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Introduction

The constant effort of the scientific community to explore the infinitely small,
has lead during the last decades of the twentieth century, to the observation
and design of materials at a nanometric scale. Two complementary new fields
of research flourished : nanoscience and nanotechnology. The first one concerns
the understanding of the new properties appearing at this small size. The second
one refers to the study of the fabrication process and the characterization of
such nano-structures. These two domains are rapidly expanding and many
applications are imagined, tested and used in more and more domains from
medicine to electronics.

It’s in this context that carbon nanotubes have been brought to the forefront
by Iijima while observing the synthesis of fullerenes. Since this observation,
carbon nanotubes have been studied from every angle, highlighting their ex-
ceptional mechanical, electronic, optical and thermal properties. Their small
size combined with their unique properties, makes them excellent candidates in
a wide spectrum of applications in the nanotechnology. A carbon nanotube is
an hexagonal pattern of carbon atoms rolled-up into the form of a tube. But
there are many different ways to arrange the hexagonal carbon lattice into a
cylinder, these different arrangements defines the chirality of the tube. There-
fore many possibles structures of nanotubes exist. The scenery becomes much
more complicated because opposite physical properties can be found from one
structure to another. For instance, as a function of its chirality, a carbon nan-
otube can be metallic or semiconducting with a large range of gaps depending
on its diameter. For the majority of the imagined applications, homogenous and
specific properties are required, especially in electronics where the use of both
semiconducting and metallic materials at the same time, drastically degrades
the performance of the devices.

Today, one of the major obstacle for further integration of carbon nanotubes
relies on the difficulty to obtain high quantity of an unique structure of carbon
nanotubes possessing thus similar properties. Two complementary research di-
rections have been developed to reach this aim : sorting tubes after their synthe-
sis and respectively, realizing selective synthesis. Up to now, despite the great
efforts made in both sides, none of them provide solutions attractive enough to
enable widespread of nanotube in the microelectronic industry. Recent sorting
techniques succeed in isolating single chirality tubes, however the scalability
and the cost of this techniques is still a strong barrier for industrial applica-
tions. Moreover, in many cases, this post-synthesis treatment induces structural
defects in the SWCNT (Single Wall Carbon Nanotube), limiting their perfor-
mances.
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Few quite chiral selective synthesis of SWCNTs through chemical vapor depo-
sition (CVD) has been up to now reported. CVD method is well adapted to
industrial applications due to its low cost and ease of use. Up to now only 6
different chiralities have been obtained ((6,5), (9,8), (6,6), (12,6), (16,0), (14,4)
) and only the (6,6) synthesis has been reported to be 100% selective but with
a very poor yield. Then the use of post-synthesis sorting is still needed. Un-
fortunately, the mechanism leading to selectivity is still a totally open question
preventing great progress in the domain.

In this context, the first aim of this thesis was to contribute to the understanding
of the observed selectivity in synthesis.

The first chapter of this thesis will briefly describe the main structural, phys-
ical, and optical properties of the SWCNT. Then the experimental strategy
employed in the literature for obtaining structurally controlled nanotubes dur-
ing the synthesis will be detailed. Finally few applications of carbon nanotubes
will be presented.

Recent progresses in the structural control during the synthesis of SWCNTs
have in common the use of bimetallic catalysts. Although the exact role played
by the bimetallicity is not fully understood, it seems to be a key point for
selective synthesis. One of the main difficulties to understand the impact of
the metal catalyst on the SWCNT growth is the lack of characterizations of
the catalysts, and the drastically different CVD processes and set-ups used in
various reported studies, thus preventing easy comparison.

We are then proposing to develop a new generic method, based on coordination
chemistry, for designing small bimetallic nanoparticle catalyst of various com-
positions, in the same range of sizes and under the same conditions for their
preparation and use. The description of this new method of catalyst synthesis
will constitute the third chapter of this thesis.

SWCNTs growth from this new catalysts will be performed. From a synthesis
run to another, all CVD parameters are fixed except the temperature. Then the
impact of both metal catalyst nature and of the growth temperature upon the
final characteristics of the as-grown SWCNTs can be analyzed. We used mainly
Raman spectroscopy for the characterizations. This parametric study will be
the center of the fourth chapter. According to the various tested parameters,
we have observed modifications of the yield, the diameters distribution and
metal/semiconducting type ratio. Possible mechanism leading to these varia-
tions will be proposed in connection with the theoretical calculations and the
experimental results available in the literature.

In a fifth chapter, we will describe the integration of the SWCNTs synthesized
from various growth conditions in a basic bottom-gate SWCNT-FET (Field Ef-
fect Transistor) device. The performance of the transistors will be analyzed but
the main objective of this integration was to confirm that different populations
of SWCNTs’ characteristics have been obtained. In a last short section, prelim-
inary results for the use of as-fabricated SWNT-FETs, for the detection of NO2

will be presented.
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Finally, we have also modified the SWCNT properties by functionalizing them.
New hybrid-SWCNT systems with a pyrene-ruthenium photo-active complex
were obtained. This is the focus of the last chapter. When this chromophore is
used into functionalized SWCNT-FET devices, a modulation up to three orders
of magnitude in the device’s conduction is observed under specific light illumi-
nation. In a first section, the ability of the chromophore to stack on the SWCNT
sidewall will be discussed. Then a characterization of the response of the hy-
brid system in FET devices will be presented. Finally, based on theoretical
calculation and the experimental observations, a mechanism of the interaction
between SWCNT and the chromophore will be proposed.
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Chapter 1

State of art

Carbon is well-known for having many allotropic forms such as graphite, di-
amond, graphene, fullerenes or nanotubes, each of them being used for their
specific properties in a large field of applications. The accidental discovery of
fullerenes in 1985 [1] marks the start of a new range of applications for carbon
: nanotechnology. Moreover, the observation of multi-walls carbon nanotubes
(MWCNT) during fullerene synthesis by Iijima in 1991 [2] efficiently promoted
the research on this new form of carbon : nanotubes. We have to note that
nano-sized carbon tubular structures had been observed as early as 1952 by
Radushkevich et al. [3] and in 1976 by Oberlin et al. [4], without creating a
significant breakthrough.

In 1993, the formation of single-wall carbon nanotubes (SWCNTs) has been
reported by two independent teams [5] [6]. SWCNTs are the central focus of this
work. Very fine and various physical effects are nowadays under study, here, we
only briefly describe the background knowledge necessary for the understanding
of the following chapter. First of all, we will describe the single wall carbon
nanotubes structure in order to understand how it is closely linked to their
unique properties. Then the different ways to control the SWCNT structure
will be discussed. Finally, a last part will be devoted to the various applications
of SWCNTs and their functionalization with organic molecules.

1.1 Physical properties of carbon nanotubes

1.1.1 Structural properties

Graphene (a monolayer of graphite) is commonly used as a starting point to
describe the structure and properties of carbon nanotubes. Structurally, carbon
nanotubes can be seen as one (SWCNT) or several (MWCNT) concentric sheets
of graphene rolled into a cylinder as shown in Figure 1.1.

Graphene has a two-dimensional lattice of sp2 hybridized carbon, leading to
a honeycomb structure of carbon atoms. Two non-equivalent sites (named A
and B on Figure 1.2) are necessary to define the unit cell of graphene. The
honeycomb structure can be seen as a hexagonal Bravais lattice with a two
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Figure 1.1: Single-wall carbon nanotube and multi-wall carbon nanotube from [7].

atoms basis, where #»a1 and #»a2 are the basis vector of the Bravais lattice (see
Figure 1.2). In an orthogonal base ( # »ex, #»ey)

#»a1 =
√

3
2b

# »ex− 1
2b

#»ey; #»a2 =
√

3
2b

# »ex+ 1
2b

#»ey (1.1)

b =
√

3a ; a is the carbon-carbon atom distance.

Obtaining carbon nanotubes from graphene consists in rolling the sheet in order
to merge two crystallographically equivalent sites (A or B). Thus the sp2 carbon
hybridization is preserved. Hence, a SWCNT can be entirely defined with a
unique vector named the chirality vector # »

Ch, which only depends on a set of
two integers (n,m), the chiral indices.

# »

Ch = n #»a1 +m #»a2 (1.2)

As shown in Figure 1.2 three different structural types of SWCNT can be gen-
erated

• Armchair tube where n=m;

• Zigzag tube where m=0 ;

• Chiral tube for all the other possibilities;

Chiral indices also allow the definition of the translation vectors #»

T , parallel to
the tube axis and perpendicular to # »

Ch

#»

T = t1
#»a1 + t2

#»a2 (1.3)
As

#»

T .
# »

Ch = 0 (1.4)
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Figure 1.2: Geometrical construction of a (6,3) SWCNT; from [8]

We find

t1 = 2m+ n

dr

; t2 = −2n+m

dr

(1.5)

Where dr is the least common denominator of 2m+n and n+2m. # »

Ch and #»

T
define the unit cell of a carbon nanotube.

The angle between #»a1 and # »

Ch named chiral angle θ (comprised between 0° and
30°) is also used to describe a nanotube :

cos(θ) = 2n+m

2
√
n2 +m2 + nm

(1.6)

The perimeter of a nanotube corresponds to the norm of the chiral vector. Then
the diameter (dt) of the nanotube can be expressed as :

dt = ||
# »

Ch||
Π

= b

π

√
n2 +m2 + nm (1.7)
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Figure 1.3: Representation of the hexagonal reciprocal lattice of Graphene. Left :
The Brillouin zone (shaded hexagon) Right : The parallel equidistant lines represent
the cutting lines for the (4, 2) nanotube adapted from [9].

Description in the reciprocal space

In the reciprocal space of graphene (unrolled nanotube), the unit cells of SWCNT
can be described with #  »

K1 and
#  »

K2 related to # »

Ch and #»

T by the following equations

# »

Ch.
#  »

K1 = 2π; # »

Ch.
#  »

K2 = 0; #»

T .
#  »

K1 = 0; #»

T .
#  »

K2 = 2π; (1.8)

Leading to

#  »

K1 = 1
N

(−t2
#»

b1 + t1
#»

b2); #  »

K2 = 1
N

(−m #»

b1 + n
#»

b2) (1.9)

Where #»

b1 and #»

b2 are the primitive vector of the reciprocal space of graphene
and N is the number of hexagons contained in the SWCNT unit cell

N = |
# »

Ch ∧
#»

T |
| #»a1 ∧ #»a2|

= 2(n2 + nm+m2)
dr

(1.10)

The first Brillouin Zone (BZ) of graphene is defined as shown in Figure 1.3, the
BZ center is named Γ when the two apex of the hexagon are named K and K’.

Since a carbon nanotube can be described as a quasi-1D system, a quantifica-
tion of the wave vector #»

kt will occur in the circumference direction in order to
preserve the continuity of the wave function. The authorized value for #»

kt must
respect the following condition

#»

kt.
# »

Ch = 2πp (1.11)

Where p is an integer and varies from 0 to N-1 to respect the periodic condition
of the SWCNT construction. Conversely, no periodic condition is necessary
along the tube axis, and as a consequence :
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#»

kt.
#  »

K2 = k

| #»k2|
; −π/T < k < π/T (1.12)

Finally, we obtain N allowed #»

kt vector for a carbon nanotube, in the form of
the following equation

#»

kt = µ
#»

k1 + k

#»

k2

| #»k2|
; µ = 0, 1...N − 1; −π/T < k < π/T (1.13)

1.1.2 Electronic properties

Graphene band diagram

The electronic structure of SWCNTs can be modeled from the graphene band
structure. Commonly, the band structure of graphene is obtained by using the
electron tight binding (TB) approach to the carbon π electrons [10]. The sigma
level is far away from the Fermi level, and therefore these electrons don’t affect
the properties that will be considered in this work. Thus they can be neglected
in further calculations [11]. By limiting the interaction to the first nearest
neighbors and neglecting the overlap matrix elements (s) between neighboring
pz orbitals, the dispersion relation is [11] :

E(K) = ±γ0

√
1 + 4cos(

√
3akx

2 )cos(kya

2 ) + 4cos2(kya

2 ) (1.14)

Where γ0 is the transfer integral, which corresponds to the energy of the inter-
action between the pz orbitals of the first nearest neighbor carbon atoms.

Figure 1.4 shows the band structure obtained from equation 1.14. The valence
band and the conduction band are tangential at each K and K’ points of the
BZ. These particular positions are located at the Fermi level (Ef ), which is the
zero-energy reference. Thus graphene is a semiconductor with a zero gap, also
called "semi-metal".

Close to the Fermi level, the energy dispersion relationship can be considered
as linear [11] :

E±(δk) ' ±(
√

3a
2 γ0||δk||) (1.15)

In this approximation, the π and π∗ bands (conduction band and valence band
respectively) were symmetric around the Fermi level. Nevertheless, DFT calcu-
lations forecast that the antibonding band should be located at higher energy.
Other formalisms, but more complicated, and outside the scope of this intro-
duction, can be used to take account for this asymmetry [13].
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Figure 1.4: Graphene band diagram from [12].

Carbon nanotubes’ band diagram

The carbon nanotube band diagram can be obtained from that of graphene
by using the zone folding approximation. The idea is to impose the periodic
boundary conditions of the carbon nanotube to the dispersion curve of graphene.
As shown before, allowed wave vectors of a carbon nanotube are quantized
perpendicularly to the tube axis. Limiting the graphene band diagram only
to these particular allowed values of wavevectors leads to the nanotube band
diagram. Thus, under this approximation the dispersion relation of carbon
nanotubes can be found by injecting the nanotube’s wavevectors (see equation
1.13) into the graphene dispersion.

ENt = Egraphene(µ
#»

k1 + k

#»

k2

| #»k2|
) (1.16)

with

µ = 0, 1...N − 1; −π/T < k < π/T

Examples of wavevector of two zig-zag nanotubes ((10,0) and (9,0)) are given
in Figure 1.5. In the case of the (9,0) SWCNT (Figure 1.5a), we observe that
the #»

k vector intersects the K point of the BZ, where the graphene dispersion
is zero, rendering the nanotube metallic. On the other hand, no #»

k vector of
the (10,0) nanotube intersect the K point (Figure 1.5b). Consequently, a gap
opening occurs leading to a semiconducting nanotube.
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Figure 1.5: a Left First Brillouin zone of a graphene sheet together with allowed
states for a (9,0) tube. Right : band structure for a (9,0) zigzag nanotube within
the zone-folding model. The Fermi level is located at zero energy. b Left: First
Brillouin zone of a graphene sheet together with allowed states for a (10,0) tube.
Right: band structure a for a (10,0) zigzag nanotube within the zone-folding model.
Adapted from [11].

Finally, when #»

kt (allowed #»

k vectors for a nanotube) intersects a K point, the
nanotube will be metallic otherwise the nanotube will be semiconducting. In
order to obtain a more convenient law, we will search a condition on n and m,
to obtain a metallic tube, i.e. , when #»

kt intersects a K point.

Coordinate of K point can be defined by #    »

KΓ =
#»

b1 −
#»

b2

3
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The intersection between #»

kt with K leads to the following relation :
#    »

KΓ.
# »

Ch = 2πp
#»

b1 −
#»

b2

3 .(n #»a1 +m #»a2) = 2πp

2πn−m3 = 2πp
n−m

3 = p

p ∈ N⇒ mod(n−m, 3) = 0

(1.17)

Thus, the electronic behavior of a SWCNT can be determined by analyzing its
n and m indices :

• If mod(n-m,3) = 0 the nanotube is metallic

• If mod(n-m,3) 6= 0 the nanotube is semi-conductor.

Figure 1.6 presents a summary of the metallic and semiconducting families of
carbon nanotubes according to their chiral numbers.

Figure 1.6: Periodic table of carbon nanotube.

Density of states

The density of state (DOS) represents the number of states available to be
occupied for a given energy interval. Figure 1.7 presents the DOS of metallic
(9,0) and semiconducting (10,0) nanotubes. These DOS show singularities in
1/

√
(E) named Van Hove singularities (VHS), characteristic of a 1D system.

An expression for the DOS, in the tight-binding approximation can be found
in [11].

As shown in Figure 1.7a in the example of a (9,0) SWCNT, for metallic nan-
otubes, the density of states is non-zero at the Fermi level. In contrast, the
DOS at fermi level is zero for semiconducting nanotubes (see Figure 1.7b). For
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a semiconducting nanotube, close to a K point by using equation 1.16 and 1.15
one can find :

Egap = 2aγ0
dt

(1.18)

Figure 1.7: Calculated DOS of a (9,0) metallic nanotube b (10,0) semiconducting
nanotube ; from [14].

1.1.3 Optical properties

In a first approximation, optical transitions of a nanotube can be observed
between Van Hove singularities. Transitions for semiconducting and metallic
tubes are named Sij and Mij respectively, where i and i’ refer to the ith Van
Hove singularity in the valence band and jth in the conduction band (see Figure
1.8a).

