of the structure
(see Figure 3.13).
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Figure 3.13: a) First-order and b) one-phonon second-order, c) two-phonon second-
order, resonance Raman spectral processes. For one-phonon, second-order transi-
tions, one of the two scattering events is an elastic scattering event (dashed lines).
Resonance points are shown as solid circles. Taken from [Dresselhaus 2005].

In SWCNTs �rst-order Raman modes are the radial breathing mode (RBM) and
the G band spectra, which is splits into two peaks (G+ and G−) around 1580 cm−1.
The second-order Raman modes includes the D band (or G') and the 2D band.

Here we list brie�y the physical parameters which can be extracted from the
di�erent resonant Raman peaks for a given excitation energy:

� position of the RBM peak gives a diameter of the SWCNT;

� shape of the G band points out the type of SWCNT (metal or semiconducting);

� ratio of the intensities D/G bands gives the relative disorder in the system;

� value of the G− and G+ band splitting gives a diameter of the SWCNT;

� shape of the G and 2D bands allows distinguish the SWCNT and DWCNT.

As well the positions of the RBM peak as a function of the excitation energy
de�ne the conducting type of the SWCNT � Kataura plot (see Figure 3.14).



56 Chapter 3. Experimental methods

Figure 3.14: Kataura plot for resonant Raman spectroscopy: red points are metallic
CNTs, black points are semiconducting CNTs.

More detailed information on Raman spectroscopy of CNTs can be found in
[Dresselhaus 2005].

3.3.3 Experimental set-up

Resonance Raman spectra from SWCNTs is acquired using �Xplora-MV2000�
and �T64000� micro-Raman spectrometer (Figure 3.15). Measurements are per-
formed in a back-scattering con�guration with 100× objective lenses which gives ∼
1 µm size for a laser spot. In order to place the spot over a single peapod we use a
table with piezo-motors for x− y displacement.
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Figure 3.15: Micro-Raman spectrometers used in this work: a) Xplora-MV2000,
b)T64000.

Measured Raman spectra from peapods are taken with di�erent excitation en-
ergies: 1.58 eV, 1.94 eV, 2.33 eV, 2.60 eV. Raman data treatment is done using the
�LabSpec 5� software.
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This chapter is devoted to the in�uence of the C60 fullerenes on the electronic
transport in individual peapods. In the �rst part, we introduce the state of the
art and theoretical background of carbon peapods. In the second part, we present
experimental results of the transport measurements on the several individual C60

peapods combined with a micro-Raman spectroscopy on the same devices. The
experiments are consistently supported by numerical simulations of the Density of
States (DOS) and the conductivity of the peapods developed by K.P. Katin and
M.M. Maslov from National Research Nuclear University (MEPhI).

4.1 Introduction

The possibility of doping carbon nanotubes was a subject of intensive studies
in the past decade. It was reported that their electronic and transport proper-
ties are signi�cantly altered by materials encapsulated in nanotubes [Miyake 2002,
Georgakilas 2007]. Thus, a new class of hybrid nanomaterials composed of CNTs
and di�erent nanoparticles (NPs) attracts a lot of interest as a system, combin-
ing the unique properties of both CNTs and NPs, and exhibiting novel physical
and chemical properties arising from NP�CNT interactions. Of great interest is
the speci�c structure of these materials and especially the NP-CNT bounds, which
provide an opportunity to tune the size, shape and the chemical properties of this
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heterostructures and thus exceed the properties of isolated constituent components.
For example, electron transfer across the NP-CNT bound could be very sensitive
to surrounding molecular species or photon illumination [Peng 2009]. In another
�eld, a signi�cant attention was focused at the use of the CNTs �lled with di�er-
ent molecules or NPs for biosensing [Wang 2005] and drug delivery [Foldvari 2008].
CNTs can also act as a support for the dispersion and stabilization of NPs.

Various applications have been recently proposed for these hybrid nanomaterials,
such as transparent conductive electrodes [Kong 2007], solar cells [Kongkanand 2007,
Lee 2007], gas sensors [Lu 2009], hydrogen storage [Yildirim 2005], fuel cells [Robel 2006],
electrode material for rechargeable Li-ion batteries [Liu 2012], etc.

Two main principles are used to stabilize NPs on CNTs: �rst a growth of
the NPs directly on the CNT surface; second a subsequent connection of sepa-
rately grown NPs to CNTs. For such subsequent connection various techniques
were developed, including the chemical modi�cation of one (or both) components,
the electrostatic force-directed assembling, capillary e�ect encapsulation, etc. In
terms of CNT structure, there are two con�gurations for NP connection � on the
inner and on the outer CNT surface. Most of the present-day researches are fo-
cused on the study of the outer decorated CNTs, as they are expected to have hy-
bridization synergetic e�ect. Systems with NPs encapsulated inside CNTs, among
which are the fullerene@CNT complexes, known as fullerene peapods, are never-
theless of scienti�c interest. Produced by the simple encapsulation induced by the
capillary e�ect, they show a tunable structure and unusual electronics properties
[Hornbaker 2002, Pichler 2003, Eliasen 2010].

The in�uence of the encapsulated fullerenes on the SWCNT energy band struc-
ture and their role in the peapod electronic transport is an important issue for
both fundamental research and technical applications. This problem was a subject
of controversial investigations both for theoretical and experimental studies for a
long time (see part 4.2.2.2). We address this issue of the energy band structure
of peapods through electronic transport and micro-Raman spectroscopy performed
on the same and individual peapods. We bring evidence that the encapsulated C60

strongly modify the electronic band structure of semiconducting nanotubes in the
vicinity of the Charge Neutrality Point (CNP), including a rigid shift and a partial
�lling of the energy gap.

4.2 State of the art and theoretical background

4.2.1 Single Walled Carbon Nanotubes

The basic parameters of carbon nanotubes are nowadays well described in several
books. The properties of these objects will be only brie�y discussed in this section.
A deeper information about structure or properties of carbon nanotubes can be
found in [Saito 1998].
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4.2.1.1 Geometrical structure of SWCNTs

The properties of the SWCNT strongly depend on their structure along the
circumference, in other words, on the rolling vector (chiral vector) of the nanotube:

Ch = na1 +ma2 (4.1)

where a1 and a2 are the unit vectors of the real space lattice of the graphene
sheet and n, m are integer parameters � indexes of chirality. The chiral vector
Ch and the translational vector T, parallel to the tube axis, de�ne the unit cell
of a SWCNT (see Figure 4.1a). All the variety of di�erent chiral tubes arranges
between two limiting cases: zigzag and armchair with indexes type (n,0) and (n,n)
respectively. The name arises from the shape of the cross-sectional ring of the tube
(see Figure 4.1b).

Figure 4.1: a)Unrolled carbon nanotube which is equivalent to a graphene sheet.
The vectors Ch and T de�ne the unit cell of SWCNT. b) Three particular cases:
armchair (5,5); zigzag (8,0) and chiral (8,4). In red highlighted the cross-section
ring and its armchair/zigzag shape. Taken from [Dresselhaus 1995].

Knowing the chirality of the tube, we can deduce its diameter d as:

d =
| Ch |
π

=
a
√
n2 + nm+m2

π
(4.2)

where a is a unit vector a =
√

3aC−C = 0.249 nm; here, aC−C is the bond length
between two carbon atoms.

4.2.1.2 Band structure of SWCNTs

The electronic properties of SWCNT are based on those of graphene. The unit
cell of nanotubes on a sheet of graphene is presented in �gure 4.1a. The unit vectors
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of this cell are chiral vector Ch and translational vector T. The reciprocal lattice
vectors are obtained from the relation:

RiKj = 2πδij (4.3)

where R and K are the real space and reciprocal lattice vectors respectively.
Hence, the reciprocal lattice vectors of SWCNT can be expresses as:

K1 =
1

N
(−t2b1 + t1b2) and K1 =

1

N
(mb1 − nb2) (4.4)

where b1 and b2 are the reciprocal lattice vectors of the graphene sheet, N is
a number of Carbon hexagons present in a SWCNT unit cell and t1,t2,n,m are the
integers of translational vector T = t1a1 + t2a2 and chiral vector Ch = na1 +ma2.
The Brillouin zones of graphene and SWCNT are shown on the �gure 4.2. The
SWCNT Brillouin zone is one dimensional, it is shown on the �gure 4.2 by a line
segment WW ′ parallel to the K2 vector.

Figure 4.2: The �rst Brillouin zone of graphite (the grey area) and of SWCNT (red
line segment WW ′). a1 and a2 are the unit vectors of real space and b1 and b2 are
the reciprocal lattice vectors of the graphene sheet. Taken from [Dresselhaus 1995].

Depending on chirality SWCNTs can exhibit metallic or semiconducting prop-
erties. The ratio of metallic to semiconducting tubes is 1:2. This can be seen for
example in Figure 4.3 where the di�erent electronic states are attributed to their
speci�c chirality. The main criterion to de�ne SWCNT's nature is:

(n−m) mod 3 = 0 for metallic tube (4.5)

(n−m) mod 3 = 1, 2 for semiconducting tube (4.6)
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Figure 4.3: Map of the electronic state of SWCNTs as a function of the chiral vector.
a1 and a2 are the real space lattice vectors of the honeycomb structure. Taken from
[Dresselhaus 1995].

The band structure of SWCNT can be derived from the graphene dispersion
relation in the tight-binding model:

Egraphene = ±γ0

√√√√1 + 4cos

(√
3kxa

2

)
cos

(
kya

2

)
+ 4cos2

(
kya

2

)
(4.7)

where γ0 is the overlap integral of the nearest neighbours in the graphene hon-
eycomb lattice.

The band structure of SWCNT is obtained by introducing a periodic boundary
condition, as the graphene sheet is rolled up. The wave function has to be continuous
along the circumference:

ψ(r) = ψ(r + Ch) (4.8)

Which gives a 1-D dispersion relation:

Eq(k) = Egraphene

(
qK1 + k

K2

K2

)
where q = 0, ..., N−1 and

−π
T
≤ k ≤ π

T
(4.9)

Here, N is the number of pairs of dispersion relation representing each a cross-
section of the Brillouin zone and K1, K2 are the basis vectors of the reciprocal
lattice. From the electronic dispersion relation, deduced from equation 4.9, we can
calculate the density of states in carbon nanotubes in the vicinity of the Fermi
energy [Mintmire 1998]:

g(E) ∝ E√
E2 − E2

p

(4.10)
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where Ep represents extremal values of each band of the band structure Eq(k).
This formula works well for energies within about 1 eV of the Fermi level (|E/γ0| �
1). As we can see, this is a typical DOS for a 1-D material with Van-Hove singu-
larities around the Ep values. For the metallic SWCNTs the DOS value is constant
near the CNP (Figure 4.4d) and can be estimated as:

gCNP =
8√

3πaγ0
(4.11)

Thus the conduction and valence bands are touching in the K (or K ′) point of
Brillouin zone, and energy dispersion law has a linear dispersion (Figure 4.4b). For
semiconducting SWCNT the DOS presents a band gap (Figure 4.4c), which can be
estimated as:

Eg =
γ0aC−C

d
(4.12)

Figure 4.4: The band structure (a,b) and DOS (c,d) for semiconducting SWCNT
(7,0) and for metallic SWCNT (7,7) respectively.

One can derive the conductance of a SWCNT (G(E)) in the ballistic transport
regime at zero temperature, based on its band structure. Each energy subband lying
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under the Fermi energy gives one conducting channel, leading to a step-like conduc-
tance behaviour (Figure 4.5). In a proximity of the CNP the subbands are four-fold
degenerated in case of semiconducting SWCNTs and are two-fold degenerated in
case of metallic SWCNTs. Thus, in the vicinity of the CNP, for a semiconducting
SWCNT conductance is zero and then increases to 2e2/h and for a metallic SWCNT
G = 2e2/h followed by a rise to 6e2/h. As the temperature increases, these step-like
features are gradually smoothed. A ballistic transmission in CNTs was observed
experimentally in the FET con�guration [Kong 2001, Javey 2003].

Figure 4.5: Band structure and corresponding conductance versus energy depen-
dence for (a) semiconducting SWCNT and (b) metallic SWCNT in the ballistic
transport regime. The four-fold degenerate subbands are shown in red and the
two-fold degenerate subbands are shown in black. Adopted from [Nanot 2009].

4.2.1.3 Sensibility of SWCNTs to the environment.

Sensibility of SWCNTs to the environment is an important issue for both funda-
mental research and technical applications. Several research groups [Philip G. Collins 2000,
Jing Kong 2000] demonstrated that the electrical conductance of the CNTs can be
changed dramatically upon exposure to di�erent molecules species. For example, it
was shown that, nanotube based sensors can detect ppm or sub-ppm levels of gas
molecules at room temperature, which opens a possibility of developing high quality
gas sensors.

Attractive sensing mechanism may be provided by the perturbations on the
nanotube electronic structure induced by di�erent molecules, which can give direct
information, easy to read-out and to interface with conventional electronic architec-
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tures. This may be useful for the high integration solutions for lab-on-a-chip ap-
plications. Thus chemisorption and physisorption on individual carbon nanotubes
and nanotube bundles is indeed an important issue, due to the large surface area
(up to 1587 m2/g [Cinke 2002]), that allows a high capability of interaction between
molecules and SWCNTs.

4.2.2 From C60 fullerenes to C60@SWCNT - peapods

Since the �rst observations of complexes C60@SWCNT, or C60 carbon peapods,
in 1998 [Smith 1998], they are referred to as promising components for nanoelec-
tronic devices due to their tunable structure and unusual electronics properties
[Hornbaker 2002, Pichler 2003, Eliasen 2010]. Possibility to create a hybrid struc-
ture of one-dimensional CNTs with zero-dimensional fullerenes opens a route for
designing of new materials in controlled way. Before going further into the peapods
properties, I would like to remind the reader the main properties of C60 fullerenes.

4.2.2.1 Fullerenes crystallographic and electronic structure

The World became aware of the fullerenes after the Nobel Prize of 1996 which
has been won by Harold W. Kroto, Robert F. Curl and Richard E. Smalley for their
discovery in 1985 [Kroto 1985] of a new allotrope of carbon, in which the atoms are
arranged in closed shells. The new form was named Buckminsterfullerene, after the
architect Buckminster Fuller who designed geodesic spheres.

Buckminsterfullerene (C60) consists of 20 hexagonal and 12 pentagonal rings as
the basis of an icosahedral symmetry closed cage structure (Fig.4.6). Each carbon
atom belongs simultaneously to one pentagon and to two hexagons, which makes all
atoms equivalent; this was con�rmed by the NMR spectrum of the C13 that contains
only one line. All the bonds are not equivalent, a common edges of two hexagons
consist of double C=C (0.139 nm) bond, as opposed to a pentagons-hexagons edges
which contain a single C-C bond (0.144 nm).

Figure 4.6: C60 fullerene in pentagon-face centered orthogonal projection.
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Buckminsterfullerene is an electron acceptor, sustaining up to six reversible one-
electron reductions to C−660 , further oxidizing is irreversible. Electron delocalization
is weak according to the C60 tendency to avoid double bond inside the pentagons.
In solid state (fullerite), buckminsterfullerenes stick together via the Van der Waals
forces forming face-centered cubic structure [Haluska 1993]. Fullerite is a n-type
semiconductor with a band gap of 1.6 eV [Katz 2006]. The discrete levels of a free
C60 (Fig.4.7a) molecule are only weakly broadened in the solid (Fig.4.7b), which
leads to a set of non-overlapping subbands with a narrow width of about 0.5 eV.

Figure 4.7: a) Electronic structure of C60 under "ideal" spherical (left) and "real"
icosahedral (right) symmetry. b) Band structure around the Fermi energy for solid
C60. The bands at about -0.5eV are the hu bands, which are occupied in solid C60,
and the bands at about 1.5eV are the t1u bands. (From [Gunnarsson 1997])

As we can see from Fig.4.7a the Highest Occupied Molecular Orbital (HOMO
level) of C60 is presented by the 5-fold hu band and the Lowest Unoccupied Molecular
Orbital (LUMO level) by the 3-fold t1u band.

4.2.2.2 Band structure modi�cation

The strength of the hybridization of the C60 states with the CNT band struc-
tures depends in a complex manner on the tube radius and helicity, on the fullerene
distribution inside the tube and on their orientation with respect to the tube axis.

Review of theoretical studies on C60 peapods

The �rst studies in this area include a number of theoretical calculations [Okada 2001,
Cho 2003, Lu 2003], which show, that the presence of fullerenes gives an additional
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conducting path in a vicinity of the Fermi level. According to the study of armchair
peapods [Okada 2001], four bands cross the Fermi level in the C60@(10, 10) pea-
pod (Figure 4.8a): two of them with a large linear dispersion, corrsponding to the
π orbitals in empty SWCNT(10,10), and two other bands with a weak dispersion,
resembling the π state in the C60 band structure � LUMO. DFT calculations have
predicted that C60@(10, 10) is a metallic system with multi-carriers states at the
CNP, originating from SWCNT and C60-chain orbitals. However this prediction
does not hold for all armchair peapods. Once the tube's diameter becomes smaller
than Van der Waals diameter of the C60 fullerene, the encapsulating process (Equa-
tion 4.13) starts to be endothermic, showing substantial structural distortion of the
SWCNT and the position of C60 LUMO does not match with the Fermi level of the
SWCNT.

SWCNT (n, n) + C60 → C60@(n, n)−∆E (4.13)

Here, ∆E is the reaction energy per fullerene in the encapsulation reaction.
Thus, the resulting band structure are not only the consequence of hybridization
of the electronic states of the constituents, but also the e�ect of the structural
distortion of the system. It was found, that the minimum diameter of the SWCNT,
which is capable to encapsulate the C60 fullerenes without structural distortions is
1.28 nm (Figure 4.8b).

Figure 4.8: a) Energy band structures of encapsulated C60@(10, 10) and of iso-
lated (10,10) SWCNT. Fermi energy is adopted to zero. b) Reaction energies ∆E

per C60 in the encapsulation reaction for the (8,8), (9,9), and (10,10) SWCNTs.
[Okada 2001]

The study of the armchair peapods [Lu 2003] with smaller fullerenes C20@(n, n)

con�rms this trend, showing that the position of the fullerene orbitals matches well
with the Fermi level of the SWCNT, till its structural distortions are not inessential.
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The impact of this additional conductivity path in a metallic SWCNT was ana-
lyzed by Kondo et al. [Kondo 2005] through the theoretical study of the transport
properties on the armchair peapod with calculations based on Green function ap-
proach within a tight-binding model. Varying the distance l between centers of
encapsulated C60s in the (10,10) SWCNT, the authors found the distance l0, below
which the chain of fullerenes starts to contribute to the transmission at the Fermi
energy. This means that the fullerene orbitals create continuous energy band, pro-
viding conducting path all along the system (Figure 4.9a,b). For larger intervals,
l > l0, only the (10,10) nanotube contributes to the transmission of the system. It
was also found that an aperiodicity in the fullerene distribution acts as a defect,
providing back-scattering and altering the electronic transport (Figure 4.9c,d).