Absorption and photoluminescence spectroscopy

Several experiments such as photoluminescence (PL) and absorption give access
to these optoelectronic transitions. Figure 1.8 presents an example of absorp-
tion and photoluminescence spectra of a sample of CoMoCat® (95% (6,5)) single
wall carbon nanotubes. On the absorption spectra (see Figure 1.8b), the energy
range of transitions of metallic and semiconducting SWCNTs are indicated by
the shaded areas. The different peaks arise from the different chiralities present
in the sample. In this CoMoCat sample, the S11 (982 nm) and S22 (571 nm)
transitions of (6,5) nanotubes are easily identifiable. In case of semiconducting
nanotubes, optical transitions are also accessible through photoluminescence
(PL) experiments. Figure 1.8d shows a typical photoluminescence excitation
(PLE) map corresponding to the sample of Figure 1.8b. The sample was ex-
cited between 350 and 650 nm. For each excitation step, the corresponding PL
spectrum between (900 and 1500 nm) were recorded. The result is plot in the
form of a map where the x axis represents the emission wavelength, the y axis
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represents the excitation wavelength and the color represents the normalized
number of photons. We can see here that an excitation at 571 nm leads to
an emission at 982 nm. The scheme in Figure 1.8c explains the PLE map :
the nanotube absorbs on the S22 state, then a non-radiative relaxation to the
S11 occurs which finally relaxes by emitting a photon. One can note that in
the presented experiment only transitions between symmetrical singularities are
observed. Other experiments, resolved in polarization can give access to other
transitions [15, 16].

Figure 1.8: a Calculated DOS of (6,5) SWCNT from [14] b Optical absorption of
a CoMoCat sample dispersed in sodium cholate micelle c Scheme of excitonic state
of SWCNTs d PLE map of CoMoCat sample dispersed in sodium cholate micelle.

Link with the electronic structure

Using the approximations presented before, when close to the fermi level, the
linearity of the electronic dispersion of graphene shows that the energy of VHS
can be expressed by the following expression :

Ei = q
aγ0√
3dt

(1.19)
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Where

• q = i for a semiconducting nanotube

• q = 3i for a metallic nanotube

Energy between two symmetrical Van Hove singularities can be expressed as :

Sii = 2i aγ0√
3dt

(1.20)

Mii = 6i aγ0√
3dt

(1.21)

Using this approximation, the energy of transitions only depends on the diame-
ter of the tube (see equation 1.20 and 1.21). But, experimentally, the measure-
ment of these optical transitions (Sii and Mii) highlights a deviation from the
simple 1/dt law. We will try to briefly explain three major causes responsible
for the mismatch between calculated and measured optical transition.

First, away from the K point, the linear approximation is no longer valid. A de-
viation from linearity is observed, and the iso-energy lines that contour around
K or K’ point present a trigonally distorted shape called “trigonal wrapping”
(TW) [17, 18]. This TW effect, is among others, responsible for the "family
behavior", which describes a systematic chirality dependence of the transition
of semiconducting SWCNTs according to the values 1 (type I on Figure 1.9) or
2 (type II on Figure 1.9) of their mod(n-m, 3) [19].

Upon, the tight-binding approximation, Schrödinger equation was solved for a
one-particle Hamiltonian. Thus electron-electron interaction and hole/electron
interaction are not considered, but in carbon nanotubes, electrons or holes are
highly confined because of their quasi-1D structure. These interactions become
no longer negligible [20] and must be taken into account for the calculation of
optical transition energies. In order to improve the calculation of transition
energy and obtain a better fit with the experimental result, this effect has been
highly studied in the literature under the name “many body effect” [21].

Finally, in the folding zone approximation, only interactions between π or-
bitals are considered. The curvature of the graphene sheet for obtaining carbon
nanotubes leads in fact to hybridization between σ and π orbitals. This hy-
bridization can be taken on board by extending the basis set to the atomic s,
px, py, and pz orbitals [22] leading to Extended Tight Binding model (ETB).
In this model, a DFT framework is used to calculate the transfer and overlap
integrals [23].

Various plots of optical transitions energies (calculated or measured) versus
the diameter of the nanotube are presented in the literature. These plots are
named Kataura plot, in reference to the first scientist who established it [24].
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In this thesis, we used Kataura’s plot provided by Saito’s group [14]. The Eii

are calculated from ETB model combined with many body correction [25,26].

Figure 1.9: Energy transition of SWCNTs versus diameter established by Saito
group [25,26].

1.2 Carbon nanotube synthesis methods

1.2.1 High temperature synthesis methods

The first methods to produce carbon nanotubes were the so-called high tem-
perature synthesis methods. These methods rely on the sublimation of graphite
under a controlled atmosphere followed by a rapid condensation of carbon atoms
leading among other to carbon nanotube structure formation. Temperatures in-
volved in this synthesis techniques are between 3000°C and 4000°C in order to
sublimate the graphite target. Two approaches are currently used: electric arc
discharge and laser ablation.

Arc electric discharge

Electric Arc discharge was the method originally used by Iijima when he ob-
served carbon nanotubes [2]. In this technique, a difference of potential is
applied between two graphite electrodes. The electrodes are brought closer
together until the formation of an electric arc discharge. In the plasma re-
gion generated between the two electrodes, the temperatures can reach 6000°C,
allowing the sublimation of graphite. When the anode is composed of pure
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graphite, fullerenes, amorphous carbon, graphitic sheets and multi-wall carbon
nanotubes are formed [27]. The anode electrode can also be filled with a mix-
ture of graphite and metals powder. Under these conditions, SWCNT can be
obtained. First experiments used iron [5] and cobalt [6] as metal catalysts. Var-
ious gaseous atmospheres during the synthesis [28] and various catalysts (metals
or mixtures of metals) have also been tested [29]. Electric arc discharge is an
inexpensive technique and allows the formation of SWCNT with few structural
defects.

Laser ablation

Laser ablation was first developed by Smalley’s group to synthesize fullerenes
[1], and carbon nanotubes [30]. A pulsed or continuous laser beam is used to
sublimate a graphite target placed in a hot furnace under an inert atmosphere.
The buffer gas carries the produced species to a water-cooled trap, which is used
as a collector [31]. As in the arc discharge synthesis, addition of metal catalyst
(usually cobalt, nickel, platinum and bimetallic catalyst [32]) is an absolute
prerequisite to obtain SWCNTs. Many efforts have been done to improve yields,
chirality or diameter dispersion [33] by playing with different parameters such
as catalysts [34], laser power and furnace temperature [33, 35–37]. . .

Figure 1.10: Schematic view of a arc electric discharge set up b laser ablation set
up from [38].

Conclusion

High temperature methods enable the formation of good quality carbon nan-
otubes with high yield. The main advantage of the high temperature methods is
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the highly crystalline quality of the carbon nanotubes obtained. However, many
other allotropic forms of carbon are co-produced (soot, fullerenes, amorphous
carbon...). As a result many purifications steps are necessary for obtaining pure
CNTs. Moreover, control of CNTs’ structure, that is particularly desired for ap-
plication remains difficult [39]. Especially, because of the difficulties to control
the growth conditions in such processes that are highly outside thermodynamic
equilibrium. Consequently, high temperature synthesis is less and less employed
in favor of chemical vapor deposition (CVD) processes, that will be described
in the following section.

1.2.2 Chemical Vapor Deposition synthesis

Principles

CVD rests on the transformation of a gaseous precursor into a solid material
over the surface of a catalyst, which can be in the form of nanoparticles or
films. In fact, syntheses of “carbon filaments” (now called multi-walls carbon
nanotubes) have been already achieved using this technique, for instance by
Oberlin and co-workers [4] well before Iijima’s report in 1991. The catalyst-
assisted CVD (CCVD) allows the formation of carbon nanotubes with good
yield at lower temperatures with an improved control of growth conditions.

The most simple implementation of a CCVD technique consists of passing a
flow of a carbonaceous gas precursor through a tube furnace (600-1200°C) where
metal catalyst nanoparticles are present.

Many variations of the classical CVD exist such as PECVD (plasma enhanced
chemical vapor deposition) or HFCVD (hot filament chemical vapor deposition).
In PECVD, plasma is used to increase the dissociation rate of hydrocarbons
molecules over the catalyst surface, allowing lower growth temperature [40].

In HFCVD, a hot tungsten filament is used to pre-decompose the gas precursor
into more active gaseous molecules/radicals [41] in order to lower the synthesis
temperature without loss in crystalline quality. This is also the technique that
we chose for the synthesis of SWCNTs in this thesis.

In the frame of the CCVD, the metal catalyst can be formed in situ in the gas
phase (floating catalyst synthesis) or deposited on a support material (supported
catalyst synthesis).

In a floating catalyst synthesis, a gaseous metal catalyst precursor is used.
Usually the precursor is an organometallic compound (ferrocene [42], iron pen-
tacarbonyl [43], Ni(acac)2 [44]. . . ). The process can take place in the gas phase
entirely or partially. For instance, the HiPco (for High Pressure catalytic de-
composition of Carbon monoxide catalyst) process, developed by Nikkolaev and
co-workers [45] is exploited for mass production of SWCNTs with diameters be-
tween 0.7 to 1.1 nm.
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In case of supported catalyst, the catalyst material is previously deposited on
a support material such as silicon oxide, alumina, quartz or sapphire. Catalyst
material is usually under the form of either :

• a thin film of metal deposited by sputtering or vacuum evaporation;

• a layer of metallic complex deposited by coating;

• a layer of nanoparticles deposited by coating from a suspension or through
a sputtering method.

Metal catalyst Iron, nickel and cobalt nanoparticles, which present finite
carbon solubility, are the most common catalyst used for SWCNT synthesis
although other transition metal such as Pd, Pt, Cu [46], Ru [47], Mn [48],Cr [49],
Mo [49], noble metals (Ag, Au [46]), elements of the carbon family (diamond
[46], Ge and Si [50]) or lanthanides (Sm [49] Gd or Eu [51]) have also been
successfully used. Mixtures of metals have also been tested and several studies
tend to prove that bimetallicity is a key point for structurally control SWCNT
synthesis. For instance, The CoMoCat synthesis developed by E. Resasco and
co-workers [52] works with an in situ formed cobalt nanoparticles as catalyst
on a molybdenum carbide under CO atmosphere. SWCNTs with a very small
diameter and a majority of (6,5) nanotubes are obtained.

Carbon precursor Numerous carbon-containing gases can be chosen for the
synthesis of carbon nanotubes, such as alkanes, alcohols or aromatic hydrocar-
bons. However, methane, ethylene, acetylene and carbon monoxide remain the
most widely used precursors. Jourdain et al. [53] discussed the thermodynamic
stability of various precursors by using Gibbs free energy diagrams. These con-
siderations must be taken into account in order to optimize the CVD parameters
such as pressure or temperature to ensure efficient gas precursor decomposition.

Conclusion CCVD, being closer to a thermodynamic equilibrium, is a very
versatile method. Indeed, huge varieties of catalysts, precursors gases, sub-
strates, and growth conditions can be developed. Moreover SWCNTs can be
synthesized under many forms, such as powder, films of different thicknesses
where SWCNTs can be aligned, dispersed or percolated. Patterned substrates
can also be used to selectively induce growth in desired predefined places. Car-
bon nanotubes production at an industrial scale is nowadays performed using
this technique.
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1.2.3 Growth mechanisms

Description of the mechanisms

Growth mechanism of CNTs by CVD processes is not yet fully understood
despite the great efforts done in theoretical calculation and the development
of in-situ growth observation by TEM. Anyhow, a few general steps based on
vapor–liquid–solid model (VLS) [54] re-adapted by Baker [55] for the growth
of carbon fibers are commonly accepted. First, the catalytic decomposition
of the carbon precursor on the catalyst surface occurs. Then the diffusion of
released carbon through a liquid particle takes place until carbon saturation.
This carbon saturation leads to solid carbon precipitation, which can give rise
to formation of carbon nanotubes. Bulk diffusion or surface diffusion of carbon
through the catalyst particle are still poorly understood as well as the physical
state of the catalyst particle during this process [56]. Hypothesis of particles
in solid form during the growth has been validated in some cases by in-situ
HRTEM measurements and lead to formulation of a vapor-solid-solid (VSS)
model (see Figure 1.11). In-situ TEM observations demonstrated that carbon
nanotube growth starts with the formation of a carbon cap at the surface of the
catalyst particle [57], confirming the hypothesis formulated by Dai [58]. Nu-
merical simulations support that the formation of carbon caps in the particle’s
surface occurs after carbon saturation in the particle [59–61].

In the case of the supporting catalyst approach (see previous paragraph), the
catalyst-support interaction plays a determinant role. Two different mecha-
nisms are generally proposed, a root-growth (see Figure 1.12b) in the case of
a strong catalyst-support interaction or a tip-growth in the case of a weak
catalyst-support interaction (see Figure 1.12a). Cassell and co-workers observed
experimental evidences of these two mechanisms [62].

The exact mechanism of the growth is still ambiguous and several routes are
considered. Many questions concerning the detailed mechanism of the growth
such as carbon/metal interaction, carbon diffusion into the catalyst particle, and
the mechanism that drives the addition of carbon atoms during the growth are
still open and will not be detailed in this part. However, as the understanding
of the mechanism is determinant to achieve selective synthetic procedure, we
propose a short discussion of the general state of the catalyst during CNT’s
growth.

Figure 1.11: a Vapor-Liquid-Solid mechanism b Vapor-Solid-Solid mechanism
from [63]

.



1.2. Carbon nanotube synthesis methods 31

Figure 1.12: a tip-growth model b root-growth from [63]
.

Metal catalyst and carbon interactions

The interaction between the metal catalyst and the carbon during the growth is
also an important issue, and the main questions concern the formation of metal
carbide. It is likely that the formation of metal carbide depends on the na-
ture of the metal catalyst which determines for instance its carbon affinity [64].
However, for the same metal [65], some studies highlight the formation of a
carbide while others don’t [66]. We have to note that each group authors used
different growth reactor geometries, different growth conditions (carbon precur-
sor, pressure, temperature, carbon supply, time, flow...) and various shapes for
the same metal catalyst. Considering this, it seems possible to attribute the
reported differences to the large variations of the experimental conditions used,
which could lead to different growth mechanisms. But, in the case of iron, for
a same synthesis, Z. He et al. [67] showed by post-growth TEM measurement
that the catalyst nanoparticle at the basis of the CNT can be either a carbide
or a pure metallic catalyst suggesting that the growth mechanism is even more
complex. These results were also confirmed by Wirth et al. [68].

Physical state

The physical state of the catalyst during the growth is also up to now un-
clear. In situ TEM measurements on nickel [69], iron [70], cobalt [71] and
FeCu [72] showed crystalline nanoparticles even in case of very small nanopar-
ticles [73] [71]. In some cases, although crystallized particles are observed, they
are nonetheless highly deformable [70]. Accounting for the large panel of cata-
lysts with various chemical composition, sizes, support type and the diversity of
CVD processes used, it seems impossible to actually generalize about the phys-
ical state of a given catalyst. Some may be solid, some others may be liquid
and some may be partially liquid.

Various catalysts under several forms (size, shape, composition) in conjunction
with various carbon sources, have been successfully used in a large range of
growth conditions (pressure, temperature, carbon flow, support material, buffer
gas). Although the mechanism of CVD CNT growth is still not fully understood,
the next section will discuss on the influence of these various parameters upon
the structure of the obtained carbon nanotubes.
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1.3 SWCNT’s structure control during CVD
synthesis

As shown in the previous section, the SWCNT structure (diameter and chirality)
impacts drastically on their properties. In many applications the use of a single
chirality may significantly improve the performance of the devices. For example,
applications such as transistors need only semiconducting nanotubes. Moreover
an adapted band gap can be obtained by controlling the nanotube chirality. Two
different ways can be used to achieve this goal, selective growth or post synthesis
sorting. Concerning the post synthesis sorting, many techniques were developed
and can allow selection of high purity of a specific (n,m) chirality [74]. Among
these techniques we should mention chromatography (size exclusion [75], ion-
exchange [76], gel-based [77]), density gradient ultracentrifugation of surfactant-
wrapped SWCNTs [78] or selective polymer wrapping [79]). Despite the great
advances made in this domain, the yield, scalability and the cost of such methods
as well as unintended modification of the SWCNT properties induced by the
process itself such as length or the additional surface functionalization, are still a
barrier for their use in large scale applications. Thus, a direct, chirality selective
growth is highly desired. In the following sections, we introduce a brief summary
of the strategies proposed in the literature to make synthesis more selective in
term of diameter, chirality and conducting properties.

1.3.1 Control of diameter

Many studies in the literature have reported various optimizations leading to a
better control of the nanotube diameter. Following we introduce the effect of
the catalyst size, growth temperature, carbon supply, and precursor gas.

Size of the catalyst

It is commonly admitted that in the frame of CCVD, small catalyst nanopar-
ticles preferentially lead to SWCNT growth while larger catalyst nanoparticles
induce MWCNT growth. In the following section, we will discuss the influence
of the catalyst size for the single wall carbon nanotube synthesis.

In many studies, a tuning of the nanotube diameter distribution has been ob-
tained through a control of the catalyst nanoparticles size distribution. Nev-
ertheless, a direct correlation between the nanoparticle size and the nanotube
diameter is not always straightforward. Fiawoo and co-workers [80] showed
through post-growth TEM analyses that two different growth types might oc-
cur during a CVD synthesis, a tangential mode and a perpendicular mode. In
the case of a tangential growth mode the resulting nanotube has a diameter
close to the one of the catalyst nanoparticle that was used as a template. In the
case of a perpendicular mode, the nanotube and nanoparticle diameters are no
longer related. Then, the physical state of the catalyst nanoparticle during the
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synthesis has to be considered. During a synthesis a catalyst nanoparticle can
be liquid or partially liquid (see section 1.2.3). In these cases, the nanopartic-
ules catalyst will be highly deformable and can not be used as a template for
the SWCNT diameter. Based on this consideration a direct correlation between
catalyst size and nanotube diameter is not obvious.

Finally a good control of the catalyst size distribution seems to be a good
starting point to control the nanotube diameter distribution, but this condition
is not sufficient, and other parameters also may influence the distribution of the
diameters.

Temperature

The influence of the growth temperature on the nanotube diameters has been
also deeply studied. Many groups observed an increase of the nanotube diame-
ter with an increase of the growth temperature [81–88]. This effect is explained
most of the time by an increase of the catalyst size due to a coarsening mecha-
nism (such as Oswaltd ripening [89]) which leads to the growth of bigger SWC-
NTs [81–84, 86, 88]. Coarsening effect is known to be activated and intensified
with a temperature increase.

Temperature also impacts other growth parameters such as carbon decomposi-
tion rate or carbon solubility. These last two parameters have been also reported
to impact the diameter distribution [90,91]. The effect of carbon supply will be
developed in the following section, and the effect of solubility will be described
more precisely in chapter 4.

The carbon supply

Lu and co-worker [91], showed that for polydisperse catalysts, changing the car-
bon feed (i.e. modifying the carbon gas pressure) changes the SWCNT diame-
ter distribution. At low carbon rate, small diameters are favored and a smaller
standard deviation is obtained. At high carbon rate, bigger carbon nanotubes
are synthesized, the standard deviation increases and very small nanotubes dis-
appear. Based on this observation, they proposed that for a given synthetic
conditions, nucleation occurs from an optimal diameter of nanoparticles. The
larger the deviation from the optimal size, the less carbon nanotube from those
nanoparticles is promoted. They reported that at low carbon supply, bigger
particles are inactive due to carbon underfeeding. At high carbon supply, over-
feeding poisons smaller particles. A graphite sheet is formed at the nanoparticle
surface and hinders the nanotube nucleation.

However, some opposite results showed that increasing carbon supply promotes
small diameter nucleation [92, 93]. In this case, promotion of small diameter
nanotubes is explained by a faster initialization of the growth. They reported
that at lower carbon supply, the SWCNT growth starts later. During this time
lapse, the small particles (described as catalyst of nanotubes of small diameter)
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disappear due to coalescence mechanism. Therefore no small SWCNT can grow
due to disappearance of their catalysts. From these results, two mechanisms
seem to be in competition during the growth : coalescence mechanism and
reaching of the carbon saturation limit. It is therefore difficult to find a general
law since influence of the carbon supply is highly dependent on the studied
system and the other growth conditions.

The precursor gas

Precursor gases have been reported to impact the diameter distribution. For
the same growth conditions Lolli et al. [94] found that using CH4 instead of CO
increases the nanotube diameter and broadens the distribution. They attributed
this diameter increase to the influence of H2 produced during the methane
decomposition. They reported a similar effect to that described for the influence
of carbon supply [92, 93] : H2 delays the start of the SWCNT growth leading
to the formation of larger particles and finally larger SWCNTs. He and al.
reported the same trend [95] but attributed this phenomenon to a difference
in carbon feed rate. They reported that at given pressure and temperature,
the catalytic decomposition of CO is much slower than the decomposition of
CH4 leading to a slower carbon feed when CO is used. Then, same arguments
as those used by Lu and co-worker [91] in section 1.3.1 are given : under their
growth condition only small nanoparticles can be activated for the growth when
CO is used as the carbon source because the bigger nanoparticle catalysts are
"underfeed".

1.3.2 Control of the chirality

Some studies reported also chiral selective growth but, as general rule, many
studies reported a preferential growth of near armchair nanotubes [96–99]. Few
hypotheses, supported by theoretical studies have been put forth to explain this
chiral selectivity (nucleation-cap selectivity, growth rate selectivity...) but none
of them have been unanimously accepted [53]. Here, we report a short review of
the different experimental strategies found in the literature to obtain selective
synthesis.

Bi-metallic catalyst

Highly selective syntheses have been reported using bi-metallic catalysts. Vari-
ous bimetallic catalyst such as CoMo [100], FeRu [101], FeCo [98], FeCu [102],
FeMn [103] have been shown to induce an enrichment of the (6,5) chirality or
(9,8) chirality in case of CoSO4/SiO2 catalyst [104]. In line with these ob-
servations, Chiang and Sankaran showed that the chirality distribution of a
synthesis can be tuned by adjusting only the Ni/Fe ratio of a NixFe1−x cat-
alyst [105]. More recently, Yan Li’s group reported syntheses with a single
chirality exceeding 80% selectivity for (12,6) [106], (16,0) [107] and (14,4) [108]
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by using a W6CO7 catalyst. In view of these results, bimetallicity seems to
be a key point for controlling chirality during synthesis, but the nature of this
effect is still misunderstood. In most of the cases, the exact composition of
the catalyst, its structure and the nanotube/catalyst interaction are not fully
characterized, preventing any general understanding.

Growth conditions

All the syntheses cited above require a delicate and fine setting of the growth
conditions. Selective growth occurs only in a narrow window of parameters.
Lolli and al. [94] and He and al. [95] showed that under their growth conditions,
replacing CO by CH4 results also in an enlargement of the chirality distribu-
tion. For CoMocat synthetic processes, replacing the MgO catalyst support
by SiO2 catalyst support does not change drastically the diameter distribution
but rather the obtained chirality, indicating that catalyst support also plays a
determinant role in this synthesis method [94]. Some studies reported also, for
a same nanotube a modification of the chirality due to a modification of the
growth conditions during the synthesis. For instance, for the same nanotube,
Yao and co-workers reported that change in temperature during the synthesis
leads to a change in the nanotube chirality [109]. In the case of W6CO7 cata-
lyst, it was reported that the temperature of the synthesis is used to favor the
formation of a specific crystallographic plane of W6CO7 in order to promote
an epitaxial growth. Out of this specific temperature and optimized growth
conditions, the synthesis is either non-selective or selective for another chirality.
The idea of epitaxial growth is very popular in the literature in order to reach
a chirality control [110]. To the best of our knowledge, no clear evidence of any
epitaxial growth on metal catalyst has been provided up to now.

Carbon seed

Finally, along the line of a possible epitaxial growth, other groups proposed the
use of designed organic carbon nanorings, nanobelts or caps with the desired
structure as a seed for CVD growth. Smalley’s group was among the first to
develop this idea [111] [112]. They used short opened carbon nanotubes dec-
orated with iron catalyst for CVD growth. They reported that the obtained
carbon nanotubes have the same diameter and orientation, suggesting a possi-
ble duplication of the original nanotube seed. Based on the same idea, Zhang
et al. [113] used small, aligned, and sorted tubes with a defined chirality as a
seed but without introducing a metal catalyst. They reported an increase of
the length of the carbon nanotube without modification of the chirality of the
seed. With the same principle, other groups developed new molecular carbon
nanotube precursors using organic chemistry methods, for instance Omachi and
co-workers and Liu and co-workers [114,115]. In the two last cases, the synthe-
sis is quite selective in terms of the diameter but chirality mismatch is observed
between the seed and the resulting SWCNT. These results suggest that the
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growth mechanism is not obvious and the use of carbon seeds is not a suffi-
cient condition for a selective growth. Sanchez-Valencia [116] and co-workers
reported a 100% (6,6) chirality selective synthesis of carbon nanotubes by using
a planar molecular precursor. First the planar precursor is transformed to its
corresponding nanotube’s cap by using surface-catalyzed cyclodehydrogenation,
and then a carbon source is introduced to carry on the carbon nanotube growth.
Even if the synthesis is reported as 100% selective, up to now, the poor growth
yield is still an obstacle to the generalization of this method for applications.

Finally, mention should be made that the full characterization of growth sample
is not trivial leading to possible biased chiral distribution. For example, Raman
spectroscopy allows the observation of SWCNT RBM only when their Eii are in
resonance, in photoluminescence spectroscopy, only semiconducting nanotubes
are observed... Then, full characterization of a sample cannot be done using
only one method which might lead to biased results.

1.3.3 Control of the metallic/ semi-conducting type ratio

In absence of methods to obtain a uniquely defined chirality, various ways to
control the electronic properties of the carbon nanotubes have been investigated.
Two main routes are used, the design of new catalysts or selective etching in-
situ.

Catalyst design

Concerning the design of the catalyst composition, Chiang et al. [117] used
controlled size and composition of the nickel-iron catalyst and reported that 90%
of semiconducting nanotubes can be obtained by using Ni0.27Fe0.73 nanoparticles
with an average diameter of 2.0 nm. Harutyunyan and co-workers [118] reported
the possibility of obtaining up to 91% of m-SWCNT with an iron nanocatalyst
by changing the vector gas and by adding a combination of H2 and H2O during
the annealing process. The change of the growth atmosphere leads to drastic
change in the catalyst particles shape and ripening behavior. They attributed
the variation of M/SC ratio to the variation of catalyst shape and faceting.

Etching in situ

Based on the fact that metallic nanotubes are chemically more active than
semiconducting ones, several gases have also been investigated and added during
the synthesis to selectively etch growing metallic carbon nanotubes. Yu and
co-workers [119] reported that the use of oxygen in the synthesis increased
the semiconducting tube ratio up to 90% by etching m-SWCNT. Similarly, Li
group [120] grew s-SWCNT (90%) with iron and cobalt catalysts supported
by CeO2, designed to release oxygen during the growth for the etching. Ding
and co-workers [121] showed that increasing the methanol ratio in a mixture
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of ethanol/methanol as carbon feed, results in an increase of the s-SWCNT
proportion. This increase is explained by the formation of hydroxyl radicals
from methanol, which etched m-SWCNT. Wang and co-workers [122] confirmed
this trend by using various alcohol precursors. They found that the proportion
of metallic nanotubes increased when alcohol precursor presents a higher ratio
of carbon atoms with respect to oxygen atoms. This effect is explained by a
higher amorphous carbon deposition on the SWCNT when long carbon chain
alcohol are used as precursors. This amorphous carbon protects the m-SWCNT
from the etching effect of hydroxyl radicals. Cheng and co-workers [123] showed
that introducing hydrogen during the growth process also leads to a selective
etching of m-SWCNT. More recently they have also reported the possibility
of obtaining (90%) of s-SWCNT with a small band gap by coupling the use
of designed solid catalysts with the addition of hydrogen as etching gas [87].
Zhou et al. detailed the conditions for etching m-SWCNT by the controlled
addition of water vapors [124]. Finally, Hong and co-workers found a ratio
of 95% of semiconducting tubes (determined by electrical measurement) by
applying UV irradiation during the growth. Raman measurements have been
performed with a green laser on both the irradiated and the non-irradiated part
of a unique as-synthesized sample. While metallic nanotubes are present in the
non irradiated-part no metallic signal is observed on the irradiated part [125].

1.3.4 Conclusion

In summary, the structural control of the SWCNTs is highly dependent on
the growth conditions and the precursors used. This structural control is also
system dependent, many studies report opposite trends preventing any conclu-
sion to be reached. Moreover, the decorrelation of the influence of the various
CVD parameters is not obvious, complicating the analysis. Up to now, most
of the chiral selective syntheses lead to (6,5) SWCNTs although (9,8), (6,6),
(16,0), (14,4) and (12,6) syntheses have been reported. For practically all of
these reported selective syntheses, the use of bimetallic catalyst is a key point.
Unfortunately, the reason of this effect is still unknow, mainly because a decor-
relation of the effect of the catalyst chemical composition and the other growth
parameters which change drastically from one synthesis to the other, is diffi-
cult. Indeed, all the syntheses described in the literature are performed in very
different conditions (such as shape of the catalyst, CVD set-up, gaz precursors,
physical parameter et cetera) which all can influence on the growth mechanism.

With this mind, the first objective of this thesis was to develop a general and
somehow "generic" synthesis method which would allow the formation of small
nanoparticles of different mono or bi-metallic catalysts using exactly the same
procedure. This would make it easier to compare the influence of the chemical
composition of the catalyst on the nanotube growth. The first experimental
chapter is devoted to the description of this new method and its application
for three bimetallic catalysts based on ruthenium and either iron, cobalt or
nickel as co-metal. Iron, cobalt and nickel have been chosen for their ability to
grow easily SWCNTs. Alloying them with ruthenium serves several purposes.
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First, we want to promote, as much as possible, a solid state of the nanoparticle
during the growth. Bulk ruthenium alloys present higher melting temperature
than pure iron, cobalt or nickel. Second, ruthenium allows to limit the carbon
solubility. Recent theoretical studies show that limiting the carbon solubility
favors a tangential growth [126], then a direct control of SWCNT diameter can
be considered by controlling the catalyst size. After the synthesis and charac-
terization of this three new catalysts, SWCNT synthesis have been performed
in various growth conditions. Here, we will focus on the influence of the growth
temperature and the metal catalyst composition on the SWCNT structure.

1.4 Application: FET device

Single wall carbon nanotubes are seen as excellent candidates for applications
in nanoelectronic devices because of their remarkable electronic and mechanical
properties combined with their small size [127]. After synthesis, the SWCNTs
obtained during this thesis have been integrated into SWCNT-FET devices.
Here we briefly present the FET device and the new possibilities opened when
SWCNT are used as a semiconducting channel.

1.4.1 Principles

Figure 1.13: Schematic view of FET device adapted [128]
.

The basic structure of a FET device includes a channel made of a semicon-
ductor material, typically silicon, connected to two electrodes (a source and a
drain), and third electrode called the gate, separated from the channel, drain
and source by an insulating layer (see Figure 1.13). To flow a current in the
semiconducting channel an external activation is necessary to get the charge car-
riers (electrons or holes) over the gap. In a FET device, the activation occurs
by applying a voltage at the gate electrode. The electric field, generated by the
biased gate, changes the conductivity in the channel by lowering or raising the
energy barrier. The minimum applied gate voltage, which leads to conducting
FET path, between source and drain is named Vth. Two types of FET device
exist as a function of the excess charge carriers circulating in the channel. For
positive charge carriers (holes), we talk about p-type while for negative charge



1.4. Application: FET device 39

carriers (electrons) we talk about n-type. Thus for a p-type FET applying a
positive gate potential will reduce the number of carriers (holes) and decrease
the conductance (Off state) while applying a negative potential will lead to ac-
cumulation of carriers and increase in conductance (On state), and vice versa
for a n-type.

Two types of FET devices are commonly used :

• The JFET (junction field-effect transistor) where the gate is separated
from the channel by a reverse p–n junction .

• The MOSFET (metal–oxide–semiconductor field-effect transistor) where
an insulator separate the gate and the channel.

1.4.2 SWCNT-FET

A SWCNT-FET device is a FET-device where single carbon nanotube or nan-
otube array are used as a channel. The first reports of CNT-FETs were done in
1998 by Tans and co-worker who placed a SWCNT on the top of two metal elec-
trodes supported by a SiO2/Si wafer [129]. The performance of this device was
not optimal due to the poor contact between the SWCNT and the electrodes.
Since this first report, many efforts have been made in order to improve the de-
vice’s performance. Better metal contact was achieved by depositing the metal
electrodes on the SWCNT followed by annealing of the contact. Concerning the
gate, top gated devices have been designed in order to decrease the thickness of
the gate oxide. This leads to a larger electric field at a lower gate voltage (see
Figure 1.14b). Wrap-around gate geometry has also been developed. In this
case, all the circumference of the tube is gated, reducing leakage current (see
Figure 1.14c). Finally, the nanotubes can also be suspended to reduce carrier
scattering effects at the SWCNT-substrate interface (see Figure 1.14d).

Figure 1.14: Schematic view of a Bottom gate SWCNT-FET b Top gate SWCNT-
FET c Wrap-around SWCNT-FET d Suspended SWCNT-FET from [130].
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The 1D nature of the carbon nanotube gives rise to a quantized resistance when
put in contact with a 3D material such as the metal electrodes. Discrete energy
states of the nanotube overlap the continuous states of the metal electrodes.
This mismatch between the number of states that can transport the current
in the SWCNT and the electrodes lead to a quantized contact resistance RQ.
Other resistances due to Schottky barrier when the nanotube is semiconducting
or undesirable resistances due to poor contact can also exist. A ballistic trans-
port regime can be reached when the resistance of the tube is only defined by
RQ. No carrier’s energy dissipation or scattering occurs in the nanotube. But
defects, temperature or “the size of the driving electric field” affect the ballistic
transport. Consequently such transport has been in general achieved only for
small channel lengths (inferior to 100 nm) or at low temperature.