Figure 4.9: a) Model of the periodic C60@(10, 10) peapod, l0 = 0.9845 nm. b) The
transmission (left) and the band structure (right) of periodic C60@(10, 10) around
Fermi energy. c) Model of the nonperiodic C60@(10, 10) peapod. d) The transmis-
sion of nonperiodic C60@(10, 10) (l = 1.2036 nm) around Fermi energy. Dashed and
dashed-dotted lines show contributions to the transmission from (10,10) nanotube
and C60, respectively. Dotted lines show Fermi energy. [Kondo 2005]

For peapods derived from semiconducting SWCNT, a similar picture is observed.
The �rst prominent result was obtained on the zigzag peapods C60@(n, 0) [Lu 2003],
showing that C60 orbital energies partly �ll the initial band gap for semiconducting
SWCNTs (19,0) and (17,0), (Figure 4.10).
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Figure 4.10: Energy band structures of encapsulated C60@(19, 0), (18, 0), (17, 0)

and of isolated SWCNTs. The open circles (◦) represent the broadened C60 t1u
bands in peapods, the dash lines represent the isolated C60 levels. [Lu 2003]

The peapod band structure also exhibits a hybridization of the initial C60 orbitals
with the lowest unoccupied and highest-occupied bands of the SWCNT, which can
be seen on the �gure 4.10, as a relative shift from the initial fullerene states (indicated
by the arrows). The local DOS (LDOS) calculations [Cho 2003], as well, present
similar results for zigzag peapods (Figure 4.11a).

Figure 4.11: a) Local density of states of C60@(17, 0) decomposed into the con-
stituents. b) (top � down) Model of C60@(17, 0) peapod and simulated STM images
for -1.5 V and 1.5 V sample bias. [Cho 2003]

By analyzing this LDOS we see that the LUMO of the fullerene chain reduces the
value of the band gap. This should strongly impact the peapod transport properties.
Besides, the HOMO and LUMO+1 orbitals give rise to non-zero LDOS at energies
accessible by the STM measurements (Figure 4.11b). These results were supported
by subsequent detailed calculations of the hybridization C60 orbitals with nanotube
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band structure for various chiral SWCNTs [Dubay 2004]. The fact that the t1u states
of fullerene are located close to the Fermi level was explained as a consequence of
the strong electron a�nity of the C60 molecule. For semiconducting SWCNT, it has
been theoretically predicted that the contribution of the tlu orbital depends on the
azimuthal symmetry of the tube states and goes decreasing with the tube diameter.
This is consistent with an another study of the electronic transport properties of
peapods by A. Rochefort [Rochefort 2003], which predicts that the charge transfer
between the host SWCNT and the C60 molecule decreases with the tube's diameter
and starts to be negligible when d > 2 nm. But contrary to what was reported
previously, Rochefort in his study highlighted that only minor changes, ascribed to
a small structural deformation of the nanotube walls, were observed. Thus, because
of the small electron charge transfer (less than 0.10 electron) from the CNT to
the C60 molecules, he predicted a poor mixing of the C60 orbitals with those of
the CNT. This contradiction reveals a question: Do encapsulated fullerenes provide
strong alterations of the electron transport properties of SWCNTs? Particularly it
is interesting for a diameter range [1.2; 2] nm, when the diameter of the nanotube
is su�ciently large to exothermically encapsulate C60 and narrow enough to induce
the hybridization of C60 orbitals with the nanotube band structure.

Theoretical calculations of the conductance for such kind of systems with a large
number of atoms are a complicated and computer time consuming problem. Thus
till now, there are only a limited number of papers, dealing with this issue. The lat-
est one [Kojima 2012] presents �rst-principles calculations of the electron transport
properties on a 1.23 nm - length armchair (10,10) SWCNT with one C60 fullerene
inside, which is suspended between Au(111) contacts (Figure 4.12a). Comparison
between the conductance spectra of the peapod and the empty nanotube exibits
some relevant features (Figure 4.12b).

Figure 4.12: a) Schematic computational model of C60@(10, 10)SWCNT suspended
between Au(111) electrodes. b) Conductance spectra as function of energy. The
dashed curve represents the conductance of the SWCNT and the solid curve that of
the peapod. Fermi energy adopted to zero. [Kojima 2012]

1. The peapod spectrum unveils few sharp peaks in the [0.2; 0.5] eV energy
range, arising from the coupling of the threefold degenerate t1u orbitals with the
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CNT states. Additionally, it was found that the t1u orbital with an azimuthal
quantum number m = 0 is responsible for the onset of an additional transport
channel, resulting to a higher conductance than the one of the SWCNT for some
given energies.

2. The peapod's spectrum is shifted to the lower energies, following the overall
shape of the nanotube's one. This is well seen in the [−0.75; 0] eV energy range
where the spectrum is not any more disturbed by the t1u orbitals. This e�ect
originates from the charge transfer � a shift of electrons from SWCNT to the C60,
leading to down-shift of Ef toward lower energies.

For the best of our knowledge, there are no similar conductance calculations
performed on semiconducting SWCNT based peapods.

Thus, reviewing the theoretical studies performed on C60 peapods we can notice
a contradiction concerning the contribution of the encapsulated fullerenes to the
transport properties of the SWCNT. The discrepancy in the estimates of the C60s
contribution varies from signi�cant alterations, that could change the overall behav-
ior of the system, to minor modi�cations of the band structure, barely accessible by
experimental techniques.

Review of experimental studies on C60 peapods

Experimental characterizations of peapod band structures and electronic trans-
port remain unfortunately puzzling. Early STM experiments demonstrate that the
encapsulated C60s strongly modify the electronic structure far from the Fermi level
[Hornbaker 2002]. This can be seen on the �gure 4.13b. STM images under positive
bias +1 V show characteristic features of C60s, as variations of LDOS between and
on the top the fullerenes (Figure 4.13c).

Figure 4.13: a) Room temperature TEM image of one peapod, showing the SWCNT
cage and the encapsulated C60s. b) STM image under a positive sample bias
(+1.5 V, 700 pA), showing bright spots originating from the encapsulated C60s.
c) Variation of LDOS. The relatively small variation of the di�erential conductance
dI/dV observed for negative bias can be attributed to the initial di�erence in STM
tip heights. [Hornbaker 2002]
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In the same time, the photoemission spectroscopy performed on an assem-
bly of C60 peapods does not con�rm the presence of extra bands crossing the
Fermi energy [Shiozawa 2006] in sharp contrast with the theoretical calculations
[Okada 2001, Lu 2003, Cho 2003, Kojima 2012]. On the other hand, the photolumi-
nescence spectroscopy [Okazaki 2008] unveils shifts of the �rst (E11) and the second
(E22) interband transition energies (Figure 4.14), attributed to the local strain and
the hybridization between C60 states and those of the nanotube.

Figure 4.14: Di�erences in optical transition energies in a) E11 and b) E22 (∆E11

and ∆E22, respectively) between C60 peapods and SWCNTs as a function of tube
diameter. [Okazaki 2008]

The �rst electronic transport experiments [Pichler 2001, Vavro 2002] were per-
formed on buckypapers or mats of bundled tubes, so these results represent some
kind of average over a large number of tubes with di�erent chirality along with inter-
tube resistance contribution to the overall conductance. In addition, it is di�cult to
completely degas these samples, leaving open the question of the probable p-doping
by the adsorbed oxygen and moisture. Thus, such fascinating results, as a strong
decrease of the resistivity of the peapods compared to the initial SWCNTs, or even
transitions from semiconducting to metallic states due to the C60 encapsulation,
could be hardly linked with the particular features of the peapods band structure.
This emphasizes the necessity of the studies performed on individual peapods.

Electronic transport experiments on individual peapods in the Coulomb block-
ade regime started to reveal the electronic states close to the Fermi energy. Pioneer
experiments gave evidence of highly regular quantum dots, identical to those ob-
tained with defect-free and empty SWCNTs [Utko 2006, Quay 2007] (Figure 4.15).
Thus, it was concluded that C60 peapods do not di�er from nanotubes in their
electronic transport characteristics. Nevertheless more recent results unveil anoma-
lous resonance states, caused by a C60 chain inside the tube [Eliasen 2010]. It was
shown (Figure 4.16), that the regular Coulomb blockade diamonds are perturbed by
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a weakly gate-dependent feature superimposed on the entire structure, originating
from the C60 coupling to the nanotube. The presence of a nanoelectromechanical
coupling between electronic states of the nanotube and mechanical vibrations of
fullerenes was also con�rmed by Utko et al. [Pawel Utko 2010].

Figure 4.15: Conductance versus bias and gate voltage of peapod at 250 mK. The
color scale is black (low) to white (high conductance). Regular Coulomb blockade
diamonds indicate that device acts as a single quantum dot. [Quay 2007]

Figure 4.16: a) Conductance versus bias and gate voltage of peapod at 300 mK. b)
Observed avoided crossings over the entire gate-range (red rectangles). Black lines
are guides to the eye, outlining the edges of the "impurity diamond". [Eliasen 2010]

Reviewing the experimental studies performed on C60 peapods, we can notice
a lack of structural characterization of the encapsulating tubes. The experimental
results of the transport measurements remain hardly comparable to the electronic
structure simulations, as the theoretical studies indicate a big impact of the partic-
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ular chirality of nanotube on the peapod electronic transport.
This problem has prompted us to study electronic structure of individual peapods

by transport measurements combined with the micro-Raman spectroscopy. Thus,
this allows to probe transport properties and independently characterize the external
SWCNT on the same devises, providing the necessary structural information.

4.2.3 Transformation from Peapod to DWCNT

An attractive aspect of the peapods for the nanoengineering is the possibility to
use them as precursors for double-walled carbon nanotubes (DWCNT) [Bandow 2001].
Under heat treatment [Bandow 2001, Suarez-Martinez 2010], electron irradiation
[Smith 1998, Hernandez 2003, Luzzi 2000], or both mild temperature and electron
irradiation combined [Sakurabayashi 2003, Arrondo 2005], peapods can be trans-
formed to DWCNTs, in which coalesced C60s form the internal tube and the outer
tube templates the formation of the inner one. It provides an e�cient technique for
fabricating high-quality DWCNTs [Bandow 2004]. Recently, a new way of directly
promoting the coalescence of encapsulated fullerenes into an inner tube by subject-
ing the peapod to an appropriate ultra violet (UV) laser irradiation with wavelength
335.8 nm was proposed [Berd 2012]. The fact that C60 fullerenes have a peak in the
absorption spectrum at λ=335.8 nm, while SWCNTs absorption remains relatively
small (Figure 4.17), allows to adjust the laser power to keep the outer tube weakly
a�ected by heating e�ects (for laser powers < 1 Wµm−2).

Figure 4.17: Absorption spectra for SWCNTs, C60@SWCNTs (peapods), and C60

fullerenes versus the laser irradiation wavelength. [Berd 2012]
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Figure 4.18: HRTEM images and Raman spectra (λ=515 nm) of the starting peapod
material (top) and the same after irradiation for 120s with the 335.8 nm laser probe
at 0.25 mWµm−2 (bottom). [Berd 2012].

The transformation of the former peapods into DWCNTs (Figure 4.18) is marked
by: 1) the occurrence of new RBM bands corresponding to smaller SWCNTs; 2)
merging of the formerly split G+ and G− bands into a single, broader, asymmetric
G band; and 3) the occurrence of a low-wavenumber contribution to the 2D band.

This method provides a selective excitation of fullerenes, while the containing
SWCNT is only weakly heated by the laser and as a consequence tubular structure
remains free from defects on the contrary to the former methods.

4.3 Electronic transport in individual C60 peapods

As it was mentioned before (part 4.2.2.2), the electronic structures of encapsu-
lated C60s in carbon nanotubes have been subject to controversial theoretical studies
during the last ten years. But till now, the results remain unfortunately puzzling and
hardly comparable with experiment. To address this issue, we performed transport
measurements on the several individual C60 peapods combined with a micro-Raman
spectroscopy on the same devices. Our results suggest that the encapsulated C60s
induce a profound modi�cation of the energy spectrum of the semiconducting exter-
nal tube in the vicinity of the CNP. The experiments are consistently supported by
numerical simulations of the Density of States (DOS) and the conductivity of the
peapods developed by K.P. Katin and M.M. Maslov from National Research Nuclear
University (MEPhI). Finally, on the very same devices, we investigate the e�ects
on the electronic properties of a partial coalescence of C60 induced by UV irradiation.
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4.3.1 Transport measurements and Raman spectroscopy

Samples were prepared and measured in accordance with the experimental meth-
ods described in the chapter 3. More than 40 samples were measured. AFM obser-
vations combined with Raman spectroscopy revealed that after deposition peapods
with a metallic external SWCNT were presented in a small bundles or clusters and
never as a single peapods, whereas those with semiconducting SWCNT have been
found in bundles and as single peapods as well. Only individual peapods were chosen
for the transport experiments in order to associate the C60s in�uence on the trans-
port properties with intrinsic structure of the SWCNT. The results are presented
by four representative samples named here A, B, C and D.

AFM imaging used for the patterning of the electrical connection (Figure 4.19a)
allows to measure the SWCNT diameters. The �gure 4.19b illustrates this by show-
ing the AFM z-pro�les obtained at three di�erent locations along the connected
peapod, con�rming a regular diameter of the order of 1.5 nm and then the presence
of a single SWCNT.

Figure 4.19: a) AFM image of an individual peapod connected to Pt electrodes
(Sample A). The black bar corresponds to 500 nm. (b) AFM z-pro�les have been
measured between the contacts at three di�erent locations marked by the dashed-
dotted lines of corresponding colors. Pro�les are up-shifted for clarity.

In addition to the AFM measurements, Raman spectroscopy with various exci-
tation energies (2.33 eV, 1.94 eV and 1.58 eV) was used to determine the diameter
and the nature, i.e. semiconducting or metallic, of the individual encapsulating
SWCNTs. Indeed, it was proved by Shen et al. [Shen 2012] that by means of Ra-
man spectroscopy using 1.94 eV and 2.33 eV excitation energies (532 nm and 638
nm wavelengths respectively), it is possible to discriminate metallic from semicon-
ducting individual nanotubes respectively and this Raman-based determination was
always consistent with the transport behaviours.

The four samples A to D exhibit a Raman �ngerprint consistent with an indi-
vidual semiconducting SWCNT (typically, the presence of a small G− band (low
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energy side) nearby a prevalent G+ band (high energy side) see �gure 4.21a-c-e-
g). All of them exhibit clear Raman resonances under a 2.33eV excitation (black
curves) while the spectra performed at 1.94eV (red curves) and 1.58eV (not shown)
remain �at. The lack of Raman signal when using the 1.94eV and 1.58eV excitation
energies truly means that no metallic CNT is present [Krupke 2003]. For sample A
(Figure 4.21a), we deduce from the RBM and the G band splitting [Jorio 2002] a
diameter value of 1.51±0.04 nm and 1.48±0.04 nm, respectively, in agreement with
the AFM image. The presence of the resonant Raman response only under 2.33
eV excitation combined with the peapod diameter allow to identify, by using the
Kataura plot (Figure 3.14), the external SWCNT as a semiconducting tube with a
band gap Eg=0.54±0.02 eV. The same conclusion holds for all the samples (Figure
4.21). All parameters for these peapods are summarized in Table 4.1.

Sample AFM RBM peak G band Eg
(±0.5 nm) (±0.04 nm) (±0.04 nm) (±0.03 eV )

A 1.5 1.51 1.48 0.54
B 1.4 1.41 1.47 0.56
C 1.5 1.40 1.46 0.56
D 1.5 � 1.53 0.53

Table 4.1: Diameters of the peapods obtained from AFMmeasurements and Raman
spectroscopy (calculated from RBM and G peaks positions). The last column shows
the values of band gaps for empty SWCNTs with the same diameters.

On the other hand, it is worth mentioning that our Raman spectra cannot pro-
vide evidence of the encapsulated fullerene. Indeed, the encapsulated C60s can give a
signal corresponding to the fullerene - Ag mode, located at 1462 cm−1 when excited
with a wavelength lower than 488 nm [Rafailov 2003], however with an intensity of
about 1% only of the intensity of the G+ band of the containing SWCNT for the
same wavelength. Hence, even for 488 nm, the signal/noise ratio is too low to expect
to distinctly reveal the encapsulated fullerenes for individual peapods. Moreover, as
the resonance of the individual containing-SWCNTs is checked with both 532 and
638 nm excitation wavelengths (instead of 488 nm), the fullerene signal de�nitely
cannot be visible in our spectra.

Previously to the transport measurements, all devices were passed through the
annealing procedure (T = 100◦ C) combined with continuous pumping during 12
hours (P ≈ 10−4 mbar). The general trend of the annealing e�ect is a slight decrease
of the conductance along with a shift of the G(Vg) curves toward the negative back-
gate voltage. This can be seen on the �gure 4.20, a zoomed view of the conductance
versus gate voltage of the A sample.
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Figure 4.20: Sample A, conductance versus the gate voltage at 300 K before (gray
curve) and after (black curve) annealing.

This is the expected consequence of the removal of p-doping adsorbates, most
likely moisture and oxygen on to the device [Nanot 2009]. The conductance mea-
surements G(Vg) of the four samples are presented in the Figure 4.21b-d-f-h at
various temperatures. The grey curves are the conductance at 300 K under ambient
atmosphere, prior to the in-situ thermal annealing.

As it can be seen on the �gure 4.21h, the annealing e�ect is out of the general
trend for the sample D: the doping level of this sample was probably too high, which
leaded to the increase of the scattering centers, this explains the low conductivity
level before annealing. After annealing, the conductivity rises up by almost one
order of magnitude, revealing a stronger back gate dependence and a minimum of
conductance around 70 V , attributed to the CNP.

Remarkably, the devices exhibit a moderate gate voltage dependence of the con-
ductance with no o�-state of the peapod transistor, even at 4.2 K (shown for sample
A, Figure 4.21b). The V-shape curves at 300 K and 77 K with their minima of con-
ductance are not consistent with the aforementioned energy gap of the order of 0.8
eV/d(nm) (about 0.5 eV for our diameter range) deduced from Raman spectroscopy.
Since the measurements are performed under controlled He atmosphere after ther-
mal annealing, we rule out the possibility of a rigid shift of such an energy gap out
of our gate voltage window (extended in some case to ±70 V ) due to unintentional
doping by adsorbates. For most of the measured devices, the conductance at room
temperature, under a negative back-gate voltage, reaches 0.6-0.8 G0, with G0, the
quantum of conductance, equal to 2e2/h.
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Figure 4.21: Raman spectra at 1.94 eV and 2.33 eV performed on samples A (a),
B (c), C (e) and D(g) (zoomed on the G band, accenting G+, G− splitting). Con-
ductance measurements of the same samples A (b), B (d), C(f) and D(h), versus
back-gate voltage at di�erent temperatures. The grey curves are the room temper-
ature conductance measured before the in-situ annealing. The other measurements
are performed under He atmosphere.
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Using the Landauer formula [Datta 1995], we extract an underestimate value of
the product N × le ≈ 210 nm, neglecting the contact resistance (N is the number of
1D sub-bands and le, the electronic mean free path). Considering a constant density
of states between two Van Hove singularities and a back-gate coupling Cg between
the tube and the substrate de�ned by

Cg =
πε0εoxL

ln (4lox/d)
(4.14)

we roughly estimate an electrostatic coupling of 20 meV/V for a twofold degen-
erate channel and deduce N ≈ 6 at Vg = −20 V , giving rise to a low limit of le equal
to 35 ± 5 nm. Note that if one considers a contact resistance in the range of few
kOhm, the electronic mean free path would be 25% larger but its order of magnitude
remains the same. The large aperiodic oscillations that develop at 4.2 K (Figure
4.21b) are strongly thermal cycling dependent, signature of Universal Conductance
Fluctuation (UCF). Assuming a 1D system, we consider [Beenakker 1988]

δGrms =
√

6

(
Lϕ
L

)3/2 e2

h
(4.15)

from which we deduce a phase coherence length Lϕ ≈ 50 nm. Both le and Lϕ
unveil a di�usive regime and are rather standard values for un�lled semiconducting
SWCNT. This demonstrates that the chemical steps to open the tubes prior to the
�lling process and encapsulating the C60 do not signi�cantly enhance the electronic
scattering. However, the Raman spectroscopy analysis along with the absence of the
expected transport gap on the devices directly address the longstanding controversy
of doping e�ects of fullerenes in the vicinity of the CNP.