In a classic MOFSET with heavily doped semiconductors, metal-semiconductor
contact is ohmic. For a SWCNT-FET device, charge transfer at the metal-
nanotube interface gives rise to Schottky barrier (SB) at each electrode. If one
barrier is more important than the other, the transistor is unipolar (p-type or n-
type), which means that only one type of carrier (hole or electron respectively)
is transported (see Figure 1.15a-b). The magnitude of the SB depends on the
CNT band gap and the contacting metal work function. For hole transport, a
high metal workfunction leads to a smaller SB [131]. Thus high workfunction
metals lead to a p-type transistor. For example, palladium can produce nearly
ohmic contacts in p-type transistors [132]. Lower workfunction metals such as
aluminum leads to large SBs for p-type transport. In some case, the SB barrier
can be thin enough to inject both electrons and holes through the two opposite
contacts of the transistor, which then become ambipolar as shown in Figure
1.15c.

The one dimension characteristic of the nanotube gives rise to much thinner
Schottky barrier than in 3D systems. Consequently carrier tunneling through
the metal-CNT interface becomes dominant rather than the thermally activated
emission [133]. The efficiency with which the gate controls the conduction
through the channel is also an important parameter of the transistor. It is
defined by the inverse sub-threshold slope named S.

S = dVg

d log Id

(1.22)

In a transistor with ohmic contacts, S is limited by the thermionic emission
over the channel, typically 60 meV per decade at 300 K. If SB is dominating
the transport, S is generally higher (100–150 mV per decade for oxide thickness
t(SiO2) ∼ 10 nm). In this case, S depends on the electrostatics of the device
(thickness and dielectric constant of the gate, electrode geometry...) [134].
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Figure 1.15: a Current (I) vs gate voltage (V) of a semiconducting SWCNT showing
p-type FET behavior b Current (I) vs gate characteristics of a semiconducting SWNT
after adsorption of PEI showing n-type FET behavior from [135] c Ambipolar transfer
characteristics (current versus gate voltage). Drain bias increases from –0.1 V to –1.1
V in –0.2 V steps. inset: schematic of the band structure of a Schottky barrier
semiconducting SWCNT under negative and positive gate bias [127].

1.4.3 Sensitivity to the environment

Effect of ambient air

Carbon nanotube FET devices present almost exclusive p-type character in air.
N-type devices have been obtained only by annealing the device in vacuum
or by n-doping the nanotubes [136]. This exclusive p-type character has been
explained by an increase of the SB at the metal-nanotube interface thus pre-
venting injection of electrons [133] due to oxygen absorption at the interface.
More recent studies suggest that SB is not always the major factor impeding
the transport of electrons. Aguirre and co-workers showed that in back-gated
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field effect transistors, an O2/H2O layer must be adsorbed on the hydrophilic
SiO2 insulator thin film leading to an electrochemical charge transfer process
that suppresses the electron conduction [137]. They reported that an annealed
SiO2 device exposed to O2, H2O or both, led to a reduction of ON-state n-
branch current. No significant effect is observed when an hydrophilic layer of
parylene-C isolated the SWCNT from SiO2. Moreover, when both O2 and H2O
are used together, the reduction is 100 times greater than the sum of the effects
of the exposure to one of these atmospheres taken alone.

Typical SWCNT-FET devices present a hysteresis curve attributed to vari-
ous charges trapping. Kim and co-workers [138] were the first to report that
the most significant charge traps are water molecules for Si/SiO2 back gate
SWCNT-FET device. They suggested that two types of water charge traps ex-
ist. The first one involves water molecules adsorbed on the nanotubes’ surfaces,
while the second one involves SiO2 surface-bound water. While the former type
can be easily removed in vacuum, heating in dry environments is necessary to
remove the latter type.

Sensitivity to gas

Many studies have explored the sensitivity of the FET-device to gas exposure
[139]. A first example was reported by the Dai group in 2000 [140]. They chose
two gases (NO2 and NH3) which exhibit two opposite electronic behaviors. NO2

is an “electron-acceptor” gas, inducing p-type doping of the SWCNT while NH3

is an “electron-donor” gas, inducing n-type doping. The experimental results
pointed out an increase of the p-type SWCNT-FET conductance upon exposure
to NO2 and a reduction of the p-type SWCNT-FET conductance with NH3.
They attributed this effect to a doping of the CNT. The exact mechanism
leading to the change of the conductance is still under discussion. As explained
above for the oxygen, some groups attribute this change in conduction to a
modification of the metal/SWCNT junctions via a modification of the Schottky
barrier. Following the same idea, Zhang and al. [141] used palladium (Pd)
contacts in a bottom gate configuration with three different configurations:

• a bare device (1)

• A device where the Pd contacts are covered with a thick layer of SU8/PMMA
(2)

• A device fully covered with the same polymer (3)

While the bare device (1) shows an immediate strong response to the gas expo-
sure, up to 30 minutes are necessary to see a slow increase of the conductance
for (2). They concluded that this slow increase is due to the diffusion of the
gas molecules through the polymer layers, up to the contact regions. As no
clear difference is obtained with the partially (2) and fully (3) covered devices,
they also reported that no doping effect on the channel of the CNT occurs.
The sensing of NO2 is caused by chemical modifications at the metal/SWCNT
junctions.
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Finally, in the case of doping effect, a lateral shift of the V(on) and no change
of the sub-threshold slope must be observed. In the case of the Schottky barrier
height modulation, a modification of the sub-threshold slope with no shift of the
OFF bias interval, should be obtained [142]. By using TFA molecule, S. Auvray
and co-workers [142] showed that nanotube’s doping and molecule absorption
at the metal interface can also take place simultaneously.

1.5 Carbon nanotube functionalization with an
optically active molecule

Functionalization of SWCNTs is highly desired to provide new functionalities to
SWCNT based devices. The basic idea is to merge the properties of SWCNTs
with those of the active molecule for tuning the nanotube’s properties. For
instance, functionalization of SWCNTs has allowed to increase their solubility,
to isolate [143] them and to sort them [76]. The new hybrid material can be
therefore integrated in devices and drastically improve their potentiality. For
example, enzyme-coated SWCNTs integrated in a SWCNT-FET device act as
a real-time sensor for enzymatic activities [144]. Chapter 6 of this thesis focuses
on the functionalization of SWCNT in FET device with a chromophore. After
a brief summary on the different ways to functionalize the SWCNTs, we will
focus on the literature reporting interaction of SWCNT with optically active
molecules.

Figure 1.16: Schematic view of the SWCNT fuctionnalization process A defect-
group functionalization, B covalent sidewall functionalization, C noncovalent exohe-
dral functionalization with surfactant D noncovalent exohedral functionalization with
polymers, E endohedral functionalization with fullerene from [145].
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1.5.1 Functionalization method

For a SWCNT’s sidewall functionalization two general ways exists : the covalent
and the non-covalent functionalization. Covalent functionalization consists in
creating a covalent bond between the nanotube and a molecule. Non-covalent
functionalization leads to van der Waals interaction between the nanotube and
the compound of interest. Either method can be used as a function of the
targeted application.

Covalent functionalization

Covalent functionalization takes advantage of all the classic organic reactions
possible on sp2 carbon or on defect sites. Many reactions are possible and used,
such as halogenation, cycloaddition, alkylation, radical addition. Figure 1.16A-
B presents schematic view of covalent functionalization. Carbon atoms located
on defect sites are also more reactive to oxidation reactions, leading to sp3

carbon with carboxylic acid function as terminal group. Surface carboxylic acids
can be deprotonated to increase carbon nanotube solubility in organic solvents,
and reactivity of carboxylic function can be used to create new functions.

Covalent functionalization induces the transformation of sp2 hybridized carbons
into sp3 hybridized carbons, destroying the π conjugation and the electronic and
optoelectronic properties deriving from it. In order to combine functionaliza-
tion with the preservation of the CNT’s intrinsic electronic properties, most
used techniques try to limit the number of sp3 defects. For example, click
chemistry allows to design large macro-molecules containing several molecules
of interest with only one anchoring point on the nanotube [146] (see Figure
1.17a). Hybrid/supramolecular technique consists in grafting few polymer chain
on nanotube and then decorating the polymer with active complexes [147] (see
Figure 1.17b). In some cases, a fine-tuning of defect quantity can modify the
carbon nanotube’s electronic [148] and excitonic properties like brightening car-
bon nanotube photoluminescence [149]. Recently, Reich’s group presented a
new covalent functionalization that preserves the π-conjugation by using new
[2+1] cycloaddition [150].

Figure 1.17: Example of SWCNT covalent functionalization with a molecule design
via clik-chemistry adapted from [146] b active polymer [151].
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Non covalent functionalization

Non-covalent functionalization relies on the van der Walls interaction, between
nanotubes and molecules or polymers. In general, this interaction is π − π
or hydrophobic interaction. Surfactant, aromatic molecules or polymers, con-
stitute the major non covalent functionalizations described in the literature.
As for covalent functionalization, non-covalent functionalization was first used
to solubilize and isolate carbon nanotubes [143]. The hydrophobic part of an
amphiphilic molecule wraps around the nanotube’s sidewall and prevents nan-
otube/nanotube interactions. The hydrophilic part allows the solubilization in
water.

Aromatic molecules such as pyrene or porphyrins [152] interact easily with the
nanotube via π − π staking interactions. Then, many examples of SWCNT
non covalent functionalization concern molecules or supra-molecules containing
a pyrene unit designed to stack on the nanotube sidewall [153, 154] (see for
instance Figure 1.18a).

Polymers are also well-known to be able to wrap around carbon nanotubes.
For instance, Figure 1.18b shows the wrapping of a DNA molecule around a
SWCNT. Because of their chiral properties, DNA molecules can specifically
interact with a defined nanotube chirality and then chiral sorting can be per-
formed [76].

Figure 1.18: schematic view of a SWCNT functionalized with pyrene
CdSe/nanoparticle [154] b SWCNT wrapped by DNA molecule [76].

The main disadvantages of non-covalent interactions concern the strength of
created bonds, leading to a loss of stability. In contrast to the covalent func-
tionalization, non-covalent functionalization preserves intrinsic properties of the
nanotubes such as transport [155] or luminescence [143, 156] which are their
main advantages. The non-covalent functionalization is easier to set up and
guarantees the preservation of the properties of the nanotube in comparison to
covalent functionalization. For these reasons, it will be used to functionalize
FET device (see chapter 6).
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1.5.2 Optoelectronic devices based on hybrid material

Their unique electrical properties make carbon nanotubes excellent candidates
to be integrated in multifunctional optoelectronic devices. Many examples in
the literature present photo-driven applications involving SWCNT/optically ac-
tive molecule hybrid for photocatalysis, photovoltaics or photoswitching appli-
cations. For instance, Hu and co-workers [154] presented a light induced charge
transfer between a pyrene/CdSe nanoparticles and nanotubes, for applications
in photovoltaics (see Figure 1.19a). Borghetti and co-workers [157] reported a
change of four orders of magnitude of the conductance upon illumination (see
Figure 1.19b). Here, the conductance change is explained by an electrostatic
doping of the SWCNT induced by photoexcited electrons trapped at the poly-
mer dielectric/interface. The device can be used as an optical memory or a
photo-switch depending on the applied gate-bias.

Figure 1.19: Photoinducced changes upon irradiation of a hybrid system
pyrene/CdSe/nanoparticle/nanotube [154] b SWCNT coated polymer as a memory
device and optical switch adapted from [157].

As presented in part 1.4.3, several mechanisms are responsible for the change
in the conduction of the nanotube including electrostatic doping, modification
of Schottky barriers and chemical doping (i.e. charge transfer). In order to
well understand the light induced charge transfer, the principle of photoexcited
electrons generation is necessary (see Figure 1.20). Upon irradiation, an elec-
tron from a photo-active molecule reaches an excited state before relaxing via
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radiative or non radiative pathways. In case of an acceptor or a donor placed in
the surrounding environment of the photo-active molecule, an electron transfer
can follow the light excitation (see Figure 1.20). The mechanism is described
in the system nanotube/pyrene/CdSe nanotube presented in Figure 1.19a. Af-
ter light excitation an electron is transferred from the pyrene/CdSe (donor) to
the nanotube (acceptor). In most of the studies reporting a charge transfer
in a nanotubes/hybrid system, nanotubes play the role of the acceptor, but
Elhi and co-workers reported that it may also act as a donor [158]. An en-
ergy transfer (radiative or not) can also take place between the photo-excited
molecule and the nanotube. Such mechanisms have also been reported in case
of nanotube/chomophore hybrid system. For instance Roquelet and al. [152]
reported an energy transfer between nanotubes and porphyrin molecules. The
energy transfer is evidenced through photoluminescence experiment as upon
irradiation within the porphyrin band, the emission from SWCNT is observed.

Figure 1.20: Schematic view of photoexcitation an electron, electron transfer and
energy transfer
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To conclude, if a transfer occurs between a SWCNT and an optical active
molecule two kinds of mechanism are possible : a charge transfer or an en-
ergy transfer. An energy transfer can be evidenced through photoluminescence
experiments [152] while charge transfer is usually detected through Raman spec-
troscopy [159,160] or transient absorption spectra [158]. A charge transfer also
leads to drastic modification of the conduction in FET-device. Nevertheless, a
change in conduction can also be induced by electrostatic doping as shown by
Borghetti and co-workers [157] or by a modification of the nanotubes/electrodes
junction. Then further experiments and characterizations are needed to eluci-
date the mechanism of the interaction between optical active molecule and a
SWCNT and for the mechanism of light induced conduction change in SWCNT-
hybrid FET-device.
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Chapter 2

Experimental techniques

In this thesis, a home-made CVD reactor has been used for the CVD synthesis.
In the following chapter, the set-up used for the SWCNT growth and the basic
principles of the main employed characterization techniques will be described.

2.1 Synthesis

2.1.1 CVD set up

The catalyst precursor reductive pretreatment and the SWCNT growth were
conducted in a homemade double hot filament chemical vapor deposition (d-
HFCVD) reactor, consisting of a cylindrical quartz tube enclosed in an 80 mm
wide tubular heater with approximately 250 mm uniform heated length. Before
each synthesis run and when the furnace is inactive, the chamber is pumped
up to the residual pressure of 10−6 mbar in order to minimize walls contamina-
tion. The reactor is connected to two separate inlets for hydrogen and methane
respectively. Each of the two gases has forced to flow over separate tungsten
filament (0.38 mm diameter), mounted horizontally near the substrate in the
CVD chamber and independently electrically driven at variable power. The
temperature and the pressure in the chamber can be controlled and a cool zone
is used to stock the sample before the stabilization of all the parameters of the
reactor (see Figure 2.1).

Figure 2.1: Schematic view of the CVD reactor.
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2.2 Characterization

2.2.1 Raman spectroscopy

Figure 2.2: a Rayleigh process b Stokes process c Anti stokes process.

Raman scattering relates to inelastic scattering of light by a matter. This phe-
nomenon was independently discovered by Râman and Mandelstam in 1928.
First, electrons are excited by absorbing a photon, then electrons can be scat-
tered by emitting or absorbing a phonon and finally, relax back to ground state
by emitting a photon. Due to electron/phonon interaction, the emitted photon
has a different energy from the absorbed one. If the phonon is emitted, the
process is called Stokes process (see Figure 2.2b) while anti-stokes process (see
Figure 2.2c) result from phonon absorption. If no scattering occurs, we talk
about Rayleigh diffusion (see Figure 2.2a).

In the case of anti-stokes process, the absorbed phonon should be already ther-
mally excited and this may not be possible if the phonon energy is large as
compared to kbT (kb is the Boltzmann constant). Indeed the average number
of available phonon m at a temperature T, with energy Eq, is given by the
Bose–Einstein distribution [161] :

m = 1
eEq/kbT − 1 (2.1)

Raman spectra plots the intensity of the photon versus frequency downshifts (or
upshift). The wavelength shift depends on the analyzed matter, its chemical
composition, crystalline structure and electronic properties. If the energy of
either the incident or the scattered light matches an optical transition, the
process becomes resonant and a strong enhancement of the Raman intensity
occurs (up to 1000 times stronger, see Figure 2.3).
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Figure 2.3: a Non resonant Raman process b Resonant Raman process from [162].

For the Raman spectroscopy of SWCNTs, if the laser excitation energy is equal
to the energy separation between Van Hove singularities in the valence and
conduction bands (Eii), the resonant phenomenon occurs leading to an en-
hancement of the Raman signal. In a given sample, only SWCNTs with Eii

in resonance with the laser excitation energy (Elaser) will contribute strongly
to the spectrum. Figure 2.4 shows a typical SWCNT Raman spectrum, where
peak corresponding to the radial breathing mode (RBM), the tangential mode
(the G band), the D-mode and the G’-mode (or 2D mode) are displayed. We
will focus here on the first three mode.

Figure 2.4: Raman signal of carbon nanotube [163].



52 Chapter 2. Experimental techniques

RBM The RBM (radial breathing mode) phonon mode corresponds to the
coherent vibration of all the carbon atoms in the radial direction. RBM is
about 100–500 cm−1. The RBM is a characteristic first-order Raman scattering
of single wall carbon nanotubes only. RBM frequency is inversely proportional
to nanotube diameter. Indeed the larger diameter, the bigger carbon atoms
number on the circumference and the bigger mass. An increase of the mass,
such as in the case of a classical oscillator, leads to a decrease in the frequency.
The relation between the RBM frequency and the nanotube diameter is defined
by

µRBM = A

dt

+B (2.2)

Where the A and B parameters are determined experimentally. Various propo-
sitions for A and B are given in the literature and depend highly on the car-
bon nanotube environment. Jorio and al. reported A=248 B=0 for individual
SWCNT on SiO2 [164]; A=217 and B=15 for alcohol-assisted SWCNT growth
and A=227 and B=0 for water assisted growth has been reported by Araujo
and al. in Jorio group [165] . Finally they proposed a more general law [166] :

µRBM = 227√
1 + C + dt

2
(2.3)

Where C is the adjustable constant that averages the effect of the surrounding
medium.

Kataura plot represents the Eii versus the diameter of a nanotube. Then, as we
will see later, based on Kataura’s plot, analysis of the RBM peaks allows for the
calculation of the diameter distribution resonant with a defined Eii. Moreover,
semiconducting and metallic tubes, even with similar diameters, present differ-
ent Eii values. Measurements of RBM frequency using several laser energies
can be used to characterize the ratio of metallic to semiconducting SWCNTs in
a given sample.

G mode In graphite the only first-order Raman peak is called the G-mode
which corresponds to a displacement of carbon atoms parallel to the graphite
sheet. In SWCNT, the tangential G mode gives rise to a multi-peak feature,
containing up to six Raman peaks. The two most intense G peaks are labeled
G+ and G−, for atomic displacements along the tube axis or atomic displace-
ment along the circumferential direction respectively. The curvature of the nan-
otube softens the tangential vibration in the circumferential direction, lowering
the frequency of the G-mode. In case of metallic nanotubes a characteristic
Breit–Wigner–Fano lineshape is observable for the G-band due to the finite
value of the electronic density of states at the Fermi energy.
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D mode The D-mode results from a Raman double-resonance process which
involves the elastic scattering of an electron by surface structural defects. It
can also indicate the presence of amorphous carbon and structural defect. The
intensity ratio between G-band and D-band IG/ID is often used to estimate the
amount of defects in a sample of nanotubes. Mention must be made that no
systematic study has yet been carried out to correlate the presence of the D
band with the nature of the different defects. Moreover, experimental studies
show that D-band intensity and frequency also depend on diameter and chirality
of the nanotube [167].

In this thesis, the Raman spectroscopy was performed on a HORIBA LabRam
ARAMIS spectrometer, using a x100 objective, with four excitation wavelengths
(473 nm, 532 nm, 633 nm, and 785 nm). For all samples and at each wavelength,
several mappings were carried out, at random locations on the substrate to get
the most meaningful statistical analysis. The mappings were done on a 50 µm
by 50 µm surface, with a 10 µm step.

2.2.2 Transmission electronic microscopy (TEM)

Transmission electronic microscope (TEM) runs on several of the same basic
principles as the optical microscope. The main differences are the use of elec-
trons instead of light, electromagnetic lenses instead of optic lenses and a vac-
uum environment due to gas molecules which can easily deflect electrons. Two
sources of electrons are used to obtain a beam: a filament or a field emission
gun. As filament, tungsten or LaB6 are usually used. The filament is heated
and a high voltage is applied between filament and anode leading to a release
of electrons, which are accelerated to the anode. In the case of field emission
gun, electrons are expelled by applying a very powerful electric field very close
to the filament tip. In this case the beam is more coherent and brighter but a
higher vacuum is necessary. Then, electrons are usually accelerated between 80
kV and 300 kV and focused before interacting with the sample. The sample (it
can be a thin film of the material or a solid deposit on a TEM grid) must be
crossed by the electron beam.

Elastic or inelastic interactions are possible between electrons and the TEM
sample. The elastic interaction is divided into two contributions : the trans-
mitted beam and the beams diffracted by the crystalline planes of the material.
To form the image, we can use the transmitted beam (see Figure 2.5a), which
leads to a “bright field image” where the diffracted zone is extinguished. The
diffracted beam of a family of plan can also be used (see Figure 2.5b), then
diffracted areas are bright, we obtain a “dark field image”. High-resolution
TEM corresponds to the interference of several diffracted beam (see Figure
2.5c) The inelastic interaction leads to an energy transfer between the electron
beam and the sample. These inelastic interactions lead to a loss of energy of the
incident electron and an X-ray emission due to the deexcitation of core electrons
of the sample excited by the electron beam. The energy loss and the energy of
the X photons depend on the atom in the sample, analysis of this energy lead
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to the electron energy loss spectroscopy (EELS) and energy dispersive X-ray
spectroscopy (EDX ) respectively.

Figure 2.5: Schematic representation of a TEM a Bright field image will be ob-
tained b Dark field image will be obtained c HRTEM will be obtained [168].

A scanning mode can also be used (STEM). In this case, the electron beam is
focused in a thin spot and the sample is scanned. The principal advantage of this
method is to spatially correlate a signal such as characteristic X-rays and the
electron energy loss. That is not possible in conventional TEM. In STEM, the
most commonly used detector is the High Angle Annular Dark Field (HAADF)
detector, which collects only the electrons scattered at high angles (see Figure
2.6). In this case, intensity depends on the atomic number of the analyzed
elements: a chemical contrast is obtained.

Figure 2.6: Schematic representation of a STEM coupled with an EELS and an
EDX detector, adapted from [169]
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Transmission electron microscopy imaging was performed using an image cor-
rected FEI TITAN TEM as well as on a Libra 200 MC Zeiss microscope
equipped with a Gatan Ultrascan camera. For the observation of the cata-
lyst precursor nanoparticles (Prussian Blue analog), the bimetallic catalyst and
the SWCNT, the TEM operated at 300, 200 and 80 kV respectively.

2.2.3 Scanning electron microscopy (SEM)

Scanning electron microscopy consists in scanning a sample with an electron
beam accelerated between 1 and 40 keV.
Interaction of the electron beam with the sample also leads to reemission of
particles such as secondary electrons (SE), reflected or back-scattered electrons
(BSE), characteristic X-rays and photons (CL) as shown in Figure 2.7.

In conventional SEM, imaging mode corresponds to the collection of the sec-
ondary electrons. Secondary electrons arise from ejection of an electron from the
conduction band due to inelastic interaction with the electron beam. SE own
a weak energy (∼ 50 ev) and consequently detected SE come from the surface,
then are very sensitive to any surface variation. The brightness of the signal
depends on the number of SE collected. Information about the topography can
be obtained.

Figure 2.7: Schematic view of Electron-matter interaction adapted from [170].

Scanning electron microscopy (SEM) observations were carried out on HITACHI
S 4800 microscope at 1 kV (or 0.5 kV) and 10 µA.
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2.2.4 Atomic force microscopy (AFM)

AFM relies on the interaction between a tip attached on a flexible cantilever
and a surface to analyze. The interaction between tip and surface causes a de-
flection of the cantilever. The deflection is measured through an optical system
composed of a laser and a quad photodiode detector. Two modes are commonly
used, the tapping mode and the contact mode. All the AFM measurements per-
formed during this thesis have been done in tapping mode. In tapping mode
we impose an oscillation to the cantilever. When a change occurs in the surface
(height, material...) frequency, amplitude and phase of the oscillation are mod-
ified due to this new interaction. A feed back loop allows to put the amplitude
or the frequency of the oscillation constant by moving the probe along z axe. In
case of an homogenous sample, variation in the interaction is principally due to
a variation of the topography of the sample. Then a topography of the sample
can be obtained.

Figure 2.8: : Schematic view of AFM measurement in tapping mode [171].

The AFM analysis were performed using di Innova AFM Bruker with NanoDrive
v8.02 software. Tapping mode images were acquired using silicon tips from
nanosensors (PPP-NCSTR) with a resonance frequency ranging between 76
and 263 kHz. Images were processed using WsXM software.
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2.2.5 X-Ray Diffraction (XRD)

X-Ray Diffraction (XRD) rests on analyze of constructive interference of monochro-
matic X-rays and a crystalline sample. When conditions satisfy Bragg’s Law
(see equation 2.4), the interaction of the incident rays and the sample produces
constructive interference leading to a diffracted beam which is detected.

2dhklsin(θ) = n.λ (2.4)

with dhkl the d-spacing between layer of atoms, λ the incident wavelength and
n an integer.

All crystals in the powder material are randomly oriented, then all possible
diffraction directions of the lattice can by obtained by scanning the sample
through a range of 2θ angles. The plot of the intensity of the diffracted beam as a
function of 2θ is called diffractogram. It is unique to every crystalline structure.
Lattice parameter can be obtained through the d-spacing (dhkl) deducted from
Bragg’s Law.

X-ray powder diffraction (XRPD) analyses were performed on powder deposited
on aluminum plate and recorded on a Phillips Panalytical X’Pert Pro MPD
powder diffractor at CuKα (1.5404 Å) radiation equipped with a fast detector.

Figure 2.9: Schematic view of x-ray diffraction from [172] .
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2.2.6 X-Ray photoelectron spectroscopy (XPS)

X-Ray photoelectron spectroscopy (XPS) is based on the measurement of the
kinetic energy of electrons emitted by a solid under the impact of a beam of
X photons with an energy hν. Any core or valence electrons having a binding
energy inferior to hν can be ejected. In XPS, the most commonly used X
photons is the emission Kα of Al (hν = 1486.6 eV) or of Mg (hν = 1253.6 eV).
The spectrum of the core electrons in number and energy is characteristic of an
atom in a given compound. The depth of analysis (from 2 to 10 nm) is limited
by the inelastic mean free path of the electrons in the material. It depends
on the kinetic energy of the electrons and the matrix in which the element is
located. The binding energies of the core levels are sensitive to the chemical
environment of the atom leading to chemical shifts range from a few 1/10th eV
to a few eV.

Figure 2.10: Schematic view of interaction between photon and electron in XPS
measurement from [173].

The XPS studies performed in this thesis were conducted on a homemade syn-
thesis and characterization platform, Facility for Elaboration of Nanomaterials
with in-situ and real time characterization @X (FENIX) designed to study
in-situ and in real time, by surface analysis techniques (XPS, ultraviolet photo-
electron spectroscopy, Auger electron spectroscopy, low energy electron diffrac-
tion, cathodoluminescence), the growth of graphitic materials. Large flows of
carbon and hydrogen can be locally delivered under the form of confined radi-
cals/molecular beams in ultra-high vacuum to simulate various growth environ-
ments (CVD, plasma enhanced CVD, HF-CVD).
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2.2.7 Absorption spectroscopy

Optical absorption spectroscopy measures the fraction of incident radiation ab-
sorbed by a material. According to the energy range we have access to various
energy levels of the sample. In this thesis, we performed UV-visible and in-
frared spectroscopy. In the UV-VIS region, we typically observe transitions
between electronic state while vibrational transitions are observed in infrared
spectroscopy. The measurement consists in comparing the intensity of a range
of monochromatic light before (I0) and after crossing a sample (I) (see Figure
2.11). For each incident wavelength, the quantity of transmitted light is defined
by T = I/I0 and the absorbance or optical density by

OD = −log(T ) = log
I0

I
(2.5)

In case of diluted solution the beer lambert law is valid and the optical density
is proportional to the concentration of absorbent molecules.

OD = ε.l.c (2.6)

Where ε is the molar extinction coefficient (cm−1.mol.L−1), l the optical path
(cm) and c the concentration (mol.L−1).

Some shifts can be observed as a function of the environment of the probed
object, then information about the surrounding environment can be obtained.
An example of UV-Vis measurement of a CoMoCat suspension is shown in
Figure1.8b.

Figure 2.11: : Schematic view of UV-VIS spectrometer setup adapted from [174].

The infrared spectroscopy, used for the nanoparticle characterization, has been
performed on a Perkin Elmer Spectrum 100 spectrometer. For the UV-VIS
absorption, performed on SWCNT we used a Lambda 950 spectrometer from
Perkin-Elmer with two lines. In this set-up I and I0 are measured in parallel.
Spectrum are recorded between 250 nm and 1350 nm. One-millimeter (i.e. l =
0.1 cm) suprasil quartz cuvettes have been used in all the measurement.
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2.2.8 Photoluminescence spectroscopy

Photoluminescence corresponds to the emission of light from a material after
the absorption of photon. Absorption of a photon can promote an electron in an
excited state, in case of photoluminescence compound, the electron relax to the
ground state by emitting a photon. In chemistry, according to the relaxation
pathway, two different terms (fluorescence and phosphorescence) are used (see
Figure 2.12). Fluorescence describes a radiative emission induced by relaxation
from a singlet excited state to a singlet ground state while phosphorescence
corresponds to radiative relaxation from a triplet excited state to a singlet state.
For semiconductors, such as nanotubes, the general term of photoluminescence
is commonly used in the literature.

As for absorption, photoluminescence is sensitive to the environment, which
can modify the relaxation pathway of the sample. The photoluminescence signal
can also be enhanced or quenched through the interaction with other molecules.
When emission for a large continuous range of excitation is recorded, the exper-
iment is called photoluminescence excitation (PLE) spectroscopy. An example
of PLE map for a CoMoCat sample is shown in figure 1.8d.

Figure 2.12: Perrin Jablonski diagram adapted from [175].
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We used the homebuilt system of Pr. J-S. Lauret team for fluorescence and
photoluminescence measurement of system in micelle. For SWCNT PLE map,
a white xenon source was used (350 and 800 nm, with a resolution of 3-5 nm).
The light emission is collected with a monochromator combined with a liquid
nitrogen cooled InGasAs photo-detector (Omar V, Toper scientific) or a Peltier
cooled CCD camera.
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Chapter 3

A new SWCNT synthesis
approach

In this thesis, we develop a new and versatile approach to grow SWCNTs by
means of a variety of bimetallic catalysts that are obtained in-situ from Prussian
blue analog (PBA) precursors. Various bi-metallic nanoparticle catalysts were
obtained through a standardized method.

3.1 Motivation and description of the new syn-
thesis

3.1.1 Motivation

Research on single wall carbon nanotubes (SWCNT) is still facing major chal-
lenges for the design of efficient devices for many applications as for example
nanoelectronics and sensors. This is mainly due to the intricate relation be-
tween their physical properties and nanotubes’ structure i.e. their chiral angle
and diameter. Controlling their structural properties during the growth process
is therefore a key point for enabling future progress in this field. As shown in
the previous chapter, many past and recent studies focused on the investiga-
tion of the role of size, morphology, and composition of catalyst nanoparticles.
For the latter, a strategy recently employed by some groups consisted in using
bimetallic catalysts for the CVD growth of SWCNTs.

This bimetallic catalyst approach has led to some chiral selectivity, but an
overview of these reports points out that both the catalyst nature (size, mor-
phology, structure. . . ) and the growth conditions differ drastically from one
study to another, precluding any direct comparison and deep understanding of
the effect of the bimetallic catalyst upon the SWCNT growth process. In order
to systematically investigate the effect of the chemical nature of the alloys on
the structure of SWCNTs, it is crucial to perform the growth process using
different alloy catalyst combinations with comparable sizes and morphologies
together with fixed and well-known CVD parameters.
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In this study, we use three different bimetallic Prussian blue analog precursors
for SWCNT synthesis of general formula : CsNiIIRuII(CN)6, CsCoIIRuII(CN)6,
and KFeIIIRuII(CN)6 as precursors for obtaining NiRu, CoRu and FeRu cata-
lysts. To the best of our knowledge, these bimetallic systems have not all been
thoroughly investigated as catalysts for SWCNT growth. FeRu catalyst has
been shown to catalyze SWCNT growth with efficiency and a good selectivity
(majority of (6,5)) is reported [101] but, the exact nature of the catalyst was not
fully investigated. The other systems (CoRu and NiRu) studied here have, to
the best of our knowledge, not yet been investigated for the growth of SWCNTs.

3.1.2 Description of the synthesis approach

We developed a new synthesis method (see Figure 3.1) based on coordination
chemistry and HF-CVD (details on HF-CVD are available in section 1.2.2).
Briefly, the oxide surface of a SiO2/Si wafer is covered with a SAM (self as-
sembled monolayer) of a pyridine-functionalized silane (step 1). Then, surface
coordination bonds are used to assemble bi-metallic Prussian blue analogs on
the preformed organic SAM (step 2). A reductive pretreatment step, performed
in the HF-CVD system, allows the reduction of the PBA and lead to the forma-
tion of effective catalyst nanoparticles (step 3). The resultant alloy nanoclusters
were then used to catalyze SWNTs growth on SiO2/Si substrates via CH4/ H2

double hot-filament chemical vapor deposition (d-HFCVD) (step 4).

One of the main originality of this work rests on the use of PBA as pre-catalyst.
Indeed, various compositions of PBA nanoparticles can be synthesized with a
narrow size distribution and a well-defined composition [176], thus enabling the
control of the catalyst size and its composition. It has also been demonstrated
in the literature that it is possible to synthesize PBA nanoparticles with various
sizes, by adding shells onto pre-synthesized nanoparticles [177].

The use of a SAM allows one to control the exact quantity of the catalysts
over the surface, and this approach is being used here to obtain a monolayer of
PBA. Previous work conducted in the inorganic chemistry laboratory (LCI), of
Paris Sud University, where we synthesize both the SAM and the PBA, show
that density of cyanide-bridged nanoparticles deposited on Si substrates can be
controlled. A decreasing of the density of nanoparticles on our substrates could
be achieved [178].
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Figure 3.1: Schematic view of the SWCNT growth process from PBA precursors.