4.3.2 Calculation of the DOS

DOS has been calculated by K.P. Katin and M.M. Maslov from National Re-
search Nuclear University (MEPhI) in the case of empty and partially �lled nan-
otube, with very close geometrical characteristics (diameter) compared to the pea-
pod investigated here.

Nonorthogonal tight-binding method [Maslov 2009], which correctly describes a
band gap in graphene and graphene nanoribbons [Podlivaev 2011] can be used to
explore peapods electronic structure. In this case peapods conductivity can be calcu-
lated as a transmission of the system using the Green's function approach combined
with the extended Hückel model [Ho�mann 1963]. This model, less demanding of
computer cost, can not provide su�cient accuracy in absolute values of electronic
energy levels, but ensure their regular alternation. Despite of its simplicity, this
approach provides almost as accurate results of transport calculations as more so-
phisticated ab initio approaches [Tian 1998]. The computations details can be found
in the Annex A.1.

To deeply understand the peapod electronic structure the DOS of an un�lled
(10,12) SWCNT (black curves) and a (10,12) SWCNT �lled with C60 (red curves)
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was investigated (Figure 4.22). The (10,12) indexes are chosen as possible chirality
in accordance with the nanotube radius deduced from the resonant micro-Raman
spectroscopy. The length of the SWCNT is optimized at L=2 nm for convergence.
Edge carbon atoms are passivated by hydrogen to avoid dangling bonds at the
nanotube ends. Thus, the empty nanotube is represented as a C476H44 cluster. The
energy band gap for this system estimated from the black curve (Figure 4.22) is
around 0.54 eV, which is close to the expected value for (10,12) SWCNT.

Figure 4.22: The DOS calculated for an empty (12,10) SWCNT (black curve) and
for the same tube �lled with two C60 (red curve). The inset is an extended scale
over a larger energy range.

Then, the system is �lled by one fullerene. The simulation clearly demonstrates
that the encapsulation of C60 signi�cantly in�uences the DOS, showing both a charge
transfer and the occurrence of new states partially �lling the energy gap of the tube.
It was considered a set of di�erent C60 isomers obtained from the ideal buckmin-
sterfullerene by the Stone-Wales transformations. The energy shift induced by the
electron transfer from the tube to the fullerene varies from 0.1 to 0.3 eV as a function
of the type of C60 isomer. Adding one more fullerene into the nanotube enhances
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this trend. As a result, the simulation strongly supports a shift of the electronic
structure toward higher energies along with the appearance of an impurity band
that signi�cantly shrinks the energy gap of the SWCNT, as a consequence of the
encapsulated C60.

4.3.3 Magnetotransport

We next address the electronic band structure of our devices by magneto-transport
experiments. Magneto-resistance measurements under a large magnetic �eld paral-
lel to the carbon nanotube axis reveal its 1D electronic sub-bands and their magnetic
�eld modulation, through the well-know Arahonov-Bohm (AB) e�ect [Bachtold 1999].
The expected energy band gap modulation for a pristine metallic and a semicon-
ducting CNT are depicted on the �gure 4.23.

Figure 4.23: Modulation of the energy band gap as a function of the magnetic �ux
threading for a) a metallic, b) a semiconducting CNT. Here, ∆ is a magnetically
induced gap, ∆0 = γ0aC−C/d (see eq. 4.12) and ϕ0 = h/e is the magnetic �ux
quantum. Taken from [Jiang 2000].

In our study, we apply a 55T magnetic �eld on two samples, A and D at 77 K,
under various back-gate voltages (Figure 4.24, left and right). A drastic reduction
of the conductance in the high �eld regime is observed around the minimum of
conductance, 5 V (Figure 4.21b) and 70 V (Figure 4.21h) for sample A and D,
respectively.
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Figure 4.24: Magnetoconductance measurements under a magnetic �eld parallel
to the tube axis, at 77 K for di�erent back-gate voltages (left and right panels
correspond to sample A and D). The dotted lines illustrate the exponential decrease
of the conductance in the vicinity of the CNP.

At lower Vg, the magnetoconductance (MC) is almost insensitive to the mag-
netic �eld. At �rst glance, a large negative MC in the vicinity of the CNP may
suggest an energy gap opening Eg(B) due to AB modulation of the allowed k⊥
states of a metallic tube. For a diameter of 1.5 nm, Eg(B) equals to 0.7 meV/T
[Fedorov 2007]. Here, assuming a �at band model, the slope of the linear decrease
of the logarithm of the conductance (dotted lines, Figure 4.24), corresponds to an
energy gap opening of 0.6 and 0.2 meV/T for samples A and D, respectively. These
values are comparable but lower than the expected one in the AB picture. Never-
theless, the AB scenario for a negative MC around zero energy requires a metallic
CNT, which is excluded from the Raman spectroscopy. At this stage, we tentatively
explain the magnetoconductance by a magnetic �eld-induced shrinkage of the C60

wave functions.

This e�ect, observed in the hopping regime of doped semi-conductors [Shklovskii 1984],
is the result of the contraction of the impurity wave-function in the plane perpen-
dicular to the magnetic �eld. It is responsible for an exponential decrease of the
magneto-conductance [Mikoshiba 1962]. Close to the CNP, the conduction occurs
through the electronics states induced by the encapsulated C60s. The magnetic
�eld squeezes the associated orbitals reducing thus the overlap with the CNT states
and giving rise to the observed exponential decrease of the conductance, gradually
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restoring the energy gap of the semiconducting shell. Away from the CNP, the elec-
tronic states involved in the conduction process are band states which are much less
sensitive to the magnetic �eld.

4.3.4 UV irradiation e�ects

Coalescence of the C60s induced by UV-laser irradiation (see part 4.2.3) can
be used as a powerful tool for redistribution of fullerenes inside the peapod. The
C60s con�guration has a strong impact on the electronic transport properties of the
peapod, as it was shown by Kondo et al. [Kondo 2005]. To explore this e�ect we
undertake to modify the structure of the encapsulated fullerenes by UV-irradiation.

4.3.4.1 Coalescence of C60 revealed by Raman spectroscopy

For this purpose, we irradiate the connected peapods (samples A and D) with
a 4.5mW UV laser at 335 nm and a × 40 objective during 20 s and under am-
bient conditions. Using Raman spectra from the work of Berd et al. (�gure 4.18
[Berd 2012]) as reference, we study the Raman spectra of the peapods before and
after the irradiation (Figure 4.25, sample A).

Figure 4.25: Raman spectra at 2.33 eV (green) and 1.94 eV (red) excitation energies
before and after UV irradiation on the sample A.

We see that, after irradiation, the Raman spectra for 2.33 eV excitation energy
still con�rms the semiconducting external shell.



86 Chapter 4. Electronic transport in individual C60 peapods

RBM: the RBM peak keeps its position and we do not observe any new peaks
corresponding to the inner tube. This is not so much surprising, as RBM signal
is relatively weak and not always easy to observe. Additionally, as we are working
with an individual peapod, amount of the material may be not enough to obtain
a good signal/noise ratio. For example, appearance of the 7 nm-length or shorter
inner tubes is too close to the resolution limit of the Raman spectroscopy and could
be hardly seen.

D and G bands: for 2.33 eV excitation energy, we notice the increase of the D-
band, which reveals the emergence of a laser-induced disorder related to the partial
coalescence and the redistribution of the C60 inside the peapod. Together with the
D band increase the G-band manifests the very beginning of the G+ � G− bands
merging, con�rming the beginning of the fullerenes coalescence [Puech 2007]. For
a 1.94 eV excitation energy we see the appearance of the resonant Raman signal,
which did not exist before, associated with a modi�cation of the fullerenes. The
large D-band over G− band ratio indicates the incompleteness and defectiveness of
the created inner structure.

2D band: the 2D band modi�cation for the 2.33 eV excitation energy are not
so remarkable, but still, we can notice the elongation of the left shoulder toward
2650 cm−1. For the 1.94 eV excitation energy, we also clearly see the appearance of
the 2D band signal.

Thus, the most prominent modi�cations of the Raman spectra for irradiated
peapods were observed for the D and G bands. By increasing the laser power three
times (Figure 4.26, Sample D, left panel), we achieve the very beginning of the C60

coalescence unveiled by the more pronounced G+ � G− bands merging.
At the same time, the two irradiated samples undergo a huge decrease of their

conductance by more than two orders of magnitude whatever the back-gate voltage,
signature of a strongly di�usive regime. For Sample A, the very low conductance
goes along with more pronounced temperature dependence and some �ngerprint of
an ambipolar behavior versus Vg at the edges of our energy window.
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Figure 4.26: Raman spectra at di�erent excitation energies and conductance mea-
surements versus Vg at di�erent temperatures, before and after UV irradiation on
two samples A and D (top and lower panels, respectively).
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4.3.4.2 Fullerenes redistribution e�ect on the electronic transport

K.P. Katin and M.M. Maslov simulated the impact of the coalescence of the C60

on the electronic transport by calculating the conductance at zero energy for two
model systems: (i) a C60@(10, 12)SWCNT peapod of diameter d=1.51 nm, length
l=4.5 nm and containing �ve C60 fullerenes and (ii) a similar system for which the
�ve fullerenes are replaced by one dimer and one trimer as illustrated in Figure 4.27.

Figure 4.27: Illustration of the simulated system for the calculation of the conduc-
tance, before (left panel) and after UV irradiation (right panel) responsible for the
partial coalescence of the C60.

The platinum contacts are included in the simulation; each contact consists of
322 atoms. Huckel Hamiltonian is calculated within the program package [Landrum 2006]
(2S, 2P orbitals for carbon atoms and 6S, 5P, 5D orbitals for platinum atoms are con-
sidered). The parameters describing the orbital extensions and energies for carbon
and platinum atoms are taken from [Maslov 2009] and [Ditlevsen 1993], respectively.
We obtain a conductance of 0.6 G0 for the ideal peapod with equispaced C60, while
the presence of a dimer and a trimer inside the tube (Figure 4.27) yields to a drastic
drop of conductance down to 0.006 G0. These simulated values qualitatively sup-
port the scenario that the low conductance, after irradiation, is related to the C60

coalescence into short and irregular segments, which was con�rmed by the HRTEM
images. Because of the periodicity break, the segments of coalesced C60 inside the
tube do not contribute any more to an impurity band and they mainly behave as
scattering centers [Kondo 2005]. In between the coalesced C60, the local DOS of
the semiconducting tube is restored. Note that it is also likely that the presence
of defects on the outer shell induced by the irradiation performed under ambient
condition, as con�rmed by the emergence of the D-band, contributes to the strong
di�usive regime.

4.4 Conclusion

We have measured Raman spectra and transport properties on individually con-
nected peapods. A majority of the devices exhibit a semiconducting type resonant
Raman spectrum while the conductance shows no hint of an energy gap in the range
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of a fraction of eV. Our experimental results, supported by numerical simulations,
bring evidence of a signi�cant doping e�ect of the encapsulated C60, including a
rigid shift of the band structure and a partial �lling of the energy gap. The drop
of the high magnetic �eld conductance close to the CNP could be the signature of
the �eld-induced shrinkage of the electronic states generated by the C60. UV irra-
diation induces a partial coalescence of the C60s onto segments of various lengths
which drastically modify the electronic coupling between the C60s and the carbon
nanotube. The loss of the periodic distribution of the C60s inside the CNT results
in a reduced conductance.
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This Chapter is devoted to the investigation of the band structure of InAs
nanowires through high �eld magnetotransport. The interpretation of the exper-
imental data is supported by numerical simulations performed by Yann-Michel Ni-
quet from Institut Nanoscience and Cryogénie (INAC/CEA). The measurements
were performed on nanowires with two diameters, 30 nm and 80 nm, in a wide
temperature range, applying a magnetic �eld up to 55 T in a FET con�guration.

5.1 Introduction on semiconducting nanowires

Semiconducting nanowires have unveiled a wide range of interesting optical and
transport properties that have allowed to create various NW-based devices such as
p − n and resonant tunneling diodes, bipolar and �eld-e�ect transistors, detectors,
etc [Cui 2001, Ohlsson 2002, Doh 2005]. Besides all speci�c properties of semicon-
ducting material NWs exhibit additional features caused by the con�nement. For ex-
ample, strong alterations of the band structure lead to the transition from nondirect
to direct bandgap semiconductor for certain materials. These properties combined
with high carrier mobility and a tunable band gap give an opportunity to create sin-
gle electron transistors, resonant-tunneling diode, high-frequency-operating devices,
photodiodes, light-emitting-diodes, etc.

Another interesting aspect of the semiconducting NWs is their potential applica-
tion in the �eld of spintronics. Spin degrees of freedom attract researcher's attention
for a long time, since the electron spin, being a superposition of two states, can rep-
resent a unit of quantum information - qubit. This idea of spin logic was formulated
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in the second part of the last century but still was not realized due to the absence
of e�ective mechanisms to control the spin of charge carriers by the light or ap-
plied electric �eld. The spin-orbit (SO) interaction, which couples the translational
motion and the spin rotation of the quasiparticle, gives such opportunity to in-
�uence the spin by electromagnetic radiation or electric current. On the basis of
these ideas, a new area emerged and has been widely developed during the last ten
years - semiconductor based spin electronics. The building block of the semiconduc-
tor spintronics are low-dimensional quantum structures: quantum wells, nanowires,
and quantum dots. These structures can be produced with speci�c electronic prop-
erties, which makes possible to control the orbital and spin degrees of freedom of
carriers.

A distinctive feature of the bulk InAs is a large value of the SO interaction,
a high electron mobility (up to 30000 cm2/(V s) at room temperature), a small
e�ective mass of charge carriers (m∗=0.023me) [Dayeh 2010] and the presence of
the surface accumulation layer, which makes it interesting for electronic applications
with high-speed performance and low power operation. Low-dimensional structures
based on InAs are characterized by a spin splitting in the energy spectrum, which
is higher than in the structures based on semiconductors with lager band gap as
Si and GaAs. This spin splitting exists even in the absence of a magnetic �eld
and originates from the large value of the SO interaction in InAs. Nonparabolic
energy-momentum law leads to new spin-dependent e�ects, which is inaccessible
for a classical structures with parabolic subbands [Golubev 1985, Zawadzki 2004,
Krishtopenko 2012]. An important feature of the InAs structures is the possibility
to control various spin-dependent phenomena by applying an electric �eld to the
structure via Bychkov-Rashba e�ect, which makes them attractive for the spintronic
application such as construction of spin �lters and spin transistors. Thus, quasi-1D
electronic con�ned system such as InAs NWs are promising materials as versatile
building blocks for future application in spintronics. Experimental and theoretical
studies of such structures are one of the current problem in semiconductor physics.

A detailed investigation of the band structure is a key issue to understand the
electronic transport in InAs nanowires. In this work, we perform magnetotransport
measurements on individual InAs NWs in order to unveil the signature of the 1D
electronic band structure on the conductance.

5.2 State of art on InAs NWs

5.2.1 Growth process and crystallographic structure of InAs NWs

The �rst report on InAs whiskers synthesis via vapor growth was done by An-
tell and E�er in 1959 [Antell 1959]. Later, in 1966, InAs whiskers were obtained
using Au and Ag catalysis through chemical vapor deposition (CVD) technique
[Takahashi 1966]. Furthers, a variety of growing techniques were proposed: chem-
ical and molecular beam epitaxy, laser ablation, metalorganic vapor phase epitaxy
(MOVPE) and low-temperature solution techniques. The discovery of the vapor-
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liquid-solid (VLS) mechanism by Wagner and Ellis [Wagner 1964], gave a signi�cant
boost to the understanding of the whiskers synthesis. The VLS approach allowed the
synthesis of high-quality NWs from the variety of usual semiconductor materials and,
moreover, it enables to modulate the NW composition along the growth axis, which
allows to embed quantum dots into NW or to create core-shelled one-dimensional
structures. VLS grown NWs have quickly attracted the attention of numerous re-
searchers, o�ering the possibility to investigate the physical properties of quasi-1D
systems. For example, MOVPE technique, which allowed to fabricate high quality
nanowires with diameters down to 20 nm [Koguchi 1992, Yazawa 1993], is based on
the VLS mechanism. Among others, such as vapor-solid-solid, solution-liquid-solid,
vapor-solid, this is the most widely used mechanism to grow InAs NWs.

The vapor phase, consisting of In(CH3)3 and AsH3, forms a supersaturated
liquid alloy inside a metallic nanoparticle catalyst (mostly In or Au). It precipitates
at the liquid-solid interface and forms the NW crystal. Additional material �uxes
contribute to the longitudinal and to the lateral growth (Figure 5.1).

Figure 5.1: VLS growing mechanism with three types of material contribution: via
the nanoparticle, the NW sidewalls, and the substrate growth; kNP , ksw, and ksub
are the growth rate of each contribution respectively. From [Dayeh 2009a].

The impact of each �ux is proportional to the collection area and also depends
in a complex manner on di�erent growth parameters such as the molar ratio of
In(CH3)3/AsH3, the growing time, the temperature, the pressure, etc.

The crystallographic structure of InAs NWs depends also on these parameters
and can change from zinc-blende (ZB), face-centered cubic lattice (Figure 5.2a), to
wurtzite (WZ), hexagonal close packed lattice (Figure 5.2c). The dark and bright
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regions on the cross-sectional TEM images of InAs NW (Figure 5.2d,e) correspond
to these two crystal structures. The crystallographic change is caused by a [111]
rotating twin. The ZB structure with one [111] rotating twin is presented at the
�gure 5.2b: atomic arrangements on the (111) plane are 180◦ rotated around [111]
axis at the twin boundary. Thus, we obtain a monolayer of the WZ type crystal
in ZB structure. If such rotating twins occur at every (111) ZB plane, these planes
become (001) WZ planes and the crystal type changes completely from ZB to WZ.
The lattice constants for ZB and WZ III-V crystals and the potential energy of (111)
ZB planes and (001) WZ planes are very close to each other [Koguchi 1992], which
allows the co-existence of WZ and ZB structures under same growth conditions.

Figure 5.2: Crystal structure: a) zinc-blende type, b) twin structure of zinc-blende
type and c) wurtzite type; d) and e) cross-sectional TEM images of InAs NW grown
at di�erent substrate temperatures and gas molar �ow ratio. From [Koguchi 1992].

Properly selected growth parameters allow to produce single crystal InAs NWs
containing only one crystallographic structure, that is of interest for transport ex-
periments.

5.2.2 Electronic transport properties of InAs NWs

5.2.2.1 Accumulation layer and electron mobility problem

The �rst transport studies on InAs NWs (d=60 nm) were performed by Ohlsson
and co-workers [Ohlsson 2002] on a two terminal FET con�guration. The obtained
mobility of those wires was of the order of 100 cm2V −1s−1. Such low value compared
to the bulk one ( 30 000 cm2V −1s−1) was explained by the presence of impurities
and staking faults. A technical progress of the growing technologies improved the
crystal quality of the InAs NWs, which led to an increase of the electron mobility. In
2005, reports of high electron mobility observed on the vertical wrap-gated and �at
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top-gated transistors based on InAs NWs [Bryllert 2005, Dayeh 2005, Dayeh 2007a]
were published. Lower bound of the mobility in both cases was estimated as 3000
cm2V −1s−1.

The near-surface accumulation layer, which existence was well known for bulk
InAs material, provides the possibility to make good ohmic contacts for the InAs
based devices. Once the structure's size shrinks down and the thickness of this
layer starts to be comparable to the NW diameter, a signi�cant impact on the NW
transport properties is expected [Ford 2009, Dayeh 2009a]. The depth of this layer
was estimated from 10 to 20 nm depending on the NW diameter (Figure 5.3a).

Figure 5.3: a) Free carrier distribution along the channel for di�erent NW diameters
obtained by the Schrödinger�Poisson solver in one dimension. From [Dayeh 2009b].
b) Field�e�ect mobility as a function of radius measured on more than 50 di�erent
InAs Nw-based devices. From [Ford 2009].

The presence of the accumulation layer led to an idea, that the carrier transport
mainly takes place in a tube-like 2D surface electron gas like in InN nanowires
[Richter 2008]. This model was also supported by the lower values of mobility and
higher average carrier densities nav obtained on small-diameter NWs, explained
by the increase of the scattering e�ect in the electron surface accumulation layer.
While larger-diameter NWs, having more bulk-like transport properties, show higher
mobility and lover nav values.

Thus, surface-state e�ects requires a detailed consideration, as they play an im-
portant role in the transport properties of nano-devices. From the one side, the
surface-states can introduce coulomb scattering centers and thus reduce the �eld
e�ect mobility (Figure 5.3b). On the other side, the presence of the accumulation
layer reduces the gate capacitance, which leads to lower transconductance and lower
switching rate of the NW-based devise. In addition, the charge capture and emission
from interface states during the gate sweep alter the threshold gate value, induce
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a hysteresis in the FET transfer curves and smooth the on/o� switching charac-
teristics. The above-mentioned e�ects cause a problem for an accurate estimation
of the �eld-e�ect mobility and carrier concentration in semiconductor NWs, taking
into account the accumulation layer, leakages and interface-state capacitance. The
in�uence of these parameters on the InAs FET transport properties is considered in
details in the publications of S. A. Dayeh and A. C. Ford [Dayeh 2007b, Ford 2009].
As a positive side, we can notice strong changes of conductance depending on the
NW environment due to the presence of the surface states, which can be desirable
for NW applications as photodetectors and highly sensitive sensors [Cui 2001].

5.2.2.2 Phase-coherent transport and spin-orbit interaction

Electronic transport measurements at low temperatures in low dimensional sys-
tems or in a weakly di�usive materials usually reveal the phase coherence of the
electronic wave functions participating to the transport. The phase coherence man-
ifest itself through the universal conductance �uctuations (UCF) and the quantum
corrections to the conductance (weak localization and weak anti-localization).

The phase-coherent transport in InAs NWs, studied through the universal con-
ductance �uctuation as a function of electric and magnetic �elds, reveal a large
phase-coherence length Lϕ, reaching 450 nm at 0.5K [Blömers 2011], con�rming
the good crystallinity of the NWs. Indeed the stacking faults revealed in NWs by
HRTEM are responsible for elastic scattering and reduce Lϕ only indirectly through
the reduction of the di�usion coe�cient. A large value of Lϕ ∼ 250 nm at 8 K was
also con�rmed by the study of the weak localization in perpendicular magnetic �eld
on 60 nm diameter InAs NWs [Hansen 2005].

The observation of a crossover from weak localization (WL) to weak anti-localization
(WAL) regime in InAs NWs (Figure 5.4) driven by a back gate voltage [Hansen 2005]
induced a lot of studies devoted to spin relaxation e�ects [Dhara 2009, Roulleau 2010,
Liang 2012]. The spin relaxation length in InAs NWs has been estimated from sev-
eral tens of nm to more than one hundred nm, depending on the gate voltage (LSO
from 40 nm to 160 nm [Liang 2012]).
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Figure 5.4: a) The average magnetoconductance per NW, measured on an array
of 45 InAs NWs, o�set to zero at zero magnetic �eld. A crossover from WAL to
WL takes place as the gate voltage is decreased. b) The Lϕ, LSO and le extracted
from the �ts of the measured magnetoconductance, as a function of the applied
back gate voltage. The �lled symbols are obtained using �pure� limit approach
(le � dNW ) and the open symbols using �dirty� limit approach (le � dNW ). From
[Hansen 2005].

The WL�WAL crossover and the spin relaxation length LSO are generally at-
tributed to the Dyakonov-Perel spin relaxation mechanism due to the lack of inver-
sion center [Hansen 2005, Roulleau 2010]. This lack of inversion symmetry com-
bined with the spin-orbit interaction creates an e�ective magnetic �eld, which
changes in random directions when the electron scatters to a state with a di�er-
ent momentum. In a more general case, we should consider both types of asym-
metry: bulk-induced asymmetry, which leads to the Dresselhaus spin splitting ef-
fect [Dresselhaus 1955] and structure inversion asymmetry induced by the elec-
tric �eld, which leads to the Bychkov-Rashba spin splitting e�ect [Rashba 1960,
Bychkov 1984b, Bychkov 1984a]. For InAs NWs, the contribution of the Dresselhaus
e�ect is negligible compared to the Bychkov-Rashba e�ect or vanishes completely
along the <111> directions of the NW axis [�uti¢ 2004].

Among others spin relaxation mechanisms in the absence of magnetic impuri-
ties (Elliott-Yafet, Bir-Aronov-Pikus and Hyper�ne-interaction mechanisms), the
Elliott-Yafet mechanism [Elliott 1954] may be relevant in our system, as it is im-
portant for small-gap semiconductors with large spin splitting [�uti¢ 2004]. In this
mechanism, the electron wave function is considered to contain a mixture of two
opposite-spin states, due to the spin-orbit coupling induced by the lattice ions. This
provides a spin-�ip scattering mechanism via momentum scattering on phonons or
impurities.

Additionally, the transition from low to high electron density changes the rela-
tive contribution of bulk and surface electrons in InAs NW. This was proposed as a
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possible explanation of the LSO tunability by the gate voltage [Dhara 2009].

5.2.2.3 Band structure e�ects on the electronic magnetotransport prop-

erties

As it has been mentioned (part 2.4.6), large research e�orts have been made to
analyze the electronic transport properties of nanowires [van Wees 1988, Bogachek 1993,
Bogachek 1994, Bogachek 1996, Scherbakov 1996, Debald 2005, Tserkovnyak 2006].
Sharp modulations of the conductance have been predicted at low temperatures on
the scale of a fraction of a �ux quantum Φ0 � a new scale for a mesoscopic phe-
nomena. Moreover, at low doping levels, Bogachek et al. [Bogachek 1996] predicted
a magnetic switch e�ect and the occurrence of a magnetic quench of the quantum
transport in nanowires.

The magnetotransport behaviour, in a simpli�ed approach, may be considered
through the Einstein relation for the conductivity:

σ(E,B) = e2D(E,B)DOS(E,B) (5.1)

In a weak magnetic �eld the magnetoconductivity is mainly governed by the
di�usion coe�cient D(E,B). Conductance measurement constitutes a well known
technique to unravel the electronic transport regimes and the related characteristic
lengths, like the electronic mean free path and the phase coherence length. During
the last 10 years, magnetotransport experiments on InAs NWs under weak mag-
netic �elds (Lm & dNW ), were mainly focused on the magnetic �eld dependence of
UCF and on the weak antilocalization (WAL) - weak localization (WL) crossover
[Hansen 2005, Dhara 2009, Liang 2009, Estévez Hernández 2010, Roulleau 2010, Liang 2010,
Blömers 2011, Liang 2012]. In the high magnetic �eld regime (Lm � dNW ), the
modulation of the density of states at the Fermi energy may signi�cantly impact
the magnetoconductivity.

An additional parameter complicating the problem is the fact that, the carrier
concentration in semiconducting InAs NWs is not homogeneous in the NW cross-
section and tends to create a surface accumulation layer. The group of Tserkovnyak
et al. [Tserkovnyak 2006] addressed this issue considering the conductance of quasi-
1D NWs with electronic states con�ned to a surface-charge layer in both parallel and
perpendicular magnetic �elds. They unveiled the prominent magnetoconductance
features, which are related to the positions of Van Hove singularities in 1D DOS
(Figure 5.5).
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Figure 5.5: a) The total density of states as a function of the parallel and perpen-
dicular magnetic �eld. B‖: black histogram � an idealized shell modell; dark-gray
histogram � a shell model including Zeeman splitting and spin-orbit coupling. B⊥:
light-gray histogram � triangular-well model . b) The main panel shows the MC in
the parallel magnetic �eld calculated using the same parameters as the histogram
in the a-panel: the solid line corresponds to the black histogram, the dashed line
� the dark-gray histogram, and the dotted line � the light-gray histogram. The
inset shows a calculation similar to the dotted line in the main panel but for the
perpendicular magnetic �eld. From [Tserkovnyak 2006].

It was also determined, that the aperiodicity of magnetoconductance �uctuations
is caused by the Zeeman splitting, which is vanishing in the case of very narrow
con�nement. At large magnetic �elds, a quench of the conductance is also predicted
in agreement with previous studies [Bogachek 1996].

Among the theoretical studies of InAs NWs, the work of Debald et al. [Debald 2005]
should be mentioned. It considers the in�uence of a perpendicular magnetic �eld on
the transport properties of a ballistic NWs, taking into account the Zeeman split-
ting and the Rashba e�ect. It evidenced that the magnetoconductance behaviour is
strongly linked to the relation between three length scales: the geometrical con�ne-
ment l0, the magnetic length lB =

√
~/(mωc), and the relaxation length due to the

spin-orbit interaction lSO = ~2/(2mα).

These theoretical investigations unveil the direct link between the magnetocon-
ductance behaviour in the high �eld regime and the electronic band structure. To
the best of our knowledge, there is no published data on high magnetic �eld ex-
periments, requiring the pulsed magnetic �eld technique, to explore the electronic
density of the states and the related 1D band structure in semiconducting NW.
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5.3 Experimental study of the electronic transport in

InAs NWs

In this work, we studied the transport properties of the InAs NWs with two
range of diameters, 33 ± 5 nm and 80 ± 5 nm. The 30 nm and 80 nm diameter
InAs NWs were grown using epitaxy techniques and electrically contacted in a FET
con�guration on a Si/SiO2 substrate by Renaud Leturcq and Philippe Caro� from
Institut d'Electronique, de Microelectronique, et de Nanotechnologie (IEMN) and by
Lucia Sorba and colleagues from NEST laboratory of Istituto Nanoscienze CNR and
Scuola Normale Superiore, respectively. According to the TEM observations (Figure
5.6), in both cases the InAs NWs are single crystals of wurtzite crystallographic
structure with <0001> growing direction. More detailed description can be found
in the part 3.1 and in the works of Pfund et al. [Pfund 2006] and Heun et al.
[Heun 2010].

Figure 5.6: The TEM image of a typical InAs NW (d ∼ 80 nm) reveals a wurtzite
single crystal structure.

Transport measurements were performed on more than 30 individual InAs NW
based devices. TEM image of a typical NW (Figure 5.6) con�rms a wurtzite single
crystal structure with a high crystalline perfection and a high purity. The results of
the measurements are presented here by �ve representative samples, named A, B,
C, D, and E. The parameters of these samples are summarized in a Table 5.1.
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Sample Diameter Length Mobility at 4.2K Lϕ at 4.2K
(±0.5 nm) (±5 nm) (cm2/(V s)) (±5 nm)

A 33.1 377 3000 130
B 34.7 375 1000 120
C 29.8 386 900 125
D 37.8 372 1500 110
E 80 ± 5 nm 600 840 200

Table 5.1: Geometrical dimensions and transport characteristic lengths of the InAs
NW based devices.

For both types of the NWs, the back gate capacitance coupling between the NW
and the Si/SiO2 substrate is approached by the following expression:

Cg =
πε0εoxL

cosh−1
(
lox+r
r

) (5.2)

where εox is the dielectric constant of the SiO2, L and r is the length and the
radius of the NW. One can notice that this formula is slightly di�erent from the
standard expression of the capacitance of a wire parallel to a plane (Cwire). It has
been shown [Ford 2009] by comparing the measured values of Cg with the standard
expression, that the last one overestimates the e�ective capacitance approximately
by a factor of two for the considered range of diameters and oxide thickness. There-
fore, we use the aforementioned formula, Cg = Cwire/2, which gives 0.03 nF/m and
0.04 nF/m for 30 nm and 80 nm, respectively.

5.3.1 Electronic transport characterization at zero magnetic �eld

5.3.1.1 Evidence of the 1-D band structure on the G(Vg) curves

Before the transport measurements, all devices are preliminary exposed to low
pressure He atmosphere (P ≈ 10−4 mbar) during 12 hours in order to desorb
molecules (mostly moisture) from the sample surface. After this procedure, the
conductance increases between 10 and 100 times.

The �gure 5.7 presents the measurement of the conductance G of the sample A
versus the applied back gate voltage Vg for di�erent temperatures. The InAs NW
remains in its o�-state (G ≈ 10−4G0), close to the experimental resolution, for gate
voltages smaller than the threshold value Vt and then increases up to the saturation
value, Gs ≈ 2e2/h, at high gate voltages. The on/o� transition starts to be more
abrupt with decreasing of the temperature, unveiling the increase of the electron
mobility at lower temperature.
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Figure 5.7: Sample A. Conductance as a function of the gate voltage Vg measured
at di�erent temperatures. Drain-source voltage is Vds = 1 mV for all the curves. On
the right panel the curves are shifted for clarity.

In addition, at low temperatures we observe the onset of large modulations in
G(Vg) (Figure 5.7b), which are superimposed to an overall monotonous increase.
We extract the �eld-e�ect mobility value µ using the standard expression from the
averaged slope of the G(Vg) at Vg ∼ Vt:

µ =
L2

Cg

dI

dVg

1

Vds
(5.3)

here, Vds is a drain-source voltage. The extracted mobility versus temperature
for the �ve InAs NWs are presented on the �gure 5.8.

Figure 5.8: Field-e�ect mobility as a function of the temperature in a semi-
logarithmic scale for the �ve samples.
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At room temperature our samples exhibit a mobility in order of several hun-
dreds cm2/(V s), which strongly rises at low temperatures up to a few thousands
cm2/(V s). The highest mobility at 4.2 K was obtained for the sample A (µ ≈
3000 cm2/(V s)). This values are in good agreement with a mobility in InAs NWs,
reported previously [Bryllert 2005, Dayeh 2005, Dayeh 2007a].

The conductance modulations at low temperatures consist of two components:
some �uctuations, which are strongly temperature dependent and other, with step-
like features, which persist up to T=60 K and which are reproducible for di�erent
thermal cycles. The physical origin of the �rst contribution is attributed to the
universal conductance �uctuations (UCF) originating from changes in the electronic
interference pattern due to the variation in the Fermi wavelength. The second
contribution, the step-like features, are attributed to the 1-D band structure of
the NWs [Ford 2012]. In order to give an evidence of this band structure e�ect, the
calculation of the band structure of a 33 nm and a 80 nm diameter InAs NW has been
made by Yann-Michel Niquet (Institut Nanoscience and Cryogénie � INAC/CEA)
(see appendix A.2 for more details). The �gure 5.9a presents the energy-momentum
law E(k) for a 33 nm diameter InAs NW.

Figure 5.9: a) The energy-momentum law E(k) for 33 nm diameter InAs NW calcu-
lated in a frame of tight-binding model at zero temperature. b) Dependence of the
Fermi energy versus the applied voltage calculated from the equation 5.5. Values
mark the number of the subbands under the Fermi energy, spin is not taken into
account.

The DOS(E) calculations are based on the band structure computation:

DOS(E) =

√
2m∗

~

∑
i
H(E − Ei)
√
E − Ei

(5.4)

where Ei are the minima of the subbands Ei(k) and H(x) is the Heaviside step
function. Thus, the applied gated voltage Vg could be converted into the Fermi level
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(Figure 5.9b) under assumption, that the carrier density n depends linearly on the
Vg:

Ef∫
Ec

DOS(E)dE = n1D(Ef ) =
VgCg
eL

; (5.5)

here, Ec is the energy minimum of the conduction band and L is the sample
length. The �gure 5.10 presents the DOS as a function of the applied gate voltage
together with the conductance curves at di�erent temperatures for two di�erent
samples.

Figure 5.10: Conductance versus the back gate voltage at low temperatures and
corresponding DOS (green curves) in arbitrary units for a) sample A and b) sample
D.

We are assuming the intrinsic nature of the charge carriers of the NW, thus the
increase of the conductance for Vg > Vt is attributed to the crossing of Ef with the
�rst 1D subband.

The step-like conductance features (Figure 5.10) are in a pretty good agreement
with the location of the Van Hove singularities of the DOS, calculated directly from
the dispersion law without any free parameters. Thus, we observe the in�uence of
the individual 1D subbands on the electronic transport. Such a result indicates that



5.3. Experimental study of the electronic transport in InAs NWs 105

our NWs are clean enough to exhibit band structure e�ects on the conductance at
zero �eld. It also validates the estimation of the conductance coupling. And �nally,
Ef (Vg) relation (Figure 5.9b) will be very useful to tune the number of conducting
1D subbands for magnetotransport experiments.

The same measurements performed for 80 nm InAs NWs show much less pro-
nounced step-like behaviour (Figure 5.11).

Figure 5.11: a) The energy-momentum law E(k) for 80 nm diameter InAs NW
calculated in a frame of tight-binding model at zero temperature. b) Conductance
versus the back gate voltage at 77 K (red curve) and corresponding DOS in arbitrary
units (green curve) for 80 nm NW (sample E). Arrows indicate the step-like features
on the conductance curve.