3.2 PBA pre-catalyst : from synthesis to char-
acterization

3.2.1 Synthesis of PBA pre-catalyst

PBAs are bimetallic three-dimensional coordination networks with a face-centered
cubic (fcc) lattice structure of alternating metal ions linked by cyanide bridges
[179] (see Figure 3.2 for schematic structure).

The PBA nanoparticles were synthesized using a co-precipitation method pre-
viously described by Catala et al. [176] [180]. Briefly, an aqueous solution con-
taining the potassium hexacyanometallate [M(CN)6]

x+ salt and cesium chloride
(CsCl) or potassium chloride (KCl), depending on the bimetallic system, was
added to an aqueous solution of the hexa-aquo complex [M′(H2O)6]

2+. We syn-
thesized three PBA : CsNiIIRuII(CN)6, CsCoIIRuII(CN)6, and KFeIIIRuII(CN)6.
Experimental details can be found in section 3.6. For each system, an aque-
ous dispersion of individualized particles is obtained. The as-obtained PBA
nanoparticles are stable in water without any stabilizing agent due to their neg-
ative charge, which leaves their surface available to coordinate to an organic
ligand. All PBA systems studied here will thereafter be referred to by the two
M and M’ metals of interest (PBA FeRu for the KFeIIIRuII(CN)6 system for
instance).
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Figure 3.2: Left PBA schematic structure, the two metal ions M and M’ are linked
by coordination bonds to cyanide bridges within vacancy free fcc lattice structure with
alkali ions present in the interstitial sites. Right water molecules replacing M(CN)6
vacancies that may be present in the lattice.

3.2.2 Characterization

First of all, the pre-catalyst structure and composition have been thoroughly
investigated.

Structural characterization

The recorded infrared spectra are displayed in Figure 3.3. For each of the
PBA compounds, characteristic bands of the cyanide bridged PBAs (2070-2200
cm−1) and solvate water molecule (bending mode of OH bond between 1400 and
1650 cm−1) included in the porous networks were observed. As compared to
the corresponding hexacyanometallate (Ru-CN) complex, νCN are found to be
blue-shifted in agreement with the bridging of cyanide ligands (M-CN-M’). The
non-bridging (NB) cyanides (M-CN) located at the surface of the nanoparticles
can also be observed for CoRu and NiRu catalyst (see Table 3.1).

Table 3.1: νCN table for all PBA nanoparticle systems (NB: non-bridging)

Compound K4Ru(CN)6 KFeRu(CN)6 CsCoRu(CN)6 CsNiRu(CN)6

νCN(cm−1) 2037
2056 2070 2109

2067 (NB)
2170

2035 (NB)
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Figure 3.3: IR Spectra of all PBA systems in comparison with the corresponding
hexacyanometallate complexes used for each synthesis (black line).

Furthermore the fcc crystalline structure of the PBA is confirmed through the
XRPD patterns shown below in Figure 3.4. The XRPD patterns are similar
for the three compounds, but we observe that in the case of CoRu and NiRu
systems the (200) peak is extinct, which can be explained by the presence of
cesium in the interstitial sites. The bragg formula was used to extract the lattice
parameters from XRPD patterns. The extracted lattice parameters are ranging
between 10.44 and 10.56 Å (see Table 3.2) and correspond to expected values
for PBA [179]. The Scherrer equation was also used to calculate an approximate
crystallite size.

T = k.λ

H cos(θ) (3.1)

With k = 0.89, λ = 0,1540598 and H the full width at half maximum of the
peaks.

The small size of the PBA is confirmed by the calculation of the Scherrer domain
size, found to be below 7 nm for each system (see Table 3.2). It should be noted
that for crystallites smaller than 10 nm, a significant error on the domain size
is expected, then an analyzis of the nanoparticles size have been performed by
TEM measurements (see paragraph below).
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Table 3.2: Table of structural characteristics of PBA nanoparticles (For FeRu
system we used the average value calculate on the (200), (220) and (400) peaks and
(220) (400) peaks for CoRu and NiRu system).

Precatalyst KFeRu(CN)6 CsCoRu(CN)6 CsNiRu(CN)6

Lattice constant 10.44 Å 10.56 Å 10.51 Å

Scherrer domain size 5.6 nm 6.8 nm 4.2 nm

Figure 3.4: XRPD patterns of PBA powders deposited on aluminum plate (*) for
all studied systems.

Size determination

TEM statistical studies were carried out over roughly 200 particles for each
system and confirm the pre-catalyst (PBA) narrow and small size distribution.
For all pre-catalyst PBA nanoparticles, the average size is found to lie between
2.9 and 3.3 nm, that are ideal to generate sub-3 nm bimetallic particles through
the reductive pretreatment previously described (see Table 3.3). Typical TEM
images of the nanoparticles and their corresponding statistical size distributions
are shown in Figure 3.5 and 3.6.

Table 3.3: Average size of all the PBA systems.

Precatalyst KFeRu(CN)6 CsCoRu(CN)6 CsNiRu(CN)6

size (nm) 2.9± 1.0 2.5± 1.0 3.3± 0.9
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Figure 3.5: Example of TEM images of a FeRu, b CoRu, c NiRu

Figure 3.6: Top Size distribution of a FeRu, b CoRu, c NiRu and an example of
TEM images for each system. Bottom Average size of all the PBA systems.
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Chemical composition

Finally, chemical composition for the synthesized PBA nanoparticles was de-
rived from SEM-EDX analysis on powder and as expected, metallic ratios of
approximately 1:1 (± 0.09) were confirmed.

Table 3.4: Metallic ratios extracted from the EDX spectra for all PBA systems.

Precatalyst KFeRu(CN)6 CsCoRu(CN)6 CsNiRu(CN)6

Metallic ratio Fe/Ru 0.91 Co/Ru 0.98 Ni/Ru 1.04

Morphology of the pre-catalysts

As-synthesized pre-catalysts are subsequently self-assembled on the monolayer
of silane molecules having a terminal pyridine group able to form a coordination
bond with the PBA nanoparticles. The synthesis of the silane molecule is
described in the experimental section 3.6.

The aim of this step is to control the quantity of pre-catalyst in order to obtain
in fine, well defined and individual catalyst over the surface.

In order to achieve grafting of the PBA nanoparticles, the silanized wafers
were immersed in the as-obtained colloidal PBA solution (see section 3.6 for
experimental details). In order to ensure that the nanoparticles are effectively
grafted on the surface, and to evaluate the quality of the deposition, AFM
measurements were conducted for all PBA systems. Typical examples of AFM
images of a 2x2 µm2 surface are presented in Figure 3.7. AFM study confirms
the homogenous assembly of the PBA over the surface and also the small size
of the nanoparticles’ distribution. Defects on the AFM image of the NiRu PBA
systems can be indicative that generally on non-defective surface, a monolayer
of pre-catalyst is obtained (Figure 3.7c).

Conclusion

In conclusion, the synthesis of three stable aqueous solutions of Prussian blue
analogs has been performed. XRD and IR measurements confirmed the ex-
pected structure. The small size of the nanoparticles has been investigated
by statistical TEM measurements and the analyze of the chemical composition
shows a metallic ratio of 1:1. Their small size and well-defined composition
make them good candidate for design of catalyst for the SWCNT growth.



3.3. Formation of the effective catalyst 71

Figure 3.7: Characteristic AFM image of PBA system deposited over the wafer a
FeRu b CoRu c NiRu

3.3 Formation of the effective catalyst

3.3.1 Catalyst reductive pretreatment

The reductive pretreatment is conducted in a homemade double hot filament
chemical vapor deposition (d-HFCVD) reactor under hydrogen (see section 3.6
for experimental detail). This pretreatment of the catalyst precursor serves
two purposes : first for degrading the underlying organic SAM, and second for
reducing the PBA precursor nanoparticles into metallic catalyst nanoparticles
which are the effective catalyst, for the subsequent SWCNT’s growth.

In order to validate the reduction process, an in-situ XPS analysis of the PBA
nanoparticles was conducted in the case of the FeRu system using an homemade
system : the FENIX facility (see section 2.2.6). XPS analysis was carried out
in-situ, before and after reduction of FeRu PBA nanoparticles. Spectra were
recorded before the reduction of the PBA nanoparticles grafted on the silanized
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wafer (blue curve on Figure 3.8). Then the sample was exposed to activated H2

for 5 min at 800°C, and another XPS spectrum was measured after rapid cooling
of the samples (approximately 100 °C per minute, purple curve on Figure 3.8).
As shown in the XPS spectra on Figure 3.8, before the reductive pretreatment
(blue line), we observe the characteristic edges of :

• FeIII (FeIII 2p3/2 peak at 710.0 eV, and 2p1/2 peak at 723.6 eV binding
energy)

• RuII (RuII 3d5/2 and 3d3/2 peaks at 280.9 eV, and 284.9 eV, respectively)

• Nitrogen presents in both the cyanide bridges of PBA nanoparticles (N1s

397.9 eV [181]) and pyridine groups from the underlying organic SAM
(N1s 402.1 eV).

Two separate studies of a non-silanized SiO2/Si wafer on which the aqueous
solution containing the FeRu PBA nanoparticles was dropped and on a silanized
SiO2/Si wafer, confirms that the peak at 397.9 eV at the N1s edge can be
attributed to the nitrogen atoms belonging to the cyanide bridges of the PBA
structure and the peak at 402.1 eV to the nitrogen of the pyridine group.

After the reductive pretreatment (purple line), we note the disappearance of
the characteristic peaks at the N1s edge, indicative of the evolution of the PBA
structure to a new one, free of cyanides and of the degradation of the SAM. A
significant shift and transformation of the characteristic Fe2p (from 710.0 eV to
707.0 eV for the Fe 2p3/2, and from 723.6 eV to 719.8 eV for the Fe 2p1/2 peak)
and Ru3d (from 280.9 eV to 279.9 eV for the Ru 3d3/2 peak, and from 284.9 eV
to 284.2 eV for the Ru 3d5/2 peak) edges, respectively indicate the reduction of
FeIII and RuII to the metallic state. Atomic ratio of carbon, ruthenium and iron
have been determined by measuring the intensity of each peak (taken by area),
corrected with Scofield factor. As the quantity of ruthenium is stable during
the pretreatment, we compare the ratio Icarbon/Iruthenium in order to estimate
quantity of carbon removed during the pretreatment. We found that around
40% of carbon has been removed during the reductive pretreatment (see table
A.2 in appendix A) . The degradation of the PBA was also confirmed by the
disappearance of the carbon edge peak (386.4 eV) belonging to cyanide. The
pretreatment does not seem to fully remove the carbon originating from the
SAM, as a residual peak is still observed after pretreatment.

However, no peaks indicative of the formation of carbides are observable, sug-
gesting that the remaining carbon is not inside the catalyst nanoparticles. Also,
no peak indicative of the presence of potassium (that can be present in the FeRu
PBA nanoparticles vacancies) around 292.9 eV is detected. This XPS study con-
firms the reduction of the FeRu PBAs, and the degradation of the SAM at the
macroscopic scale.
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Figure 3.8: XPS spectra obtained from in-situ analysis before (blue) and after
(purple) reductive pretreatment of FeRu PBA at 800°C under H2 atmosphere: a
carbon and ruthenium edges b nitrogen edge c iron edge.

3.3.2 Characterization of the catalyst

Repartition over the surface

AFM study after the reductive pretreatment shows a clear diminution of the
size of the catalyst confirming the effectiveness of the pretreatment. No signif-
icant Ostwald ripening is observed after the pretreatment (see Figure 3.9). As
expected, an homogenous monolayer of the catalyst is obtained. The size of
the reduced catalyst has been analyzed more precisely by TEM measurement
in the following paragraph.
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Figure 3.9: Characteristic AFM image of PBA system deposited over the wafer a
FeRu b CoRu c NiRu.

Size of the pre-formed catalyst nanoparticles

The size distributions of the catalyst nanoparticles were determined by TEM
imaging after their transfer onto carbon membranes (see section 3.6 for details
on the transfer method), typical images of each catalyst are available on Fig-
ure 3.10. Figure 3.11 shows the size distributions for all the systems in this
study. These distributions clearly emphasize that formation of nanoparticles
with a controlled size is achieved through our method : for all systems, the
diameter distribution is centered between 1.5 and 1.8 nm, with a maximum
standard deviation of 0.5 nm as shown in Table 3.5. The observed mean nan-
ocluster sizes for the bimetallic catalysts represents a systematic decrease of
about 30% to 50% (depending on the system) of the average size of the initial
PBA pre-catalyst nanoparticles ranging from 2.4 to 3.3 nm. This size reduc-
tion is directly resulting from the transformation from a PBA structure with
a large lattice parameter (approximately 10 Å) to a metallic alloy structure
with a smaller lattice parameter. The narrow size distribution found for all



3.3. Formation of the effective catalyst 75

the bimetallic systems demonstrates the fine tuning of the reductive pretreat-
ment we developed, which has the decisive advantage to let well-defined metallic
clusters be formed at relatively high temperature whilst the Ostwald ripening
is kept within a limited range. A statistical study of the size of the catalyst
nanoparticles after SWCNT growth was also carried out by TEM. The mean
particle size remains stable even after the growth of the nanotubes (see Figure
3.11c-d-e), with only very small traces of Oswald ripening, showing that the
control of the size is maintained throughout the growth process.

Table 3.5: Table of the average size of each catalyst after pretreatment and growth
step.

Catalyst size (nm) FeRu CoRu NiRu

Before growth 1.5± 0.5 1.7± 0.5 1.8± 0.4

After growth 1.7± 0.5 1.7± 0.5 1.5± 05

Figure 3.10: TEM image exemple of a FeRu b CoRu c NiRu
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Figure 3.11: Size distribution of a FeRu b CoRu c NiRu after pretreatment and
Size distribution of d FeRu e CoRu f NiRu after SWCNT growth.

Catalyst chemical composition

To better understand the composition of the nanoparticles after reduction, a
more detailed STEM-EDX study was carried out for all the bimetallic systems.
In order to predict more accurately whether the bimetallic nanoparticles can be
solid solutions or segregating systems after reduction, we considered the binary
phase diagrams for the related bulk systems. The literature is poor on binary
phase diagrams at the nanometer scale for the systems studied here. All the
bimetallic combinations except for the NiRu systems can form solid solutions in
bulk and within the temperature range studied here, for a wide range of com-
positions including 1:1 stoichiometry [182]. Around 800 °C, the solid solution of
the NiRu systems cannot exceed 8% of ruthenium in nickel. We can therefore
expect the occurrence of a phase segregation for this system, and the formation
of a solid solution for the FeRu, and CoRu systems. Figure 3.12 shows a high
angle annular dark field (HAADF) STEM image (see section 2.2.2, for details
on these techniques), elemental maps for the two metallic components, and the
relative map obtained by superimposing the two elemental maps, for each of
the studied systems. Elemental maps were extracted at energies of 6.30-6.50
keV (Fe Kα), 6.82-7.03 keV (Co Kα), 7.37-7.58 keV (Ni Kα), and 2.49-2.63
keV (Ru Lα). As expected from the corresponding bulk binary phase diagrams,
both metals are present, and appear to be intimately mixed in an alloy-like
manner for FeRu and CoRu system. In the case of NiRu system, while a phase
segregation is expected, an alloy structure seems to be obtained at the nano-
metric scale. For all systems, the preparation method results in the formation
of bimetallic particles that are presumably solid solutions.
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Figure 3.12: HAADF-STEM images, and EDX-STEM chemical maps for the three
systems (FeRu, CoRu, NiRu). For each image the scale bar is 3nm.

The full EDX spectrum of the nanoparticles of the Figure 3.12 show the ab-
sence of potassium (present in the PBA precursor structures for FeRu), Cesium
(present in the PBA precursor structures for CoRu and NiRu), chloride and
calcium (used during the PBA synthesis process) in the catalyst nanoparticles
(see appendix A). We can therefore assume that potassium, cesium, chloride
and calcium will do not have any influence on the SWCNT growth process. In
the case of the NiRu and FeRu systems for some nanoparticles, a sulfur contam-
ination is observed while for the same synthesis other nanoparticles are sulfur
free. The origin of this contamination is up to now, still unclear. The SAM used
as an anchoring point for the PBA system contains a sulfur atom which can be
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responsible for the contamination. The fact that other systems do not contain
sulfur put in doubt that the SAM was at the origin of the contamination.

As proven by the previously discussed SEM-EDX study on the PBA nanoparti-
cles powder, the starting stoichiometry is very close to 1:1 for all the precursors
presented in this thesis. Accounting that the PBA structure consists of alter-
nating metal ions of different nature uniformly bridged by the cyanoligands, and
that the particles form a single layer grafted on the substrate surface, we could
reasonably expect that after the reductive pretreatment, the metallic catalyst
nanoparticles will generally be obtained with a 1:1 stoichiometry. Here trustable
SEM-EDX quantification can not be performed, indeed, during the TEM ex-
periment, we clearly observed the deterioration of the nanoparticle under the
electron beam leading to lose of atoms.

3.4 Carbon Nanotube Growth

3.4.1 Synthesis

Each of the three bimetallic catalyst systems has been tested for SWCNT growth
using the d-HFCVD process previously described (see section 2.1.1). Directly
after the pretreatment step and without opening the reactor, methane is intro-
duced as a carbon source for the growth of SWCNT, experimental details of the
synthesis are available in section 3.6.

A nanotube growth experiment with identical parameters was also conducted
in FeniX facility. As shown in Figure 3.13, no drastic shift is observed for the
ruthenium and iron edges between pretreatment and growth indicating that the
growth starts from metallic nanoparticles and not from a carbide. Presence of
few nanotubes is confirmed by detection of RBM peaks in Raman spectroscopy.
To complete this study, a typical as-synthesized HF-CVD sample was also an-
alyzed in FeniX under the same conditions. Similar edges for ruthenium and
carbon are observed between the CVD growth samples and the “FeniX” growth.
The increase of the carbon peak (relative comparison with the ruthenium peak
intensity, stable during the all synthesis process) at 284.4 eV is attributed to
the formation of carbon nanotubes. This carbon peak position is also close to
the value obtain by Wirth and co-worker for carbon nanotube grown from iron
catalyst [66]. We have to note that carbon edge presents a decrease of about
25% of FHWM for the HF-CVD sample, This change is attributed to a much
larger amount of nanotubes on the surface for the HF-CVD grown sample which
is confirmed also by the Raman spectroscopy measurements. No contribution
of carbide peak is observed at the carbon edge. A second small shift and an
additional contribution is observed for the iron edge in case of the HF-CVD
sample. As no carbide peak is observed for both carbon and ruthenium in the
HF-CVD growth, we attributed this peaks to the possible slight oxidation of the
iron due to air exposure after growth, which may be divided in a multi-signal.
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Figure 3.13: XPS spectra obtained in FeniX facility: a carbon and ruthenium
edges b iron edge. Purple and green curves show the in-situ XPS spectra obtained
after a gas exposure in FeniX facility while orange curve the XPS spectrum after a
gas exposure in our HF-CVD reactor.

3.4.2 Characterization of as-synthesized SWCNT

3.4.3 Electron microscopy

The presence of SWCNT growth on the wafer surfaces in relatively large quan-
tity is sustained through a SEM study and is an indication of the good efficiency
of this new catalyst family for the growth of SWCNTs (see Figure 3.14a-c) .

From SEM images, we can observe a difference of the apparent growth efficiency
between the different catalysts, for the same growth condition. FeRu and CoRu
catalyst give rise to much more SWCNT than NiRu catalyst. TEM observations
of the nanotubes after their transfer on carbon membranes (see section 3.6
for details on the transfer method) show the presence of SWCNTs of highly
crystalline quality and diameters between 1 and 2 nm as shown in Figure 3.14d-
e for SWCNT grown from CoRu catalyst. A substantial amount of poly(methyl
methacrylate) (PMMA) residue from the transfer process was observed on the
TEM images. As explained in the experimental section 3.6, the rinsing of
the PMMA was purposefully only partially done, to ensure that the SWCNTs
remain on the TEM grid. We also assume that the organic solvents (mainly
acetone) used to rinse off part of the PMMA can contribute to this organic
residue.
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Figure 3.14: Typical SEM image for SWCNT growth at 800°C from a FeRu b CoRu
c NiRu catalyst d-e TEM image of SWCNT growth at 800°C from CoRu catalyst
after PMMA transfer.

3.4.4 Raman spectroscopy

Raman characterizations were also performed in the two spectral ranges repre-
sentative for respectively the radial breathing mode (RBM) between 100 and
500 cm−1 and between 1200 and 1600 cm−1 for the sp2 carbon D and G specific
bands [9]. Analysis of the D and G modes indicates the good crystallinity of the
carbon nanotubes, with a relatively weak D-band (around 1350 cm−1), which
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always represents less than 10 percent of the intensity of the G-band (around
1590cm−1). The presence of strong peaks in the RBM range attests the abun-
dance of SWCNTs as seen in Figure 3.15d, which shows an example of a Raman
mapping for growth from CoRu catalyst using a 633 nm laser.

Figure 3.15: Raman mapping on a 50 µm by 50 µm surface (121 spec-
trum/mapping) in DG mode region at 532 nm for SWCNTs grown from a FeRu
b CoRu c NiRu catalyst d in RBM mode region excitation at 633 nm for SWCNTs
grown from CoRu.

3.5 Conclusion

In summary, we have developed a new and original method for designing specific
bimetallic catalysts for SWCNT growth from various PBA nanoparticles with
narrow size distributions. The structure and the composition of these catalyst
precursors have been confirmed by TEM, IR spectroscopy, EDX and XRPD
analysis. All data converge to demonstrate that PBAs have been successfully
transformed into spherical bimetallic particles. These particles seems to be
nanoalloys for all cases inspected by STEM-EDX. The narrow size distribution
of the catalyst nanoparticles is thoroughly determined from statistical analy-
ses of TEM images of nanoparticles assemblies. TEM micro-observations were
further completed by a macroscopic in-situ XPS monitoring of the reductive pre-
treatment of the PBA nanoparticles performed for the FeRu system. Finally,
we proved that this new family of catalysts allows the growth of SWCNTs with
good yield as found from both TEM and Raman analysis.
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3.6 Experimental details

3.6.1 PBA nanoparticles synthesis

30 mL of an aqueous solution containing the hexa-aqua complex [M ′(H2O)2+
6 ]

(5mM) and cesium chloride (5mM) (CsCl) (CoRu and NiRu system) or potas-
sium chloride (KCl) (FeRu system) (5mM), was added to 30 mL of an aque-
ous solution containing the potassium hexacyanometallate K4[Ru(CN)6] salt
(5mM). The as obtained PBA nanoparticles are stable in water without any
stabilizing agent due to their negative charges, which leave their surface avail-
able, to coordinate to an organic ligand.

For their chemical and structural characterization, PBA nanoparticles were re-
covered as powders by adding an excess of calcium chloride salt (CaCl2) followed
by centrifugation, washing with water and drying the powder under vacuum.

PBA FeRu K4Ru(CN)6 Fe(NO3)3,9H2O KCl

Quantity (mg) 6.2 6.0 1.12

PBA CoRu K4Ru(CN)6 CoCl2,6H2O CsCl

Quantity (mg) 6.2 3.50 2.52

PBA NiRu K4Ru(CN)6 NiCl2,6H2O CsCl

Quantity (mg) 6.2 3.56 2.52

3.6.2 Silane synthesis

The used ligand contains a silane function to allow the self-assembly process on
the wafer oxide surface, followed by a long carbon chain in order to obtain a well-
organized monolayer and, as a coordinating terminal group, a mercaptopyridine.
The mercaptopyridine is able to form a covalent bond with the PBA pre-catalyst
and then ensures precatalyst fixation over the surface.

Figure 3.16: Schematic view of the synthesized silane.
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This ligand is obtained by nucleophile substitution of 4-mercaptopyridine on 11-
bromoundecyltrimethoxysilane. In a dry Schlenk, 780 mg of mercaptopyridine
(1.1 eq), 2 mL of 11-bromoundecyl trimethoxysilane (1 eq.), 1 mL dry triethy-
lamine (Et3N) were refluxed in 20 mL of distilled dichloromethane (CH2Cl2) for
24h under an argon atmosphere. After cooling down to ambient temperature,
200 ml of diethyl ether (C2H5)2O were added, a white precipitate appears. After
filtration the filtrate was then evaporated under reduced pressure. The product
was then triturated with 100 mL of pentane (C5H12) for 2 hours. The pentane
supernatant was collected and evaporated under reduced pressure, yielding a
yellow oil.

Figure 3.17: Schematic view of the synthesis process

3.6.3 Substrate preparation and functionalization

All wafers used in this study are 300 nm thermal SiO2 coated silicon wafers
purchased from SiMat. Each sample was cleaned by ultrasonication in DCM
(CH2Cl2) for 15 minutes, followed by 10 minutes of Ar-O plasma treatment in
order to activate the SiO2 surface. The cleaned SiO2/Si wafers were functional-
ized with the self-assembled monolayer (SAM) of a silane molecule. The wafers
were immersed in a 10−3 M solution of the silane molecule in distilled toluene
(C7H8) for 12 hours. The samples were subsequently rinsed with toluene and
dichloromethane followed by annealing at 100°C for two hours in ambient air.
In order to graft the PBA nanoparticles, the silanized wafers were immersed in
the as-obtained colloidal PBA solution for one hour. The excess of nanoparti-
cles was rinsed off with deionized water, and the wafers were left to dry under
air such as to get coated by a single layer of the PBA nanoparticles.

3.6.4 Catalyst preparation and SWCNT growth

The first step of the synthesis process is a hot reductive treatment under hydro-
gen of the PBA particles into bimetallic particles. For that purpose, the wafers
coated by the PBA nanoparticles were placed in the cold zone of the CVD cham-
ber, the chamber was pumped to a 10−6 mbar pressure, and the temperature
was set to 800°C in the hot zone. After stabilization of the temperature, H2

was introduced at 100 sccm (standard cubic centimeters per minute) flow rate,
and the corresponding filament power of 160 W turned on. Once the pressure
of the chamber was stabilized at 90 mbar, the wafers were moved into the hot
zone and maintained in the reductive atmosphere for 5 minutes. This treatment
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is immediately followed by the SWCNT synthesis, by directly introducing CH4

(without modifying H2 flow rate) at 20 sccm flow rate and for a corresponding
hot filament power of 120 W, while the overall pressure was increased to 100
mbar. These growth conditions are maintained during 30 minutes, after which
the chamber was pumped and the samples removed from the hot zone. In order
to investigate the step related to the catalyst nanoparticles formation, some
samples were removed from the chamber after the reductive pretreatment prior
to the SWCNT growth step.

3.6.5 Wafer to grid transfer method

TEM and STEM-EDX inspection of the nanoparticles and/or SWCNTs require
their transfer from SiO2/Si wafers, used for their formation, onto a TEM grid.
For that purpose, we have adapted the conventional poly(methyl-methacrylate)
(PMMA) transfer method [183]. First, a thin layer of PMMA (495PMMA A4
purchased from MicroChem) was spin-coated on the wafer at 500 rpm for 90
seconds. This system was dried at ambient temperature for 12 hours. The
PMMA film containing the SWCNTs and/or the bimetallic nanoparticles was
then lifted off the wafer by etching the SiO2 layer into a sodium hydroxide
aqueous solution (NaOH, 1 mol.L−1) for a few hours. This film was recovered,
transferred and rinsed repeatedly in deionized water. A TEM grid was placed
under the film, and a maximum of excess water was removed, until the film
stuck onto the grid. The system was then slowly ramped up until 120 °C on a
hot plate and left to dry overnight. The dried PMMA was then removed with
acetone. In contrast to the requirements for device fabrication [184], character-
ization of SWCNTs does not require the PMMA to be completely removed as
it can serve as a support for the SWCNTs, facilitating their observation. How-
ever, the presence of PMMA is a drawback for the characterization of catalyst
nanoparticles, being source of contamination, and it is therefore preferable to
remove it as much as possible.

Figure 3.18: Schematic view of the transfer process for the deposition of SWCNT
and Nanoparticles on TEM grid.
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Chapter 4

Parametric study of the
SWCNT synthesis

Controlling the SWCNT growth for freely tuning their structure is one of the
main challenges in SWCNT synthesis. Catalyst assisted CVD growth of SWC-
NTs is a quite complex process. Various parameters of the CVD growth have
been shown to drastically impact the structure of the as-obtained nanotubes
(see chapter 1, section 1.3). In this chapter, we propose to focus on the influ-
ence of the synthesis temperature and the chemical composition of the catalyst
upon the SWCNT synthesis. The bimetallic catalyst nanoparticles described in
the previous chapter have been used for growth of SWCNTs at various tempera-
tures. The methodology used and experimental details of this parametric study
are described in section 4.5. For this parametric study we mainly character-
ized the SWCNT by Raman spectroscopy. We are aware of the fact that a full
characterization of a sample requires the use of several cross characterization
techniques. This is especially true when Raman spectroscopy is used, due to
the resonance phenomenon previously described in section 2.2.1 (Chapter 2).
Indeed, through this technique only resonant SWCNT with the laser energy
could be detected. In order to limit the number of SWCNTs out of resonance,
we used four different laser excitation wavelengths (785, 633, 532 and 473 nm).
The corresponding available transitions for various nanotube’s chiralities can be
found using a Kataura plot. In this thesis we used the Kataura plot presented
in Figure 4.1 from Saito group’s. We will use in this chapter the Raman spec-
troscopy as a comparative and qualitative tool for several growth conditions and
not as a complete tool characterization. For each sample all the statistics have
been made on almost 200 peaks and for almost three mapping by laser. Here,
we will present the result obtained for a same batch of sample in order to limit
variation between the samples (see section 4.5 for experimental details). The
reproducibility of the observed trend has been checked by performing the mea-
surement on several batches of samples. A discussion about this reproducibility
is proposed on section 4.3.
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Figure 4.1: Kataura plot, energies of the used laser for Raman spectroscopy are
represented with a solid line.

4.1 Influence of the growth temperature on the
SWCNT structure

Temperature is one of the key parameters influencing any chemical reaction and
this rest arguably true for any CVD process. In order to evidence the influence
of the temperature on the SWCNT synthesis process, we have realized synthesis
(including pretreatment and growth, the section 3.6.4 reported the experimen-
tal details of the synthesis) at four different temperatures (700°C, 800°C, 900°C
and 1000°C) for each catalyst described in the previous chapter (FeRu, CoRu
and NiRu catalysts). Through systematic Raman spectroscopy measurements,
we have analyzed the diameter range of the as-synthesized nanotubes and the
corresponding semiconducting to metallic ratio of the detectable SWCNTs. We
also proposed a comparison of the synthesis yield. For each sample in this
study we have performed three Raman mapping (50x50, 10 µm) for each laser
wavelength in a random positions over the wafer surface. According to corre-
sponding SEM images, the SWCNT length does not exceed 10 µm. Concerning
the counted number of the carbon nanotubes, as most of the time we obtained
well-defined individual RBM peaks (see Figure 3.15d), each identified individual
peak in the mapped area is considered as one unique SWCNT whatever its in-
tensity. Indeed, Raman spectroscopy on SWCNT leads to resonant phenomena,
the intensity of a peak cannot be directly related to the quantity of SWCNTs
present in our case.
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4.1.1 Evolution of the SWCNT diameter distribution

In order to extract the nanotube’s diameter distribution from the RBM peak po-
sitions we used the empirical law reported by Jorio and co-workers, for SWCNT
grown supported on silicon oxide [164].

µRBM = 248
dt

(4.1)

Where µRBM is the resonance frequency of the nanotube expressed in cm−1 and
dt is the tube diameter expressed in nanometer.

However, one should note that for obtaining an absolute diameter distribution,
an adapted law must be found by correlating Raman data with other techniques
such as TEM measurements. Indeed, Raman spectroscopy measurements are
extremely sensitive to the surrounding environment which can induce impor-
tant shift of the RBM peak position [185]. Then, great precautions must be
taken when attempting to attribute to a RBM peak an exact diameter or chiral-
ity, especially in case of supported and/or non-individualized nanotubes. Here,
the purpose of this study is to compare the effect of the temperature on the
as-obtained carbon nanotubes’ diameter distribution and not determining the
exact diameter distribution of the SWCNTs in the sample. Under these condi-
tions, the use of Raman spectroscopy and the law detailed in equation 4.1 are
justified.

Figure 4.2 presents the average diameter of the SWCNT derived from the Ra-
man measurement analysis for each catalyst and the different growth temper-
atures. Whatever the type of catalyst used, we observed an increase of the
SWCNT average diameter coupled with a broadening of the distribution when
the growth temperature is increased. The broadening of the distribution is
clearer in the appendix B where the corresponding histogram of the diame-
ters distribution obtained for each growth temperature are presented. One can
note that no SWCNT have been obtained at 700°C from the nickel ruthenium
catalyst, we will discuss this point in section 4.2.1.

For ease of interpretation and to better evidence the trend, in Figure 4.3 we
represented the percentage of SWCNTs counted within given diameter intervals
of 0.3 nm. For each of the three catalyst a similar trend is observed. At low
temperature (700°C or 800°C for growth from NiRu) a majority of small diame-
ter SWCNTs are obtained and very few larger diameter nanotubes were grown.
For instance, for each of the three catalysts, when the growth is performed
at the lowest temperature (700°C or 800°C), more than 65% of the counted
SWCNT have diameters below 1.3 nm and less than 6% have diameters above
1.6 nm. With the temperature increase, the number of small diameter SWCNTs
decreases whilst the number of grown SWCNTs with bigger diameters increases.
At 1000°C, less than 23% of the nanotubes are found to have diameters below
1.3 nm and more than 40% above 1.6 nm.
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Figure 4.2: Average diameter size obtained for the growth at 700, 800, 900 and
1000°C. The error bar correspond to the standard deviation.