Nevertheless, we can see some modulations that may coincide with the location
of the Van Hove singularities (marked by arrows). Note that the much weaker
signature of the band structure for the 80 nm diameter NW is not surprising, as
the 1-D subbands energy separation is less than in the 33 nm diameter NW. The
distance between the subbands ∆E ∼ 10 meV (∼ 40 meV for the 33 nm diameter
NW), starts to be comparable with kT at 70 K (6 meV ). At lower temperature the
onset of the UCF makes the band structure e�ects imperceptible.

The mean free path Le was estimated through the Landauer formula in the
weakly di�usive regime, for Le < L:

G =
2e2

h

NLe
L+ Le

(5.6)

We use the mean value of the conductance in between of the two �rst Van Hove
singularities, thus only one subband is involved in the electronic transport (N = 1).
We obtain a mean free path of the order of 60 nm for 30 nm and 80 nm diameter
NWs. Since the contact resistance is not taken into account, this value underesti-
mates the mean free path. Thus, we can conclude on the presence of a di�usive
regime for 80 nm NWs (Le < d < L) and a weakly di�usive regime for both 30 nm
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NWs (d < Le < L). Note that a similar Le value can be extracted by considering
the simple Drude formula (Le = ~(3π2n)1/3/(ρne2)) for an equivalent doping level.
Here, n is the electron concentration and ρ = 1/σ is the resistivity of the sample.

5.3.1.2 Universal conductance �uctuations

Equilibrium regime. Now let's turn to the second part of the signal - universal
conductance �uctuations (UCF). These �uctuations are clearly seen in the tem-
perature range from 4.2 to 30 K and then, they are gradually suppressed with the
following increase of the temperature. The drain-source voltage for this experiments
was �xed at 50 µV in order that eVds � kT . Several characteristic lengths have
been deduced from this low drain-source voltage regime. We estimate a di�usion
coe�cient from the Einstein relation for the conductivity:

σ = e2D ×DOS (5.7)

as D ≈ 200 cm2s−1 and a thermal length LT =
√
~D/kBT ≈ 190 nm at 4.2 K.

The expected electronic phase coherence length Lϕ for such InAs NWs is of the
order of 200 nm [Blömers 2011]. Thus, LT and Lϕ might be comparable. For this
reason we derive Lϕ from the amplitude of the UCF through the following expression
[Beenakker 1988]:

δGrms = β
e2

h

(
Lϕ
L

)3/2
[

1 +
9

2π

(
Lϕ
LT

)2
]−1/2

(5.8)

Here, δGrms is a root mean square value of the UCF amplitude and β is a
constant of the order of one. The extracted values of the Lϕ at 4.2 K are ≈ 120

nm and ≈ 200 nm for 30 nm and 80 nm diameter NWs, respectively. As we can see
from the table 5.1, for the all samples, the coherence length is smaller than the NW
length L and in a good agreement with previously reported values on similar InAs
NWs [Hansen 2005, Dhara 2009, Liang 2010, Liang 2012].

In order to unveil the electron dephasing mechanism in InAs NWs, the tem-
perature behaviour of the coherence length Lϕ(T ) was investigated. The UCF are
subtracted from a monotonous part of the conductance curves measured at di�erent
temperatures (Figure 5.12a) and Lϕ is estimated from the equation 5.8. The Lϕ(T )

dependence is presented in the �gure 5.12b for samples A, D and E.
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Figure 5.12: a) UCF in e2/h units measured on the sample E at Vds = 50 µV versus
Vg for di�erent temperatures. Curves are up-shifted for clarity. b) Electron phase
coherence length Lϕ versus temperature for the samples A, D and E. Dotted lines
show a T−1/3 power law dependence.

The decrease of Lϕ with temperature is close to the T−1/3 power law for all
samples. This indicates that the Nyquist dephasing (the interaction of an electron
with the time and space dependent �uctuating electromagnetic �elds, produced by
all the other electrons in the system) is the major source of decoherence in measured
InAs NWs [Altshuler 1982, Blömers 2011].

Non-equilibrium regime. In addition, a non-equilibrium regime of UCF has
been investigated, when the applied drain-source voltage Vds exceeds both kBT and
the coherence energy (Thouless energy) de�ned by:

ET = eVc = ~D/L2
ϕ (5.9)

The root mean square values of the conductance �uctuations δGrms are ex-
tracted from the conductance curves mesured at di�erent Vds and we clearly see a
drastic decrease of the UCF at large bias voltages (Figure 5.13a). The δGrms(Vds)
dependence is presented on the �gure 5.13b for samples A, D and E. Samples B and
C exhibit the same behaviour and are not shown for clarity.
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Figure 5.13: a) UCF in e2/h units measured on the E sample at 4.2 K versus Vg for
di�erent Vds. Curves are up-shifted for clarity. b) δGrms in e2/h units versus Vds
for sample A, D and E. Dotted lines show a V −0.5 power law dependence for large
Vds.

The δGrms plotted versus Vds clearly reveals a V −0.5 power law dependence once
the Vds exceeds the critical voltage ∼ 1.5 mV . This critical voltage is consistent
with the Thouless energy ∼ 1.3 meV estimated from the equation 5.9. Ludwig et
al. [Ludwig 2004] showed that, for large drain-source voltage, UCF are dominated
by the largest quantum-coherent region of the nanowire adjacent to the contacts.
The voltage dependence of these coherent segments was predicted to vary as V −0.25

when electron-electron interaction dominates the inelastic scattering, giving rise to
δGrms ∼ V −0.5ds dependence. These predictions are favorably compared to our exper-
imental results (Figure 5.13). Thus we can conclude that, for measured InAs NWs in
the non-equilibrium regime the electron-electron scattering is the main mechanism
responsible for the phase decoherence.

5.3.2 Magnetotransport experiments on InAs NWs

5.3.2.1 Study of the magnetic �eld dependence of the UCF

In this paragraph, we study the magnetic �eld dependence of the UCF in InAs
NWs. Magnetoconductance curves of 30nm InAs NWs are shown on the �gure 5.14
for di�erent values of the gate voltage. The threshold value Vt is adopted to zero.
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Figure 5.14: Magnetoconductance as a function of a) a perpendicular and b) a
parallel magnetic �eld for di�erent Vg, measured at T=4.2 K on the sample A.

Pronounced conductance �uctuations versus magnetic �eld are observed in the
two magnetic �eld con�gurations. These conductance �uctuations are analyzed
through the correlation magnetic �eld Bc, which is de�ned by the autocorrelation
function of conductance given by [Lee 1987]:

F (∆B) = 〈δG(B + ∆B)δG(B)〉 (5.10)

with Bc corresponding to the half maximum of the autocorrelation function:

F (Bc) =
1

2
F (0) (5.11)

The values of the correlation magnetic �eld as a function of Vg for two magnetic
�eld con�gurations are presented on the �gure 5.15.

Figure 5.15: The correlation magnetic �eld Bc as a function of the applied gate
voltage in a) perpendicular and b) parallel magnetic �eld at T=4.2 K for the sample
A. The red dashed line is the mean value of the Bc and the green dashed rectangle
is the estimated error of the Bc.
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The average values of the correlation magnetic �eld over the di�erent gate volt-
ages are Bc ⊥ = 1 ± 0.4 T and Bc ‖ = 1.6 ± 0.7 T for the perpendicular and the
parallel magnetic �eld, respectively. It has been shown [Beenakker 1988], that for
quasi-1D systems (d � Lϕ � L), under the dirty metal approximation, the corre-
lation magnetic �eld Bc is de�ned:

Bc = γ
Φ0

Aϕ
(5.12)

where Φ0 = h/e is the quantum �ux, γ is a constant which equals 0.95 for
Lϕ � LT and 0.42 for Lϕ � LT , and Aϕ can be interpreted as the maximum area,
perpendicular to B, which is enclosed by the phase coherent length. Taking into the
account that for the 30 nm diameter NWs, d < Lϕ < L, we can estimate Aϕ ⊥ =

Lϕd and Aϕ ‖ = πd2/4 for normal and axial magnetic �eld, respectively. Thus,
we determinate the γ constant using the Bc values de�ned by the autocorrelation
function: γ⊥ = 1± 0.2 and γ‖ = 0.5± 0.2.

These γ values for InAs NW in our case (Lϕ . LT ) are in satisfactory agreement
with the range [0.42; 0.95] predicted by the theory. This con�rms the validity of the
applied requirements for one dimensionality d� Lϕ � L for our systems.

The phase coherence length estimated from the correlation magnetic �eld (Eq.
5.12) is consistent with the Lϕ ≈ 120 nm deduced from the UCF at zero magnetic
�eld.

The application of the dirty metal approximation may raise doubts, as for 30
nm diameter InAs NWs the mean free path and the nanowire diameter are in the
same order of magnitude. In order to clarify this point, we additionally performed
the Bc estimation under the pure metal approximation (Le � d) (see equation in
the appendix A.3). The obtained values exceed the experimental Bc (eq. 5.11) by
3 and 8 times for axial and normal magnetic �eld respectively, which points out the
inconsistency of this approach for our system.

5.3.2.2 Magnetoconductance in the low �eld regime: a crossover from

WL to WAL

In this paragraph, we study the crossover from weak antilocalization (WAL) to
the weak localization (WL) in our InAs NW-based devices. The presence of the UCF
makes di�cult to extract the weak localization and antilocalization contribution to
the magnetoconductance (MC). In order to subtract the UCF, we averaged from 10
to 20 di�erent G(B) curves measured in the vicinity of a given Vg at T = 4.2 K.
The averaged ∆Ḡ(B) curves for di�erent back gate voltages are presented on �gure
5.16 for the perpendicular and the parallel magnetic �eld (sample A). We clearly
observe a strong back gate voltage dependence of the low magnetic �eld behaviour
of the MC, that we attribute to a crossover from the WAL (MC<0) to WL (MC>0)
as the carrier concentration decreases.
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Figure 5.16: The conductance correction [G(B)−G(0)] in e2/h units in a) parallel
and b) perpendicular magnetic �eld measured at T=4.2 K on the sample A. Solid
lines are �ts to the equation 5.13

We notice that the WAL e�ect seems to be more e�cient in the perpendicular
con�guration compared to the parallel one: at Vg = 20 V in the perpendicular
con�guration the main MC decrease takes place below B ∼ 0.7 T and MC is almost
constant above this value, as the WAL is completely suppressed by the magnetic
�eld, while in the parallel con�guration MC continues to decrease up to B ∼ 1

T. To understand this angular dependence, we must consider the electronic time
reversed paths, which are responsible for the quantum correction in both cases. In
the perpendicular orientation, the shape of the relevant time reversed trajectories
can cover an area up to Lϕd perpendicular to B, which will be strongly a�ected by
the magnetic �eld. On the other hand, in the parallel orientation, the area covered
by the relevant paths cannot exceed the NW cross-section πd2/4 and, thus, will be
less a�ected by the magnetic �eld. Our results on the angular dependence of WAL�
WL crossover are in a good agreement with the experimental work of Roulleau et
al. [Roulleau 2010].

To demonstrate the WL and WAL contribution to the MC curves and to extract
the relevant characteristic length, we directly compare the experimental data to
the theoretical expression of the quantum correction to the conductance under a
magnetic �eld. As we showed previously, our InAs NWs are in the 1D regime with
d < Lϕ � L. However, for the 30 nm diameter, since Le & d, both expressions for
the dirty and the pure metal approximation need to be considered.

The conductance correction ∆G(B) in a weak magnetic �eld (d < Lm =
√
~/eB)

under the dirty limit is expressed as [Altshuler 1982, Hansen 2005]:

∆G(B) = −2e2

h
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L

[
3

2

(
1

L2
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L2
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(5.13)

where Lso is the relaxation length due to the spin-orbit interaction, LB is the
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magnetic relaxation length which depends on the �eld orientation [Altshuler 1981,
Liang 2010]:

L2
B⊥ =

12

π

L4
m

d2
(5.14)

L2
B// = 8

L4
m

d2
(5.15)

The expression for the conductance correction in the pure limit additionally
takes into account the mean free path Le [Beenakker 1988]:

∆G(B) = −2e2
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(5.16)

See appendix A.3 for LB description. The �tting parameters are Lϕ and Lso
for the dirty limit expression and Lϕ, Lso and Le for the pure limit expression.
A comparison of these models applied to our data is presented on the �gure 5.17
as a di�erence between the theoretical curves and the measured conductance for
optimized parameters.

Figure 5.17: Di�erence between the �tted curves and measured conductance for the
two models used: Eq. 5.13 (dirty limit) and Eq. A.5 (pure limit) versus magnetic
�eld. The presented data were measured on the sample A at Vg=20 V in a) parallel
and b) perpendicular con�guration at T=4.2 K.

Both models describe the measured data reasonably well, however, the dirty
limit gives a better �t for the whole range of magnetic �eld. Taking into account
that the correlation magnetic �led was also better described in the dirty metal limit,
we therefore refer to the results obtained from the dirty limit model in the following
discussion. The theoretical curves in the dirty limit (Eq. 5.13) for di�erent Vg in
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both perpendicular and parallel magnetic �eld (solid lines) are directly compared to
the experimental data (dot symbols) on the �gure 5.16. The �tting parameters Lso
and Lϕ for di�erent gate voltages are shown on the �gure 5.18.

Figure 5.18: The spin relaxation length Lso and phase coherence length Lϕ extracted
from the �ts to the measured magnetoconductance are plotted against the back gate
voltage for c) axial and d) normal magnetic �eld. Sample A, T=4.2 K.

Note that the 1D requirement (Lϕ > d) is indeed satis�ed. Besides, the Lϕ
values obtained here are in a good agreement with the Lϕ ≈ 120 nm previously
extracted from UCF at zero and low magnetic �elds at 4.2 K. The crossover from
WAL to WL occurs when Lso starts to be larger than Lϕ. Since we consider the
�eld orientation through the magnetic relaxation length we should obtain the same
values of Lso and Lϕ in both con�gurations. Indeed, this is well satis�ed for Lϕ and
less for Lso. As it was mentioned in the introduction of this chapter (part 5.2.2),
mainly the Dyakonov-Perel and the Elliott-Yafet mechanisms contribute to the spin
relaxation in InAs NWs.

First, let's consider the Elliott-Yafet mechanism, where momentum scattering
gives rise to the spin relaxation due to the spin-splitting of the valence band. The
spin relaxation length for this case is estimated from the bulk InAs in a three-band
kp-approximation and is expressed as [Chazalviel 1975]:

Lso =

√
3

8
le
Eg
Ef

(Eg + ∆so)(3Eg + 2∆so)

∆so(2Eg + ∆so)
(5.17)

where ∆so = 0.38 eV is the valence band splitting and Eg = 0.445 eV is the band
gap of InAs NW. In the frame of this mechanism, we deduce a spin relaxation length
Lso ∈ [110; 80] nm for Vg ∈ [1; 20] V. Hence, this mechanism may be of importance
in our system, but it does not address completely the full range of the Lso values
we extract.

Considering the Dyakonov-Perel mechanisms, we know that the bulk-induced
asymmetry is absent in <111> direction of the InAs NWs, suppressing the Dressel-
haus spin splitting e�ect. Thus, only Bychkov-Rashba spin splitting e�ect, induced
by the electric �eld across the wire, should be taken into the account. The contri-
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bution of the Bychkov-Rashba e�ect to the spin-orbit relaxation length Lso can be
estimated by [Bychkov 1984a]:

Lso =
~2

2m∗αR
(5.18)

here, αR is the Rashba coupling parameter and m∗ = 0.023me is the InAs
e�ective mass. Considering the obtained values of Lso (Figure 5.18), we deduce the
Rashba coupling parameter αR from 1.2 × 10−11 to 4.1 × 10−11 eVm, varying Vg
from 1 to 20 V, respectively. The derived Rashba coupling parameter is surprisingly
large comparing to the previously reported results, obtained on InAs NWs in similar
FET con�guration (Figure 5.20).

The same analysis of the low �eld magnetoconductance ∆Ḡ(B) has been per-
formed for the 80 nm diameter InAs NW (Sample E, �gure 5.19).

Figure 5.19: The a) WAL (high Vg) and b) WL (low Vg) conductance correction
[∆G(B)−G(0)] in e2/h units in parallel and perpendicular con�guration, measured
at T=4.2 K on the sample E. Solid lines are the �ts to the equations a) 5.13 and b)
5.19.

For low gate voltages, we obtain a positive magnetoconductance behaviour (Fig-
ure 5.19b). One notes, that in parallel magnetic �eld we obtain a steeper conduc-
tance slope than for perpendicular con�guration. At the �rst glance, this behaviour
is not consistent with aforementioned WL behaviour: in the perpendicular orienta-
tion the shape of the relevant back-scattering paths can cover a bigger area a�ected
by the magnetic �eld than in the parallel one, which leads to a steeper positive
magnetoconductance slope in the perpendicular orientation [Liang 2010]. However,
for the proper analysis of this data the surface accumulation layer should be taken
into account. For the cylindrical sample with a diameter d, length L and a wall
thickness ∆d the WL conductance corrections is expressed as [Aronov 1987]:

∆G(B) = −2e2

h
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L

[
ln
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here, K0(x) is the Macdonald function, Φ = B × πd2/4, Φ0 = h/e, Lϕ is the
coherence length at the zero magnetic �eld and Lϕ(B) is expressed as:

Lϕ(B) = Lϕ

[
1 +

1

3

(
Lϕ∆d

L2
m

)2
]− 1

2

(5.20)

We use this expression to �t the positive magnetoconductance in parallel mag-
netic �eld. The phase coherence is Lϕ ≈ 200 nm (extracted at zero magnetic �eld
from the UCF amplitude) and the thickness ∆d of the accumulation layer is a �tting
parameter. The resulting curves are presented on the �gure 5.19b. The extracted
thickness of the accumulation layer ∆d ≈ (12±3) nm is in good agreement with the
calculated carried distribution in 80 nm diameter InAs NWs [Dayeh 2009b], which
estimates the accumulation layer to be in the order of 10 nm.

For G(B) curves measured at high gate voltage we obtain the WAL conductance
behaviour (Figure 5.19a), which �ts well with the aforementioned theoretical equa-
tion 5.13. The extracted phase coherence length Lϕ ≈ 130 nm is in the same range
of magnitude as the value obtained through the UCF amplitude Lϕ ≈ 200 nm for
80 nm diameter NWs. The spin relaxation length derived from this �t is Lso ≈ 30

nm, which gives a Rashba coupling parameter αR ≈ 5.5× 10−11 eVm.
The values of Rashba coupling parameter for 30 nm and 80 nm diameter InAs

NWs are surprisingly large comparing to the previously reported results, obtained
on InAs NWs in similar FET con�guration (Figure 5.20).

Figure 5.20: Rashba coupling parameter αR versus InAs NW diameter reported by
di�erent groups: violet d = 100 nm [Dhara 2009]; blue d = 75 nm [Roulleau 2010];
green d = 60 nm [Hansen 2005]; orange d = 40 nm for Vg ∈ [0− 30] V [Liang 2012];
red - current work (d = 33 and 80 nm ) for Vg ∈ [1− 20] V.
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One can note, that Rashba coupling parameter αR stay in the range of ∼ 10−11

eVm with the decrease of the NW diameter. These results are in sharp contrast
with the prediction of weak antilocalization suppression in narrow quantum wires
(αR ∼ 1/d) due to the geometrical con�nement [Schäpers 2006, Roulleau 2010].
Clari�cation of this issue requires additional measurements in smaller diameters
range in order to approach indeed the 1D system properties.

5.3.2.3 High magnetic �eld experiment: onset of magnetoelectric sub-

bands

As it was discussed previously (part 5.2.2.3), the theoretical investigations [Bogachek 1996,
Debald 2005, Tserkovnyak 2006] predicted a strong in�uence of the high magnetic
�eld on the transport properties of NWs. To the best of our knowledge, there is no
published data on high magnetic �eld experiments on semiconducting NWs.

The �gure 5.21 presents, in a semi-logarithmic scale, typical magnetoconduc-
tance behaviour for 33 nm diameter NWs, measured at T = 4.2 K on sample A
for di�erent values of the applied gate voltage and in di�erent con�guration of the
magnetic �eld with respect to the NW axis.

Figure 5.21: Magnetoconductance in parallel (orange and blue) and perpendicu-
lar (red and green) magnetic �eld for two ranges of Vg corresponding to di�erent
positions of Ef . T = 4.2 K, sample A.

For both perpendicular and parallel magnetic �elds, the conductance displays
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large �uctuations in the low and intermediate �eld range followed by a vanishing
at high magnetic �eld. Above a critical �eld, which clearly rises with the Fermi
energy, the conductance rapidly decreases down to values, which are close to the
experimental resolution. A similar behaviour has been obtained on 80 nm diameter
NW also. This e�ect can be associated to the loss of conducting channels once all
the magnetoelectric subbands, shifted toward the high energy range by the magnetic
�eld, have crossed the Fermi energy. Moreover, it will be shown that for both types
of wires, the quench of the conductance occurs in slightly di�erent ways in the two
con�gurations, the e�ect being more abrupt in the B perpendicular geometry than in
the parallel one. This qualitative observation points towards the distinct behaviors
of the magnetoelectric subbands expected for the di�erent con�gurations of the
magnetic �eld with respect to the NW axis. In order to understand this behaviour,
the electronic band structure calculations of 33 nm and 80 nm diameter InAs NWs
were performed by Yann-Michel Niquet and colleagues, taking into account the
lateral and magnetic con�nements (see appendix A.2). The band structure was
calculated for each value of magnetic �eld from 0 to 50 T with a step of 1 T (d=33
nm) and 2 T (d=80 nm) for both perpendicular and parallel con�gurations of the
magnetic �eld. The results of these calculations are partly depicted on the �gure
5.22.

Magnetic �eld applied along the NW (Figure 5.22d) tends to strengthen the
con�nement along their axis and the energy dispersion remains close to a parabolic
law. The application of the magnetic �eld perpendicular to the wire axis leads to
the formation of Landau-like levels with weak dispersion close to the Brillouin zone
center (Figure 5.22e). These calculations take into account the Zeeman e�ect and SO
coupling; spin-splitted subbands are shown in red (spin up) and blue (spin down).
The calculations show that the wave function is con�ned in the plane perpendicular
to the magnetic �eld.
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Figure 5.22: (a) Energy-momentum law E(k) (k// NW axis) and (b) conduction
band wave function of the �rst energetic subband of a 33 nm diameter InAs NW
(NW axis //z) at zero magnetic �eld, (c) and (d) at 50 T parallel magnetic �eld
(B//z), (e) and (f) at 50 T perpendicular magnetic �eld (B ⊥ x, z). Red and blue
lines are spin splitted subbands with the spin "up" and "down" respectively.
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In order to analyze the magnetotransport results, from one side, the position of
the Fermi energy and thus the number of occupied subbands at zero magnetic �eld
are evaluated from the G(Vg) plots. From the other side, the magnetic �elds (Bq)
corresponding to the conductance quench together with �elds corresponding to large
decrease of G(B) were evaluated as shown on the �gure 5.23. The corresponding
data (Bq, Ef (B = 0)) are then transferred on the plot of the calculated energy levels
as a function of magnetic �eld (Figure 5.24).

The �gure 5.23 presents the magnetotransport measurements on the sample A
in the perpendicular magnetic �eld orientation.

Figure 5.23: Magnetoconductance for di�erent applied gate voltages in the perpen-
dicular magnetic �eld at T = 4.2 K, sample A. Conductance drops corresponding
to the loss of conducting channels marked by the arrows.

On the �gure 5.23 the magnetoconductance at low gate voltages (Vg= 0.5, 1.1,
1.2, 2.1 V) exhibits large �uctuation followed by a sharp drop and a quench of
the conductance. The position of this drop shifts to higher values of the magnetic
�eld with the increase of the gate voltage. At higher gate voltages (Vg= 4.2, 5.1,
5.9 V) this conductance quench occurs in several stages. The beginning of each
conductance drop is marked by the arrow.
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Figure 5.24: Calculated magneto-electric subbands as a function of magnetic �eld.
The dashed lines point the Fermi level for G(B) curves with corresponding colors
from Fig.5.23. The �lled circles correspond to the positions of the arrows on the
Fig.5.23 (color corresponds to the lost subband).

On the �gure 5.24 the drops of the conductance are marked by the �lled circle
at the Fermi level of the corresponding G(B) curve. On this plot a good agreement
between conductance drops and the crossings of Ef (B = 0) with the magneto-
electric subbands is obtained. Thus, we attribute the G(B) behaviour to the loss of
conducting channels, shifted toward high energy by the applied magnetic �eld. In
order to highlight this, the color of the circles at the bottom panel (arrows at the
top panel) corresponds to the color of the subband, which crosses the Fermi level
of the given G(B) curve. The quench of the conductance correlates with the loss of
the last magnetoelectric subband. The same analysis was performed for the parallel
orientation of the magnetic �eld for the sample A (Figure 5.25).
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Figure 5.25: a) Magnetoconductance for di�erent applied gate voltages in the paral-
lel magnetic �eld at T = 4.2 K, sample A. Conductance drops corresponding to the
loss of conducting channels are marked by the arrows. b) 1D electronic subbands Ei
as a function of parallel magnetic �eld. The dashed lines point the Fermi level for
G(B) curves with corresponding colors. The �lled circles correspond to the positions
of the arrows on the top panel (color corresponds to the applied gate voltage).
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The G(B) curves in parallel orientation (Figure 5.25a) also exhibit large �uctua-
tion followed by a quench of the conductance. It is much more di�cult to associate
the conductance drops with the loss of conducting channels (Figure 5.25b). The
band structure of the InAs NW in the parallel magnetic �eld is indeed more com-
plicated, as: i) the 1D subbands may have an upward or downward energy shift,
depending on the spin orientation, when the magnetic �eld is increased and ii) the
resulting energy versus B spectra may exhibit a level anticrossing due to the sym-
metry of the subbands. Nevertheless, the conductance quench is in a satisfactory
agreement with the position of the last magnetoelectric subband. The relatively
smoothed decrease of the conductance above the value of magnetic �eld expected
from the calculations can be explained by the pinning of the Fermi level at the
bottom of the conduction band. Indeed, in axial magnetic �eld, the number of 1D
subbands increases sharply in the vicinity of the bottom of the conducting band
Figure 5.22c), which might pin the Fermi level.

In order illustrate this e�ect, the 1D carrier concentrations was calculated as
a function of the Fermi energy for both orientations of the magnetic �eld (Figure
5.26).

Figure 5.26: 1D carrier concentrations n as a function of the Fermi energy for zero
magnetic �eld (black curve), parallel B‖=50 T (red curve) and perpendicular B⊥=50
T (blue curve) orientation of the magnetic �eld.

The increase of the magnetic �eld, causes the decrease of the concentration for
a given Fermi energy, which in our case is �xed by the applied back gate voltage.
In the parallel case, when the Fermi level approaches the bottom of the conduction
band, the carrier concentration decreases smoothly, due to the large density of the
1D magneto-subbands. Whereas, in the perpendicular magnetic �eld, a sharp drop
of the carrier concentration is observed.
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The magnetoconductance of the 80 nm diameter InAs NWs was also studied
at high magnetic �eld regime. Since the geometrical con�nement is less, the den-
sity of states is considerably larger, thus the aforementioned Fermi level pinning
e�ect should be more pronounced for 80 nm diameter NWs. The calculated energy-
momentum laws E(k) for these NWs are presented on the �gure 5.27 for both
orientations of the magnetic �eld.

Figure 5.27: Energy-momentum law E(k) (k// NW axis) for 80 nm diameter NWs
at B=6 T for (a) perpendicular and (b) parallel con�guration, red and blue lines
are spin "up" and "down" subbands respectively. The energy-momentum law of the
33 nm diameter NWs is shown for comparison (dashed lines). The dotted lines in
the bottom point the Fermi level for the Vg=1.4V and will be discussed in text.

The application of the magnetic �eld modi�es the 1D subbands in the same
qualitative way as it does for 33 nm diameter NW: formation of Landau-like lev-
els for B ⊥NW axis and nearly parabolic low energy dispersion for B//NW axis.
Comparing the E(k) for the two types of NWs (solid and dashed lines on the �gure
5.27), we notice a strong increase of the density of states for both con�gurations
and a weaker dispersion relation for perpendicular magnetic �eld. In order to com-
pare magnetoconductance behaviour in parallel and perpendicular magnetic �elds,
sample E, mounted on a rotating holder, was measured successively in both con�g-
urations, keeping the value of the applied gate voltage, thus we assume to have the
same Fermi level at B = 0 for both measurements. The �gure 5.28 (bottom panels)
presents the magnetoconductance behaviour of the sample E.
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Figure 5.28: Magnetoconductance for di�erent applied gate voltages in the
a)(bottom panel) perpendicular and b) (bottom panel) parallel magnetic �eld for
sample E at T = 4.2 K. Conductance drops (corresponding to the loss of conducting
channels) are marked by arrows. 1D electronic subbands Ei as a function of a)(top
panel) perpendicular and b) (top panel) parallel magnetic �eld. The dashed lines
point the Fermi level for G(B) curves with corresponding colors. The �lled circles
correspond to the positions of the arrows on the top panel (color corresponds to the
applied gate voltage).

For perpendicular magnetic �eld, at low Fermi energy, the �eld range where
the drop of the conductance occurs, corresponds to the crossing of the last 1D
subband with the Fermi energy at B = 0. At higher Fermi energy G(B) clearly
exhibits a structure made of two peaks before total conductance quench. This two
peaks structure could be attributed to the spin splitting of the magneto-electric
subbands, which become larger for a higher values of Ef . For parallel magnetic �eld
the drop of the conductance also coincides with the loss of the last 1D subband,
but, compared to the perpendicular orientation, we observe a larger tails of the
magnetoconductance after the expected loss of the last conducting channel. This
is in agreement with the signi�cant increase of the DOS close to the bottom of
the conduction band for the parallel case compared to the perpendicular one. For
example, on the �gure 5.27 we see dispersion and distribution of the 1D subbands
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in both con�gurations under the Fermi level corresponding to the Vg=1.4 V (dotted
lines). Several close-packed subbands in parallel magnetic �eld may pin the Fermi
level more e�ectively, than the last subbands in perpendicular orientation, which
leads to the shift of the conductance quench toward higher values of the magnetic
�eld. This is also in agreement with the smoother conductance quench observed for
the 33 nm diameter NWs in parallel con�guration compared to the perpendicular
one.

This pinning e�ect starts to be more e�cient with the increase of the gate
voltage, since the DOS increases in the vicinity of the bottom of the conduction
band in higher magnetic �eld. To explore the angular dependence of this e�ect
we undertake to measure the conductance with respect to the relative orientation
between magnetic �eld and the NW axis (Figure 5.29).

Figure 5.29: a) Angular dependence of the conductance at T=4.2 K, Vg=1.7 V,
sample E; θ is the angle between the direction of the magnetic �eld and the NW
axis. Curves are up-shifted for clarity, zero level for each curve is marked by the
solid line of the corresponding color on the right side of the �gure. Vertical dashed
curves point the B=6 and 8 T. The energy-momentum law E(k) for b) B=6 T
and c) B=8 T for perpendicular (left panel) and parallel (right panel) orientation.
Dashed line points the Fermi level corresponding to Vg=1.7 V at zero magnetic �eld.

All these measurements were done successively, keeping the value of the applied
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gate voltage constant, thus we assume to have the same Fermi level at B=0 for all
the magnetoconductance curves. The G(B) curve in the perpendicular orientation
shows a �rst conductance drop at B ∼6 T, when the Fermi level crosses the last
spin "down" subband (Figure 5.29b left panel). The second conductance drop (less
pronounced) occurs in the vicinity of B ∼8 T, when the Fermi level crosses the last
spin "up" subband (Figure 5.29c left panel). With the decrease of the angle θ the
second conductance drop gradually shifts toward the higher values of the magnetic
�eld. At θ=0 (parallel orientation) the conductance drop starts at about B ∼15 T,
when the initial Fermi energy is much lower than the last 1D subband. In order to
show this more clearly we plot the two extreme cases along with the minima of the
subbands Ei versus magnetic �eld (Figure 5.30).

Figure 5.30: 1D subbands Ei as a function of a) (top panel) perpendicular and b)
(top panel) parallel magnetic �eld. Dashed lines point the Fermi level corresponding
to Vg=1.7 V at zero magnetic �eld. The �lled circles correspond to the positions
of the arrows on the bottom panels. Magnetoconductance in the a) (bottom panel)
perpendicular and b) (bottom panel) parallel magnetic �eld for the sample E at
Vg=1.7 V, T=4.2 K. Conductance drops corresponding to the loss of conducting
channels marked by the arrows.

The top panels present the 1D electronic subbands Ei as a function of the mag-
netic �eld. For the perpendicular con�guration the drop of the conductance can be
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associated to the loss of the last spin "up" and spin "down" electronic subband.
For the parallel orientation the beginning of the conductance decrease is shifted to
B ∼15 T, which is much larger than the expected loss of the last conducting chan-
nel (B ∼9 T). Thus, the angular dependence evidences the shift of the conductance
quench toward higher values for parallel orientation of the magnetic �eld. We ten-
tatively propose the pinning e�ect of the Fermi level as a possible mechanism for
the observed conductance behaviour. Indeed, in parallel case the number of 1D sub-
bands increases sharply in the vicinity of the bottom of the conducting band (Figure
5.27), which might pin the Fermi level. As long as the Fermi level is pinned, the
number of the conducting channels are conserved, this maintains the conductance
level and postpones the conductance quench.

5.3.2.4 Conductance quench

Once we speak about the quench of the conductance at high values of the mag-
netic �eld, an important question rises up: what happens to the charge carriers in
InAs NW? To answer this question we should consider the quantum capacitance
and the chemical potential of the NW. As it was discussed previously, the back
gate capacitance coupling between the NW ans Si/SiO2 substrate was estimated
through the geometrical parameters of the system (Eq. 5.2). This expression works
well if both plates of a capacitor have a high DOS. In case, one of the capacitor
plates has a low DOS, a shift of the chemical potential δµ in this plate caused by
the applied voltage should be taken into account. The capacitance of such system
expressed as:

1

Csystem
=

1

Cox
+

1

Cq
(5.21)

Here Cox is a gate independent geometrical capacitance of the oxide layer de�ned
as previously bu the equation 5.2 and Cq is a quantum capacitance:

Cq = e2 ×DOS = e2
∂n

∂µ
(5.22)

where n is a carrier concentration and µ is a chemical potential. This provides
a well known technique to probe the DOS of the system in case the low electronic
compressibility dominates the electrostatic one (Cq > Cox) [Ponomarenko 2010].

The quantum capacitance of InAs NWs was derived from the electronic band
structure calculations for both orientation of the magnetic �eld.
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Figure 5.31: Comparative plot of the quantum capacitance Cq a) for B=0 T (black
curve) and B⊥=50 T (red curve) b) for B=0 T (black curve) and B‖=50 T (blue
curve) as a function of the Fermi energy for 33 nm diameter NWs. Orange line
marks the geometrical capacitance of the oxide layer Cox.

On the �gure 5.31 the quantum capacitance as a function of the Fermi energy
is plotted together with the geometrical capacitance of the oxide layer. The Fermi
level in the InAs NW is de�ned by the chemical potential in the contacts. The NW
band structure is altered by the application of the back gate voltage and the mag-
netic �eld but in a di�erent way: the increase of the gate voltage upshifts the entire
band structure, while the increase of the magnetic �eld additionally modi�es the
band structure (Figure 5.22). Thus, for a �xed Vg we can determine the Fermi level
relative to the bands structure and the following application of the magnetic will
modify the electrical subbands together with a general upshift of the band structure.
One can see that Cox � Cq as long as the Fermi level is above the last magneto-
electric subband. Thus, the carrier concentration and accordingly the Fermi level
of our system is de�ned by the geometrical capacitance and variations of the quan-
tum capacitance are negligible for all range of the applied magnetic �eld and gate
voltages. Once the last magneto-electrical subband crosses the Fermi level, the NW
passes to an insulation state, as there are no more conducting channels to transmit
the current, or, in terms of charge carriers, the quantum capacitance tends to zero
and ∂µ/∂n −→ ∞, preventing the electron transition from the contacts, due to a
high value of the chemical potential in the NW.

5.4 Conclusion

We have studied the transport properties of single InAs nanowires. Investigations
at zero magnetic �eld have evidenced the in�uence of the individual 1D electrical
subbands on the electronic transport, which allows to monitor the number of the
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populated subbands per given gate voltage. The electron phase coherence length
was estimated through the UCF behaviour versus applied gate voltage and low
magnetic �eld. The obtained value of Lϕ ∼ 120 nm and Lϕ ∼ 200 nm for 30
nm and 80 nm diameter InAs NWs, respectively, demonstrate a weakly di�usive
regime of the carrier transport in these wires. The investigation of the UCF at
di�erent temperatures evidenced the Nyquist dephasing to be the major source of
the electron phase decoherence. The study of the non-equilibrium UCF regime
con�rms the prediction of Ludwig et al. [Ludwig 2004], unveiling the prevalence of
the electron-electron scattering over the inelastic scattering and, thus becoming the
main phase decoherence mechanism in non-equilibrium regime.

Magnetotransport measurements were performed in both perpendicular and par-
allel orientations of the magnetic �eld with respect to the NW axis. At low mag-
netic �eld magnetoconductance �uctuations were observed. They originated from
the phase modulation of the electronic wave functions induced by the magnetic �eld.
The study of the correlation magnetic �eld Bc con�rmed the validity of the 1D dirty
metal approximation application. Observed WAL�WL crossover �tted by a 1D dirty
metal limit expression revealed the strong SO interaction. The contribution to the
spin relaxations was found to be due Dyakonov-Perel and Elliott-Yafet mechanisms.

The high �eld investigations have revealed a drastic conductance drop above a
critical �eld, which clearly rises with the Fermi energy. This e�ect is interpreted
by the loss of conducting channels once all the magneto-electric subbands, shifted
toward the high energy range by the magnetic �eld, have crossed the Fermi energy.
Preliminary band structure calculations, performed by Y-M Niquet (CEA-INAC),
taking into account the lateral and magnetic con�nements, are in fairly good qual-
itative agreement with the observed result in the high �eld regime. This result is
the �rst observation of band structure e�ects in magneto-transport experiments on
sc-NWs.





Chapter 6

Summary

The scope of this thesis is related to the electronic properties of quasi 1D systems
probed by high �eld magnetotransport. Two di�erent systems exhibiting quasi-1D
con�nement have been considered: carbon C60@SWCNT and InAs semiconductor
nanowires. The magnetotransport measurements on single nano-objets have been
used to investigate the speci�c electronic structure of these 1D systems. In both
cases, the high magnetic �elds experiments have been supported by structural char-
acterisation and conductance measurements at zero �eld.

The encapsulation of various molecules inside carbon nanotubes (CNTs), as for
instance C60 fullerenes encapsulated in SWCNT, constitutes promising routes to-
wards the tunability of the CNT conductance. Among the wide variety of �lled
CNTs, peapods represent a pioneer hybrid structure discovered in 1998. Since that
time, their electronic structures have been subjected to intense and controversial the-
oretical studies together with a limited number of experimental realizations. In this
thesis the electronic properties of individual fullerene peapods have been investigated
by combining micro-Raman spectroscopy and magnetotransport measurements on
the same devices.

We bring evidence that the encapsulated C60 strongly modify the electronic band
structure of semiconducting nanotubes in the vicinity of the charge neutrality point,
including a rigid shift and a partial �lling of the energy gap. Thus, individually
connected peapods, which clearly exhibit a typical semiconducting resonant Raman
spectrum with an energy band gap ∼ 0.5 eV , do not present a signature of an energy
gap in the conductance spectrum. These results con�rm the theoretical prediction
of the appearance of the electronic states in the vicinity of the Ef , which are related
to the C60 fullerenes.

A strong drop of the conductance was observed at high magnetic �eld, instead
of the expected positive magnetoconductance due to the magneto-induced collapse
of the energy gap. This unexpected e�ect could be the signature of the magnetic
�eld squeezing of the electronic C60s orbitals, which reduces the overlap with the
SWCNT states and gives rise to the drop of the conductance, as the energy gap of
the semiconducting shell is gradually restored.

In addition, applying a selective UV excitation (λ = 335.8 nm) on the peapods,
we demonstrate that the electronic coupling between the C60 and the CNT is
strongly modi�ed by the partial coalescence of the C60s and their distribution in-
side the tube. The chosen wavelength do not a�ect the external SWCNT, as it is
absorbed only by the C60 fullerenes. This partial coalescence of the fullerenes, con-
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�rmed by the Raman spectroscopy, leads to a considerable conductance reduction
and semiconducting behaviour of the peapod FET. We tentatively explain this e�ect
by the loss of the periodic distribution of the C60 inside the SWCNT, which leads to
the loss of the conduction channel induced by the C60s chain. These experimental
results are supported by numerical simulations of the DOS and the conductance
of CNTs with coalesced fullerenes inside, performed by K. Katin and M. Maslov
(MEPhI).

As a perspective continuation of this part of the work we propose a challeng-
ing experiment of full transformation of peapod to DWCNT, performed on a single
peapod. The idea is to study the electronic properties of the system all along the
transformation by combining the transport experiment with the HRTEM observa-
tion and Raman spectroscopy. The individual peapod should be connected on a
thin HRTEM transparent dielectric membrane in FET con�guration with a lateral
gate electrode. Technically the realization of such an experiment is possible, as it
has been shown recently by Westenfelder et al. [Westenfelder 2011] using a SiN-
based support for in situ high-resolution TEM electrical investigations. Thus, the
transport properties of the peapods could be probed for the particular fullerenes
distribution, monitored by the HRTEM.

Semiconductor nanowires (sc-NWs) are being the subject of intense researches
that have started a decade ago. They represent model systems for the exploration
of the electronic properties inerrant to the quasi-1D con�nement. Moreover they
o�er the possibility to play with band structure tailoring and carrier doping. In this
direction III-V sc-NWs such as InAs have played a particular role due to the small
electron e�ective mass. We have studied the conductance of single InAs nanowires
in a wide range of magnetic �elds.

Investigations at zero magnetic �eld have evidenced the in�uence of the individ-
ual 1D electrical subbands on the electronic transport. The number of subbands
being monitored by the gate voltage. The electron phase coherence length was es-
timated through the UCF behaviour versus applied gate voltage and low magnetic
�eld. The achieved values of the Lϕ ∼ 120 nm and Lϕ ∼ 200 nm for 30 nm and 80
nm diameter InAs NWs, respectively, unveil the weakly di�usive regime of the car-
rier transport in these wires. The investigation of the UCF at di�erent temperatures
evidenced the Nyquist dephasing to be the major source of the electron phase deco-
herence. The study of the non-equilibrium UCF regime con�rms the prediction of
Ludwig et al. [Ludwig 2004], unveiling the prevalence of the electron-electron scat-
tering over the inelastic scattering and, thus becoming the main phase decoherence
mechanism in non-equilibrium regime.

Magnetotransport measurements were performed in both perpendicular and par-
allel orientations of the magnetic �eld with respect to the NW axis. At low magnetic
�eld the magnetoconductance �uctuations were observed, their origin is originated
from the phase modulation of the electronic wave functions induced by the mag-
netic �eld. The study of the correlation magnetic �eld Bc con�rmed the validity
of the application of the 1D dirty metal approximation. The observed WAL�WL
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crossover �tted by a 1D dirty metal limit expression revealed the strong SO interac-
tion. The contribution to the spin relaxations was found to be due Dyakonov-Perel
and Elliott-Yafet mechanisms.

The high �eld investigations have revealed a drastic conductance drop above a
critical �eld, which clearly rises with the Fermi energy. This e�ect is interpreted
by the loss of conducting channels once all the magneto-electric subbands, shifted
toward the high energy range by the magnetic �eld, have crossed the Fermi energy.
Preliminary band structure calculations, performed by Y-M Niquet (CEA-INAC),
taking into account the lateral and magnetic con�nements, are in fairly good qual-
itative agreement with the observed result in the high �eld regime. To the best
of our knowledge, this result is the �rst observation of band structure e�ects in
magneto-transport experiments on sc.-NWs.





Appendix A

Appendix

A.1 Numerical simulation of the density of states and

the conductance of C60 peapods

In this work Hückel Hamiltonian was calculated by K. Katin and M. Maslov
from National Research Nuclear University (MEPhI) within the program package
[Landrum 2006] (2S, 2P orbitals for carbon atoms and 6S, 5P, 5D orbitals for plat-
inum atoms are considered). The parameters describing lengths and energies of
these orbitals for carbon and platinum atoms were adopted from [Maslov 2009] and
[Ditlevsen 1993], respectively. In�uence of the contacts was involved through the
self-energy functions [Tian 1998, Datta 1995]:

ΣR,L = τ+gR,Lτ (A.1)

, where τ is the coupling matrix between extended peapod and the contact, g is a
Green function of the contact, which can be non-iteratively extracted [Sanvito 1999].
Green function G of the extended system can be derived from the extended Hückel
Hamiltonian [Datta 1995]

G = [IE −H − ΣR − ΣL]−1 (A.2)

Transmission function T was estimated from [Datta 1995]:

T = trace
[
ΓL G ΓR G+

]
(A.3)

where

ΓL,R = i
(

ΣR,L − Σ+
R,L

)
(A.4)

We assumed that the zero-temperature ballistic conductivity is proportional to
T (Ef ) in accordance with the Landauer formula, where Ef is the Fermi energy level.

A.2 InAs NWs band structure calculation methods

The band structure of the InAs NWs were computed with a sp3d5s∗ tight-binding
model [Jancu 1998] along the lines of [Niquet 2006]. The orbital e�ect of the mag-
netic �eld was accounted for through Peierls substitution [Graf 1995], and the spin
e�ect through the Zeeman Hamiltonian.



136 Appendix A. Appendix

Spin-orbit coupling is taken into account in all simulations. The tight-binding
calculations were performed with the TB_Sim code [TB_Sim] and k.p code, which
are able deal with nanowires with diameters up to 80 nm.

A.3 Conductance correction and correlation magnetic

�eld under pure metal approximation

The expression for the conductance correction in quasi-1D systems (d� Lϕ �
L) under pure metal approximation (Le � d, d is a NW diameter) is obtained from
following expression [Beenakker 1988]:

∆G(B) = −2e2
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The magnetic relaxation length LB in this case is expressed as:

L2
B =

C1L
4
mLe

d3eff
+
C2L

2
mL

2
e

d2eff
(A.6)

Here deff is the e�ective diameter of the NW which:

deff⊥ =
2
√

3

πd
for perpendicular magnetic �eld orientation (A.7)

deff// =
2
√

2

d
for parallel magnetic �eld orientation (A.8)

The constants C1, C2 and the di�usion coe�cient D depend on whether the
boundary scattering in the nanowires is di�usive or specular. In the heterostructures
considered the scattering is predominantly specular, thus C1 ≈ 9.5, C2 ≈ 24

5 and
D = 1

2vf le.
The correlation magnetic �eld Bc in this case is expressed as [Beenakker 1988]:

Bc =
0.38

β

Φ0

Aϕ

l2e
Lϕd

1 +

√
1 + 3.3β

L2
ϕd

l3e

 (A.9)

where Φ0 = h/e is the magnetic �ux quantum, β is a constant which equals 1
3

for Lϕ � Lt and 1/(41/3 − 1) ≈ 1.7 for Lϕ � Lt, and Aϕ can be interpreted as a
maximum area, perpendicular to B, which is enclosed phase coherently by electron
waves during their di�usion through the sample.

One can see that in the regime Lϕ � le
√
le/d the correlation magnetic �eld can

be estimated as:

http://inac.cea.fr/L_Sim/TB_Sim/index.html
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Bc = Bc(dirty)

√
le
d

(A.10)

and for le � Lϕ . le
√
le/d as:

Bc = Bc(dirty)
le
d

(A.11)

where Bc(dirty) is a correlation magnetic �eld in a dirty limit 5.12. Should be
noted that all above mentioned expressions are valid only for su�ciently small mag-
netic �elds, such that DτB � d2 and τB � τe.
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Résumé

Cette partie annexe résume le travail en langue française de façon complète.
Le lecteur ne trouvera aucune information nouvelle dans cette partie et les �gures
utilisées sont également les mêmes que dans la partie principale. Cette partie a pour
but d'informer le lecteur francophone des résultats, qui ont été obtenus pendant ce
travail.

La thèse présente des mesures de transport électronique dans des systèmes
quasi-unidimensionnels (quasi-1D) sous champ magnétique intense. Deux systèmes
di�érents présentant un con�nement électrique quasi-1D ont été considérés: les
peapods de carbone (C60@SWCNTs) et les nano�ls d'InAs. L'objectif de ces travaux
consiste à sonder les propriétés électroniques spéci�ques de ces systèmes quasi-1D
par les mesures de magnétotransport sur les nano-objets uniques. Dans les deux cas,
les expériences sous champs magnétiques intenses ont été accompagnées par des car-
actérisations structurales et des mesures de conductance à champ magnétique nul.
Le manuscrit de thèse se structure en quatre parties principales :

C.1 Les aspects théoriques du transport électronique

Dans cette partie, je décris les propriétés électroniques des systèmes de basses
dimensionnalités. Je commence par un bref rappel des propriétés basiques de tels
systèmes et de leur évolution en fonction des di�érents types de con�nements. En-
suite je décris brièvement di�érentes méthodes utilisées pour créer ces systèmes. Je
détaille en�n les régimes de transport électronique et de magnétotransport dans les
systèmes unidimensionnels sont également détaillés. Une partie importante est con-
sacrée à l'in�uence du champ magnétique sur les propriétés de transport de systèmes
mésoscopiques.

C.2 Les méthodes de nanofabrication et de mesures ex-

périmentales

Dans cette partie, je décris des nombreuses méthodes expérimentales utilisées
pour la fabrication et la caractérisation des dispositifs étudiés. Je commence par
décrire la fabrication des systèmes unidimensionnels (nano�ls de InAs de 30 et 80
nm de diamètre et "peapods" C60@SWCNTs), leur dépôt sur substrat ainsi que la
création par lithographie des contacts électriques à l'échelle nanométrique, la carac-
térisation des dispositifs réalisés par MEB et AFM, et en�n la connexion électrique
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des échantillons, cette fois-ci à l'échelle microscopique. Je décris les nombreuses
di�cultés techniques pour réaliser des contacts électriques qui présentent à la fois
un comportement ohmic et de bonnes caractéristiques mécaniques, ainsi que pour
manipuler ces dispositifs en évitant toute décharge électrostatique. Ce chapitre se
poursuit par la présentation des dispositifs utilisés pour les mesures de transport
électronique avec et sans champ magnétique. En�n, il se termine par la description
de la technique de spectroscopie Raman utilisée pour la caractérisation des nan-
otubes de carbone en mode Raman résonant. Cette technique peut être utilisée en
combinaison avec les mesures de transport pour corréler les propriétés électroniques
des nanotubes et leur structure.

C.3 Les résultats obtenus sur les nanotubes de carbone

Cette partie est consacrée aux propriétés électroniques de peapods (C60@SWCNTs).
L'encapsulation de diverses molécules à l'intérieur de nanotubes de carbone, comme
par exemple les fullerènes C60, constitue une des voies prometteuses vers l'accordabilité
de la conductance des CNTs. Parmi la grande variété des nanotubes de carbone
remplis, les peapods représentent une structure hybride novatrice découverte en
1998. Depuis lors, leur structure électronique a fait l'objet d'études théoriques con-
troversées avec un nombre limité de réalisations expérimentales. Dans ce travail,
les propriétés électroniques des peapods individuels ont été étudiées en combinant
les mesures de spectroscopie micro-Raman et de magnétotransport sur les mêmes
échantillons.

C.3.1 Les mesures de transport et la spectroscopie Raman

Les résultats sont représentés par quatre échantillons nommés ici A, B, C et D.
Tous les paramètres des échantillons sont résumés dans le Tableau C.1.

L'échantillon AFM RBM pic G bande Eg
(±0.5 nm) (±0.04 nm) (±0.04 nm) (±0.03 eV )

A 1.5 1.51 1.48 0.54
B 1.4 1.41 1.47 0.56
C 1.5 1.40 1.46 0.56
D 1.5 � 1.53 0.53

Table C.1: Diamètres des peapods obtenus à partir de mesures AFM et spectro-
scopie Raman (calculés à partir des positions des bandes RBM et G). La dernière
colonne indique les valeurs des bandes interdites pour les SWCNTs semiconducteurs
vides et avec les mêmes diamètres.

Les échantillons présentent les spectres Raman consistant avec un SWCNT semi-
conducteur (Figure C.1 a, c, e, g).
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Figure C.1: Spectres Raman à 1,94 eV et 2,33 eV e�ectués sur les échantillons A (a),
B (c), C (e) et D (g). Mesures de conductance des mêmes échantillons A (b), B (d),
C (f) et D (h), en fonction de la tension de grille (densité de porteurs) à di�érentes
températures. Les courbes grises représentent la conductance à température am-
biante mesurée avant le recuit. Les autres mesures sont e�ectuées sous atmosphère
d'hélium.
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Chaque spectre présente des résonances Raman sous une excitation 2.33 eV

(courbes noires), tandis que les spectres e�ectués à 1.94 eV (courbes rouges) et 1.58
eV (non représentées) restent plats. L'absence de signal Raman lors de l'utilisation
des énergies d'excitation 1.94 eV et 1.58 eV traduit l'absence complète de CNT
métallique. La présence d'une réponse Raman uniquement sous une excitation de
2.33 eV combinée avec le diamètre des peapods permet d'identi�er (Kataura plot)
le SWCNT externe comme un tube semi-conducteur avec une bande interdite Eg =
0,54 ± 0,02 eV . La même conclusion vaut pour tous les échantillons.

Les mesures de conductance G(Vg) des quatre échantillons sont présentées dans
la �gure C.1 (b, d, f, h), à di�érentes températures. Les échantillons présentent une
dépendance G(Vg) modérée sans l'état bloqué du peapod-transistor, même à 4,2 K.
Les courbes en forme de V à 300 K et à 77 K avec leurs minima de conductance ne
sont pas compatibles avec la bande interdite Eg ∼0.5 eV déduite de la spectroscopie
Raman.

C.3.2 Les calculs de la densité d'états

La simulation de DOS a été calculée par K.P. Katin et M.M. Maslov (MEPhI)
pour le SWCNT dans deux cas : le nanotube vide et le nanotube partiellement rempli
de fullerènes (Figure C.2). Le SWCNT calculé a des caractéristiques géométriques
très proches par rapport aux peapods étudiés ici.

Figure C.2: La DOS calculée pour un SWCNT (12,10) vide (courbe noire) et pour le
même tube rempli de deux C60 (courbe rouge). L'insert montre une échelle élargie.
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Cette simulation montre que l'encapsulation de C60 in�ue considérablement sur
le DOS, montrant à la fois un transfert de charge et l'apparition de nouveaux états,
qui a remplissent partiellement la bande interdite du tube semi-conducteur. Le
décalage de l'énergie induite par le transfert des électrons varie de 0,1 à 0,3 eV ,
en fonction du type d'isomère C60. L'e�et d'ajouter un fullerène supplémentaire
dans le nanotube augmente cette tendance. En conséquence, la simulation sou-
tient le déplacement de la structure électronique vers des énergies plus élevées avec
l'apparition d'une bande d'impureté qui rétrécit considérablement la bande interdite
du SWCNT, à la suite de l'encapsulation de C60.

C.3.3 Le magnéto-transport

La structure de bande électronique de nos échantillons a été explorée par de
magnéto-transport. Les mesures de la magnéto-résistance de CNT individuel sous
champ magnétique parallèle à l'axe du tube révèlent des sous-bandes 1D électron-
iques et leurs modulations en champ magnétique, via l'e�et Arahonov-Bohm (AB).

Dans notre étude (Figure C.3), une réduction drastique de la conductance dans
le régime des champs magnétiques intense est observée proche du minimum de con-
ductance, Vg = 5 V (Figure C.1b) et Vg = 70 V (Figure C.1h) pour l'échantillon A
et D, respectivement.

Figure C.3: Les mesures de magnéto-conductance sous champ magnétique parallèle
à l'axe du tube, à 77 K pour di�érentes tensions de grille (les �gures de gauche
et de droite correspondent à l'échantillon A et D, respectivement). Les lignes en
pointillés illustrent la diminution exponentielle de la conductance au voisinage de
point neutralité de charge.
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Le scénario Aharonov-Bohm pour un magnéto-conductance négative autour de
point neutralité de charge nécessite un CNT métallique, ce qui est exclu de la
spectroscopie Raman. Nous expliquons provisoirement la réduction de la magnéto-
conductance par un rétrécissement des fonctions d'ondes des C60s induite par un
champ magnétique. Près du point neutralité de charge, la conduction se fait par les
états électroniques induits par les C60s encapsulées. Le champ magnétique comprime
ses orbitales réduisant ainsi le recouvrement avec les états du CNT et donnant lieu à
la décroissance exponentielle de la conductance, restaurant graduellement la bande
interdite du tube semi-conducteur extérieur. Loin de point neutralité de charge, les
états électroniques impliqués dans le processus de conduction sont des états de la
bande qui sont beaucoup moins sensibles au champ magnétique.

C.3.4 Les e�ets de l'irradiation ultraviolette

La coalescence des C60s induite par irradiation laser UV est un outil puissant
pour la redistribution des fullerènes à l'intérieur du peapod. La con�guration des
C60s a une forte in�uence sur les propriétés de transport électronique du peapod.
Pour explorer cet e�et, nous nous engageons à modi�er la structure des fullerènes
encapsulées par irradiation UV.

Les spectres Raman du peapod (l'échantillon A) avant et après l'irradiation sont
présentés sur la Figure C.4.

Figure C.4: Les spectres Raman à 2,33 eV (vert) et à 1,94 eV (rouge) avant et après
l'irradiation UV, pour l'échantillon A.
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Après l'irradiation, les spectres Raman pour l'énergie d'excitation 2.33 eV con-
�rme la présence de tube semi-conducteur extérieur. Pour l'énergie d'excitation
2.33 eV , on constate le début de la fusion des bandes G+ et G−, ce qui témoigne
d'une coalescence des fullerènes. Pour l'énergie d'excitation 1,94 eV , nous voyons
l'apparition du signal Raman qui n'existait pas auparavant, associée à une modi�-
cation des fullerènes. L'intensité de la bande D par rapport à la bande G indique
le caractère incomplet et la défectuosité de cette structure.

Les échantillons irradiés présentent une chute importante de conductance en
comparaison avec les mêmes échantillons avant l'irradiation (Figure C.5).
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Figure C.5: Les spectres Raman à di�érentes énergies d'excitation et les mesures de
conductance en fonction de la tension de grille à di�érentes températures, avant et
après irradiation UV sur deux échantillons A et D (�gures supérieurs et inférieurs,
respectivement).
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Pour l'échantillon A, le faible niveau de conductance accompagnée d'une dépen-
dance en température plus prononcée est le signe d'un comportement ambipolaire
en fonction de la tension de grille sur les bords de la fenêtre en énergie. Les résultats
des simulations de conductance du peapod avant et après irradiation (fait par K.P.
Katin et M.M. Maslov) con�rment qualitativement la chute de conductance de deux
ordres de grandeur.

C.3.5 Conclusion

Dans cette thèse, les propriétés électroniques des peapods individuels ont été
étudiées en combinant les mesures de spectroscopie micro-Raman et de magnéto-
transport sur les mêmes échantillons. Nous avons constaté que les C60s encap-
sulés modi�ent fortement la structure de bande électronique des nanotubes semi-
conducteurs au voisinage du point de neutralité de charge. Cette modi�cation com-
prend un déplacement rigide de la structure électronique et un remplissage partiel
de la bande interdite. Nous avons aussi montré que l'excitation UV sélective des
fullerènes conduit à une forte modi�cation du couplage électronique entre les C60s
et le CNT induite par la coalescence partielle des C60s et de leur distribution à
l'intérieur du tube. Les résultats expérimentaux sont supportés par des simulations
numériques de la densité d'états et de la conductance des nanotubes de carbone
avec des fullerènes à l'intérieur (K. Katin, M. Maslov).

C.4 Les résultats obtenus sur les nano�ls d'InAs

Cette partie est consacrée aux propriétés électroniques de nano�ls d'InAs. Les
nano�ls semiconducteurs font l'objet de recherches actives depuis ces dix dernières
années. Ils représentent des systèmes modèles pour l'étude des propriétés électron-
iques des objets quasi-1D. Ils représentent en outre des possibilités de modulation
de la structure de bande ainsi que de contrôle de la densité de porteurs. Dans ce
domaine de recherche, les nano�ls semi-conducteurs à base de composes III-V tels
que InAs, ont une place particulière en raison de la faible masse e�ective des por-
teurs de charge. Nous avons étudié la conductance de nano�ls individuels dans une
large gamme de champs magnétiques (jusqu'à 60 T ).

C.4.1 La caractérisation de transport électronique à champ mag-
nétique nul

Les résultats sont présentés par cinq échantillons, nommés ici A, B, C, D et E.
Les paramètres de ces échantillons sont résumés dans le Tableau C.2.
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L'échantillon Diamètre Longueur Mobilité à 4.2 K Lϕ à 4.2 K
(±0.5 nm) (±5 nm) (cm2/(V s)) (±5 nm)

A 33.1 377 3000 130
B 34.7 375 1000 120
C 29.8 386 900 125
D 37.8 372 1500 110
E 80 ± 5 nm 600 840 200

Table C.2: Dimensions géométriques et longueurs caractéristiques de transport des
nano�ls d'InAs.

La �gure C.6 présente les mesures de conductance G(Vg) de l'échantillon A pour
di�érentes températures.

Figure C.6: L'échantillon A. Conductance en fonction de la tension de grille mesurée
à des températures di�érentes. La tension drain-source est Vds = 1 mV pour toutes
les courbes. Sur la �gure de droite, les courbes sont décalées pour plus de clarté.

Les transitions On/O� se révèlent plus abrupte avec la diminution de la tem-
pérature, montrant l'augmentation de la mobilité des électrons à basse température.
La mobilité a été estimée à environ ∼ 103 cm2(V s)−1 à basses températures (T =
4.2 K). Les modulations de la conductance à basse température sont constitués de
deux composantes: les �uctuations, qui sont fortement dépendantes de la tempéra-
ture, et les �uctuations en forme de marche, qui persistent jusqu'à T = 60 K et qui
sont reproductibles pour di�érents cycles thermiques. L'origine physique de la pre-
mière contribution est attribuée aux �uctuations universelles de conductance (UCF)
provenant des changements d'interférence électronique. La deuxième contribution,
les caractéristiques en forme de marche, est attribuée à la structure de bande 1-D
des nano�ls.

Grâce aux calculs de la structure de bande de nano�ls d'InAs, qui a été faites
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par Yann-Michel Niquet (Institut nanosciences et Cryogénie - INAC / CEA), nous
avons calculé la DOS et tracer sa dépendance en fonction de la tension de grille
(Figure C.7).

Figure C.7: Conductance en fonction de la tension de grille à températures mod-
érées et la DOS (courbes vertes) en unité arbitraire pour a) l'échantillon A et b)
l'échantillon D.

Les �uctuations en forme de marche (Figure 7) sont en bon accord avec la posi-
tion des singularités de van Hove, calculée directement à partir de la loi de dispersion
sans paramètre libre. Ainsi, nous observons l'in�uence des sous-bandes 1D individu-
elles sur le transport électronique.

De l'étude de l'UCF nous avons déduit la longueur de cohérence Lϕ = 120 nm,
pour les nano�ls d = 33 nm, et Lϕ = 200 nm, pour les nano�ls d = 80 nm. Cette
valeur a été con�rmée par l'étude de l'UCF sous champ magnétique.

C.4.2 Les expériences de magnéto-transport sur les nano�ls d'InAs

La �gure C.8 présente, à une échelle semi-logarithmique, le comportement de
magnétoconductance typique de nano�ls d'InAs, mesuré à T = 4.2 K pour dif-
férentes valeurs de la tension de grille, et dans deux con�gurations du champ mag-
nétique.
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Figure C.8: Conductance en fonction du champ magnétique parallèle (orange et
bleu) et perpendiculaire (rouge et vert) pour deux gammes de Vg correspondant à
di�érentes positions de l'énergie de Fermi, T = 4.2 K, pour l'échantillon A.

Pour les deux con�gurations, à bas champ magnétique et sous champ intermé-
diaire, la conductance montre des �uctuations, suivies d'une suppression de con-
ductance à champ magnétique fort. Au-delà d'un champ critique, qui augmente
nettement avec l'énergie de Fermi, la conductance décroît rapidement jusqu'à des
valeurs qui sont proches de la résolution expérimentale. Cet e�et peut être associé
à la perte de canaux de conduction une fois que toutes les sous-bandes magnéto-
électriques, décalées vers les hautes énergies par le champ magnétique, ont traversé
l'énergie de Fermi.

Pour comprendre ce comportement, les calculs de la structure de bandes des
nano�ls d'InAs ont été réalisés par Yann-Michel Niquet et ses collègues, en tenant
compte des con�nements latéral et magnétique. La �gure C.9a présente les mesures
de magnétotransport sur l'échantillon A sous champ magnétique. La �gure C.9b
présente les sous-bandes magnétoélectriques calculées en fonction du champ magné-
tique. L'orientation du champ magnétique est perpendiculaire à l'axe du nano�l.
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Figure C.9: L'échantillon A. a) Magnéto-conductance pour di�érentes tensions de
grille sous un champ magnétique perpendiculaire à T = 4.2 K, les diminutions
de conductance correspondant à la perte de des canaux de conduction sont mar-
quées par les �èches. b) Les sous-bandes magnéto-électriques calculées en fonction
du champ magnétique. Les lignes pointillées indiquent le niveau de Fermi pour
les courbes G(B), les couleurs correspondent de courbes G(Vg). Les cercles pleins
correspondent à la position des �èches sur la �gure a) (la couleur correspond à la
sous-bande perdue).



154 Appendix C. Résumé

Nous avons obtenu un bon accord entre les chutes de conductance et les traversées
du niveau de Fermi (B = 0) par les sous-bandes magnéto-électriques. A�n de faire
ressortir cet e�et, la couleur des �èches sur la Figure C.9a et des cercles sur la Figure
C.9b correspondent à la couleur de la sous-bande, qui traverse le niveau de Fermi,
pour une courbe G(B) donnée. Ainsi, nous attribuons le comportement G(B) à
la perte de canaux de conduction, décalée vers les hautes énergies par le champ
magnétique appliqué.

C.4.3 Conclusion

Nous avons étudié la conductance de nano�ls individuels dans une large gamme
de champs magnétiques (jusqu'à 60 T ). Les mesures en champ nul et en champ
faible ont démontré un transport faiblement di�usif dans ces nano�ls. Les mesures
de transport sous champ magnétique intense ont révélé une forte chute de la con-
ductance au dessus d'un champ critique qui augmente clairement avec l'énergie de
Fermi. Cet e�et est interprété par la perte de canaux de conduction une fois que
toutes les sous-bandes magnéto-électriques, décalés vers les hautes énergies par le
champ magnétique, ont traversé l'énergie de Fermi. Les calculs de structure de
bande préliminaires (Y-M. Niquet), en prenant en compte les con�nements latéraux
et magnétiques, sont en bon accord qualitatif avec les résultats observés dans le
régime de champ magnétique intense. Ce résultat est la première observation des ef-
fets de structure de bande dans les expériences de magnéto-transport sur les nano�ls
semiconducteurs.

C.5 Conclusion générale

Cette thèse présente des mesures de transport électronique dans des nano-objets
individuels quasi-unidimensionnels (quasi-1D) sous champ magnétique intense. Deux
systèmes di�érents présentant un con�nement quasi-1D ont été considérés: les
peapods de carbone (C60@SWCNTs) et les nano�ls d'InAs. L'objectif de ces travaux
consiste à sonder les états électroniques spéci�ques de ces systèmes au voisinage de
niveau de Fermi par des mesures de magnétotransport. Dans les deux cas, les expéri-
ences sous champs magnétiques intenses s'accompagnent d'un contrôle du nombre
de porteurs de charge par dopage électrostatique ainsi que par des mesures complé-
mentaires des propriétés structurales.

Nos travaux sur les C60@SWCNTs ont relevé que les C60s encapsulés dans un
nanotube de carbone monoparoi semi-conducteur modi�ent fortement sa structure
de bande électronique au voisinage du point de neutralité de charge impliquant
un déplacement rigide de la structure électronique et un remplissage partiel de la
bande interdite. Nous avons aussi montré que l'excitation UV sélective des fullerènes
encapsulés conduit à une forte modi�cation du transport électronique du peapod,
attribuée à une coalescence partielle des C60s et à leur redistribution à l'intérieur
du tube.
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Les mesures de magnétotransport sur des nano�ls individuels d'InAs ont mis
en évidence, pour la première fois, des transitions de l'état conducteur à l'état
bloqué du nano�ls en con�guration transistor. Ces dernières sont induites par un
champ magnétique intense et sont modulées par la densité de porteurs. Appuyés
par des simulations de structures électroniques, nos résultats révèlent la formation
de sous-bandes magnéto-électriques dans les nano�ls et leurs signatures directes sur
la magnéto-conductance.
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Résumé : 
 

Cette thèse présente des mesures de transport électronique dans des systèmes quasi-
unidimensionnels (quasi-1D) sous champ magnétique intense. Deux systèmes différents 
présentant un confinement électrique quasi-1D ont été considérés: les peapods de carbone 
(C60@SWCNTs) et les nanofils d'InAs. L’objectif de ces travaux consiste à sonder les propriétés 
électroniques spécifiques de ces systèmes quasi-1D par les mesures de magnétotransport sur les 
nano-objets uniques. Dans les deux cas, les expériences sous champs magnétiques intenses ont 
été accompagnée par des caractérisations structurales et des mesures de conductance à champ 
magnétique nul. 
 

L'encapsulation de diverses molécules à l'intérieur de nanotubes de carbone (CNTs), comme par 
exemple les fullerènes C60, constitue une des voies prometteuses vers l'accordabilité de la 
conductance des CNTs. Parmi la grande variété des nanotubes de carbone remplis, les peapods 
représentent une structure hybride pionnière découvert en 1998. Depuis lors, leur structure 
électronique a fait l’objet d’études théoriques controversées avec un nombre limité de 
réalisations expérimentales. Dans cette thèse, les propriétés électroniques des peapods 
individuels ont été étudiés en combinant les mesures de spectroscopie micro-Raman et de 
magnétotransport sur les mêmes échantillons. Nous avons constaté que les C60 encapsulés 
modifient fortement la structure de bande électronique des nanotubes semi-conducteurs au 
voisinage du point de neutralité de charge. Cette modification comprend un déplacement rigide 
de la structure électronique et un remplissage partiel de la bande interdite. Nous avons aussi 
montré que l’excitation UV sélective des fullerènes conduit à une forte modification du couplage 
électronique entre les C60 et le CNT induite par la coalescence partielle des C60 et de leur 
distribution à l'intérieur du tube. Les résultats expérimentaux sont supportés par des simulations 
numériques de la densité d'états et de la conductance des nanotubes de carbone avec des 
fullerènes fusionnés à l'intérieur (K. Katin, M. Maslov). 
 

Les nanofils semiconducteurs (sc-NWs) font l'objet de recherches actives depuis ces dix 
dernières années. Ils représentent des systèmes modèles pour l’étude des propriété électronique 
objet quasi-1D. Ils représentent en outre des possibilités de modulation de la structure de bande 
aussi que de contrôle de la densité de porteurs. Dans ce domaine de recherche, les nanofils semi-
conducteurs à base de composes III-V tel que InAs, ont une place particulière en raison de la 
faible masse effective des porteurs de charge. Nous avons étudié la conductance de nanofils 
individuels dans une large gamme de champs magnétiques (jusqu'à 60T). Les mesures en champ 
nul et en champ faible ont démontré un transport faiblement diffusif dans ces nanofils. Les 
mesures de transport sous champ magnétique intense ont révélé une forte chute de la 
conductance au dessus d'un champ critique qui s'élève clairement avec l'énergie de Fermi. Cet 
effet est interprété par la perte de canaux de conduction une fois que toutes les sous-bandes 
magnéto-électriques, décalés vers les hautes énergies par le champ magnétique, ont traversé 
l'énergie de Fermi. Les calculs de structure de bande préliminaires (Y-M. Niquet), en prenant en 
compte les confinements latéraux et magnétiques, sont en bon accord qualitatif avec les résultats 
observés dans le régime de champ magnétique intense. Ce résultat est la première observation 
des effets de structure de bande dans les expériences de magnéto-transport sur les sc-NWs. 
 

Mots-clefs: Système 1D, magnétotransport, structure électronique, champs magnétiques 
intenses, peapods, nanofils semiconducteurs. 
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Abstract : 
 

The scope of this thesis is related to the electronic properties of quasi 1D systems probed by high 
field magnetotransport. Two different systems exhibiting quasi-1D confinement have been 
considered: carbon C60 peapods (C60@SWCNTs) and InAs semiconductor nanowires. The 
magnetotransport measurements on single nano-objets have been used to investigate the specific 
electronic structure of these 1D systems. In both cases, the high magnetic fields experiments 
have been supported by structural characterisation and conductance measurements at zero field. 
 

The encapsulation of various molecules inside carbon nanotubes (CNTs), as for instance C60 
fullerenes encapsulated in SWCNT, constitutes promising routes towards the tunability of the 
CNT conductance. Among the wide variety of filled CNTs, peapods represent a pioneer hybrid 
structure discovered in 1998. Since that time, their electronic structure has been subjected to 
intense and controversial theoretical studies together with a limited number of experimental 
realizations. In this thesis the electronic properties of individual fullerene peapods have been 
investigated by combining micro-Raman spectroscopy and magnetotransport measurements on 
the same devices. We bring evidence that the encapsulated C60 strongly modify the electronic 
band structure of semiconducting nanotubes in the vicinity of the charge neutrality point, 
including a rigid shift and a partial filling of the energy gap. In addition by playing with a 
selective UV excitation of the fullerene, we demonstrate that the electronic coupling between the 
C60 and the CNT is strongly modified by the partial coalescence of the C60 and their distribution 
inside the tube. The experimental results are supported by numerical simulations of the Density 
of States and the conductance of CNTs with coalesced fullerenes inside (K. Katin, M. Maslov). 
 

Semiconductor nanowires (sc-NWs) are being the subject of intense researches started a decade 
ago. They represent model systems for the exploration of the electronic properties inerrant to the 
quasi1-D confinement. Moreover they offer the possibility to play with band structure tailoring 
and carrier doping. In this direction III-V sc-NWs such as InAs NWs have played a particular 
role due to the small electron effective mass. We have studied the high magnetic field 
conductance of single nanowires.  Prior to the high field measurements, the zero and low field 
investigations have demonstrated a weakly diffusive regime of the carrier transport in these 
wires. The high field investigations have revealed a drastic conductance drop above a critical 
field, which clearly rises with the Fermi energy. This effect is interpreted by the loss of 
conducting channels once all the magneto-electric subbands, shifted toward the high energy 
range by the magnetic field, have crossed the Fermi energy. Preliminary band structure 
calculations (Y-M. Niquet), taking into account the lateral and magnetic confinements, are in 
fairly good qualitative agreement with the observed result in the high field regime. This result is 
the first observation of band structure effects in magneto-transport experiments on sc-NWs. 
 

Keywords : 1D systems, magnetotransport, electronic structure, high magnetic field, peapods, 
semiconductor nanowires. 
 