Many studies in the literature report also an increase of the grown SWCNT
diameter with the temperature (see section 1.3.1 in chapter 1). This general
trend is often explained by an increase of the catalyst size due to a coalescence
mechanism induced by the increased temperature [81–84,86,88,185,186].

Few other studies attributed this change to other phenomena induced by tem-
perature change. Lu and co-workers [91], showed for instance that the variation
in carbon feed rate leads to a selective activation or poisoning of the cata-
lyst nanoparticles depending on their size. They reported that a change of
temperature can lead to variation of the carbon feed rate by modifying the
decomposition rate of the carbon precursor at the catalyst surface.

Other key parameters in the SWCNT growth, such as the carbon solubility
limit depends both on the catalyst size and the growth temperature [126,187].
For instance, Picher and co-workers [90,188] reported that in high temperature
and low pressure domain, the small catalyst nanoparticles are not activated due
to a higher supersaturation limit compared to that of the larger particles. In
the low temperature and high pressure domain, they reported a preferential
encapsulation of small nanoparticles which leads to their subsequent poisoning.

All these studies however, underly that the catalyst nanoparticle size is related
to the as-grown SWCNT diameter. This hypothesis is valid if a tangential
growth is performed. As shown in section 1.3.1 two growth modes are observed
during typical CVD synthesis : a tangential mode where the diameter of the cat-
alyst nanoparticle is close to the SWCNT diameter, and a perpendicular mode,
where the catalyst nanoparticle diameter and SWCNT nanotube diameter are
no longer related.
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Figure 4.3: Diameter distribution for growth from a FeRu catalyst b CoRu catalyst
c NiRu catalyst. The point is placed in the middle of the diameter step (0.3 nm).

Here, we assume that under our experimental conditions, mostly a tangential
growth is obtained. In this respect, we remind that we have designed our cat-
alyst to privilege a tangential growth. One of the goals was to obtain alloy
nanoparticles with a lower carbon solubility which justify the use of ruthenium,
in order to favor a tangential mode [126]. Consequently to access potential con-
trolled SWCNT diameter by controlling the catalyst nanoparticles size. TEM
observations are indicative of this preferential tangential growth mode. For
these observations we used the transfer method described in chapter 3. As
shown in Figure 4.4 in the transferred sample, we could clearly observe SWC-
NTs and their corresponding catalyst nanoparticles but such observations are
very rare. Only few “nanotube+nanoparticle” systems have been observed, pre-
venting any true statistical study. This difficult observation could be explained
by a detachment of the nanotubes from the catalyst at the end of the growth.
Nevertheless, each time that we observe in TEM measurement a nanoparticle
with its corresponding nanotube, the growth mode was tangential. The two
examples in Figure 4.4 clearly illustrated the tangential growth mode observed.
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Figure 4.4: HRTEM image of the growth mode of Top SWCNT from CoRu
catalyst at 800°C Bottom DWCNT from FeRu catalyst at 900°C

We have previously discussed that the increase of SWCNT diameters with the
temperature synthesis is often explained in the literature by an increase of
nanoparticle size due to coalescence mechanism. Nonetheless if this mechanism
is likely to be activated, it is rarely being demonstrated in the concerning stud-
ies. We proposed to performed TEM measurements to compare the catalyst
nanoparticles size at two extreme temperatures of our study. Such comparison
may confirm or not if a coalescence phenomenon, such as Ostwald ripening [89]
is responsible for the disappearance of small nanoparticles at high tempera-
ture and thus responsible for the reduced number of small diameter nanotubes
that we observed. Figure 4.5a presents the size distribution histogram of FeRu
nanoparticles after the five-minute pretreatment (i.e. before introduction of
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the carbon gas source) conducted in the HF-CVD reactor at 800°C (purple)
and respectively 1000°C (green). The size distribution diagrams obtained are
very similar. In both cases, small nanoparticles are mostly present over the
surface, 57% of counted nanoparticles are below 1.5 nm at 800°C and 56% at
1000°C (Figure 4.5a). We can reasonably assume that, during our synthesis,
after the five-minute pretreatment, when the carbon source is introduced, the
same population of nanoparticles are available for the SWCNT growth. At this
point, one can assume that the coalescence occurs after introduction of methane
during the 30 min of growth, and not during the pretreatment step. In the pre-
vious chapter, we demonstrate that a very small coalescence occurs during the
half-hour growth at 800°C. We have also checked that at 1000°C the coales-
cence phenomena also appears very limited. Figure 4.5b presents the catalyst
size histogram of the nanoparticle after growth (blue) and after pretreatment
(green) steps at 1000°C, only very small traces of coalescence can be supposed.

The unusual limited coalescence observed in our synthesis process is to be at-
tributed to the use of H2 activated (leading to atomic hydrogen Hat) during all
the synthesis process. Previous studies conducted in the laboratory shown that
Hat induced defects with high trapping energy over the substrate surface [189].
These defects limit the catalyst surface diffusion and increase the pinning ef-
fect of the nanoparticles leading to the formation of well-defined and isolated
nanoparticles [189–191].

We then compared the SWCNT diameters distribution obtained through Raman
spectroscopy with the catalyst size distribution for the two temperatures. We
can easily observe that the diameter distribution of SWCNTs and that of of the
nanoparticles fit well in the case of growth at 800°C but not in the case of growth
at 1000°C (Figure 4.5c and d respectively). If we consider that the diameter of
the nanoparticles (dnp) and the nanotubes (dt) are similar (dnp/dt ≈ 1) the small
nanoparticles appear to be less active for growth at 1000°C. In comparison to
the SWCNTs grown at 800°C, the diameter distribution of the SWCNTs grown
at 1000°C is shifted towards bigger diameters. This effect is also shown in Figure
4.3a.

Finally, from TEM measurements, we have shown that catalyst nanoparticles
available for synthesis are roughly in the same size range whatever the growth
temperature, but SWCNT of different diameter ranges are synthesized. From
this experiment we can conclude that the hypothesis of coalescence effect lead-
ing to an enlargement of the nanoparticle and then of the SWCNT diameter,
is definitely not the main mechanism explaining the trends observed in our
synthesis experiments.

To confirm that, we have also performed the SWCNT growth step at different
temperatures (800 or 1000°C) but from the same starting nanoparticles assem-
bly, obtained by a five-minutes pretreatment at 1000°C. In this experiment,
after a five-minute pretreatment at 1000°C we have stored the sample in the
cooled zone of the reactor until the furnace reached 800°C. Then, the sample
was moved in the hot zone and carbon source was added. If the nanotube di-
ameter increase was triggered by a supposed lack of small nanoparticles after a
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Figure 4.5: Size distribution histogram a nanoparticles of FeRu after pretreatment
at 800°C and 1000°C b nanoparticles of FeRu after pretreatment and after growth
(1000°C) c nanoparticles after pretreatment at 800°C and nanotube for a growth at
800°C d nanoparticles after pretreatment at 1000°C and nanotube for a growth at
1000°C. All the statistics have been made on at least 200 nanoparticules or nanotubes.

pretreatment step at a higher temperature, we should then obtain bigger nan-
otube diameters than in case of a full synthesis at 800°C. The results presented
in Figure 4.6 show however that very similar size distribution for the full syn-
thesis at 800°C (purple curve) and the bi-temperature synthesis (gray curve)
are obtained. We didn’t observe an increase of the biggest nanotube population
for the bi-temperature synthesis. For instance, around 35% of nanotubes are
found to have diameters between 0.9 and 1.1 nm for the two syntheses, to be
compared with the only 15% of SWCNT that are found in this diameter range
when the full synthesis is performed at 1000°C.

Nonetheless a difference was observed, not in the nanotubes’ diameters distribu-
tion but rather in the total yield of the synthesized SWNTs. In comparison to
a classical synthesis (pretreatment and growth steps at the same temperature),
when the growth step is performed at lower temperature than the pretreat-
ment, very few tubes are obtained. Such result indicates that the cooling of
the sample seems to impact the nucleation and/or the nanotube growth. This
trend has been observed for all the three catalysts explored in this study. The
mechanism of this catalyst poisoning during the cooling has not been deeply
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investigated and no evident answer could be found from our limited set of
performed experiments. As described in the previous chapter, a carbonaceous
SAM is used to control the catalyst density over the substrate surface. One
may assume that the carbon contained in this layer, if not effectively removed
during the pretreatment step, may interact and could be incorporated within
the catalyst nanoparticle. Thus it can lead to the graphitization of the catalyst
surface during the cooling. This hypothesis could be valid but disagree with
TEM observations performed ex-situ after the pretreatment step. Indeed, we
could not evidence any graphite layer over the particle surface (see for example
Figure 3.10 in chapter 3). It’s also possible that during the cooling, the formed
bimetallic catalyst nanoparticle crystallized in a new form, somehow less reac-
tive than the form obtained directly after pretreatment at high temperature.
For example, He and co-workers reported that under fixed growth conditions,
icosahedral (Ih) gold nanoparticle was inactive to grow SWCNT while the face
centered cubic ones allowed the growth. On the basis of a theoretical study,
they assigned these differences to the lack of carbon solubility in Ih Au NPs
that does not allow the lift-off of the tube nucleus [192].

Looking to our set of experiments, the hypothesis of coalescence can be ruled
out. A selective activation or deactivation of the various nanoparticles upon
their sizes can be suggested from our experimental observations. Indeed, what-
ever the pretreatment step temperature, in terms of size distribution, almost
the same population of nanoparticles are accessible for the growth but different
populations of SWCNT are obtained when growth temperature varies.

Figure 4.6: size distribution histogram of nanotubes from FeRu catalyst for growth,
at 800°C (pretreatment+growth) (blue line), pretreatment at 1000°C and growth at
800°C (gray line) and at 1000°C (pretreatment+growth) (green line). We have to
mention that samples were characterized here by only three wavelengths only (473
nm, 532 nm and 633nm).
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One can note that in our synthesis process, the various parameters are controlled
and decoupled to certain extent. A hot filament is used to activate the carbon
precursor before its interaction with the catalyst, at a temperature significantly
higher (>1700°C) than the actual growth temperature. Then we can reasonably
assume that there is no drastic modification of carbon feed rate induced by
temperature change in our synthesis. As a consequence, modification of carbon
feed rate can not be responsible for the selective activation and deactivation of
the nanoparticles, as it was argued by Lu and co-workers in the study previously
presented [91].

As discussed in the first chapter, it is commonly admitted that the SWCNT
growth can start only after reaching the carbon saturation of the catalyst
nanoparticle [59, 61, 193]. This saturation limit is known to depend on both
the temperature and the nanoparticle size. In general, for any given liquid and
solid compound, the solubility increases when the temperature is increased. The
solubility of carbon in metals is no exception to this rule [194]. Then, at high
temperature, reaching the carbon saturation is expected to be more difficult.
This trend seems also confirmed by a few reported experimental studies which
have demonstrated that at high temperature an increase of carbon precursor
pressure is necessary to initiate SWCNT synthesis [59,82,90,195]. For the solu-
bility dependence upon the nanoparticle size, as a general trend, many studies,
both experimental [196, 197] and theoretical [198, 199] reported a higher im-
purity solubility with decreasing size of nanoparticles. Concerning carbon, for
instance, giant carbon solubility in gold nanoparticles has been reported [200].
Theoretical study forecast also an increase of carbon solubility with the decrease
of the nanoparticle size [126,187,201].

Based on both size and temperature effects upon solubility, some experimental
studies on SWCNT growth report that at high temperature, for given synthesis
condition, small nanoparticles are not activated or exhibit a delayed activation
due to their higher supersaturation limit [90, 188, 202]. This hypothesis can
be used to explain our lack of small diameter SWCNT at high temperature
but seems not to be very realistic in respect to our growth conditions. As the
partial pressure of methane is relatively high (around 27 mbar), the carbon
precursor is activated prior reaching the catalyst and the synthesis time is also
relatively long (30 min), it appears difficult to envision as limiting parameter a
possible lack of sufficient carbon feed of the catalyst. As a control experiment,
an increased of the methane partial pressure for synthesis at high temperature
should be performed to verify this point. If more small SWCNTs grow, the
hypothesis of carbon feed as a limiting factor can be validated. Along the same
line, the lack of bigger nanoparticle activation at low temperature is sometimes
attributed to poisoning due to "overloaded carbon" [88, 91], then a decrease of
the methane pressure at low temperature should be performed. If the growth
of bigger SWCNT diameter occurs, this hypothesis should be considered.
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Another interpretation around carbon solubility can also be advanced and seems
to better explain our results, in respect to our growth conditions. Aguiar-Hualde
and co-workers [203], recently published calculations on SWCNT growth from
nanoparticles with various carbon solubility. In case of nanoparticles with low
carbon solubility, they observed a strong adhesion and wetting between the
initially formed carbon sp2 cap and the nanoparticle causing an encapsulation of
the particle. At the opposite, they showed that the high-carbon solubility metal
nanoparticles present a too weak adhesion to the sp2 cap/nanotube thus leading
to a full detachment of the catalyst from the nanotube. This full detachment
actually also induced the SWCNT growth termination. Figure 4.7 presents a
scheme of this result.

Figure 4.7: Sketch of SWNT growth from [203].

Based on this mechanism, the catalyst size selectivity observed in our synthesis
may be explained as follows : at low temperature, the carbon solubility of
bigger particules is low due to their bigger size and the low temperature in the
furnace. This carbon solubility is too weak in regard to the nanoparticle size
leading to a lack of subsurface atoms. This lack favors a stronger adhesion of
sp2 layer on the catalyst surface leading to a subsequent encapsulation of the
nanoparticle instead of carbon cap dewetting and nanotube growth (see Zone
1 on Figure 4.8). As described in the previous section, for the same reason He
and co-workers showed by both simulation and experimental study that in given
synthesis parameters, icosahedral gold nanoparticles did not catalyze SWCNT
while face centered cubic gold nanoparticles can [192]. On the contrary due to
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their smaller size and higher carbon solubility, smaller catalyst nanoparticles
may allow the dewetting of the sp2 cap and thus the SWCNT growth (see Zone
1 on Figure 4.8). When the temperature increases, carbon solubility in bigger
nanoparticles increases allowing the lift-off of the cap (see Zone 3 on Figure
4.8). In turn, as the temperature is increased, the carbon solubility in smaller
nanoparticles also increases but time too much, causing a too fast detachment of
the carbon cap, thus preventing the nanotube growth (see Zone 3 on Figure 4.8).
For the intermediary temperatures, solubility limit of both smaller and bigger
nanotube are in the appropriate range to allow both carbon cap dewetting and
the nanotubes growth (see Zone 2 on Figure 4.8).

Figure 4.8: Schematic view of the proposed mechanism of selective activation of
the nanoparticle.

TEM investigations after typical growth show that numerous nanoparticles are
encapsulated. Figure 4.9 shows an exemple of nanoparticles after synthesis at
800°C and 1000°C. From this image, we observed that a lot of nanoparticles,
especially the biggest one, are encapsulated as expected in our model. It is how-
ever difficult to say if this encapsulation occurs during the synthesis or during
the cooling of the sample. Indeed, during the cooling, the carbon solubility in
nanoparticles decreases inducing a release of excess carbon out of the nanopar-
ticles leading to such structure.

Up to this point we did not perform an analysis of the nanotubes chirality
on our samples, their diameters range observed through Raman spectroscopy
testify that a large chirality distribution is to be obtained. Nevertheless, to
some extent, we were able to show that the synthesis temperature can allow
the carbon nanotubes growth from a selected size fraction of the nanoparticles
population, for a given catalyst chemical composition. This paves a way for
a better control of the SWCNT growth process as one can imagine that, with
a more monodisperse catalyst size distribution, we may be reaching a smaller
diameter dispersion by adjusting temperature, and then limiting the as-grown
nanotubes chiralities.
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Figure 4.9: Typical TEM image of nanoparticle catalyst at a 800°C b 1000°C after
growth experiments.
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4.1.2 Impact on the SWCNT semi-conducting/metallic
ratio

We have also investigated the metallic/semiconducting type nanotubes’ ratio
obtained from the growth synthesis experiments presented in the previous sec-
tion. Kataura plot shown in Figure 4.1 was used to assign the semiconducting
or metallic character of the nanotubes in each sample.

Figure 4.10 presents the obtained percentage of semiconducting SWCNTs for
the different catalysts and for the four different synthesis temperatures. A gen-
eral trend can also be distinguished for all the catalysts type. According to
Raman spectroscopy, we can observe an increase in the semiconducting SWC-
NTs fraction with the temperature (except for the FeRu catalyst and synthesis
at 700°C, that we will discuss in section 4.2.2).

Zhang and co-workers reported that methane plasma can selectively etch car-
bon nanotubes [204]. They highlighted that in the diameter range of 1.4-2
nm, metallic SWCNTs were selectively etched over semiconducting ones, but in
the smaller diameter range (d<1.4 nm) a non-discriminatory etch of the SWC-
NTs was observed. Li and co-workers reported similar trend with hydrogen as
etching gas [123]. These observations may explain that for the synthesis at high
temperature, where the majority of the SWCNTs are greater than 1.4 nm, more
s-SWCNTs are obtained than at lower temperature due to a selective etching
of the m-SWCNT by hydrogen gas used in our process.

Figure 4.10: Percentage of semiconducting SWCNT obtained through Raman
spectroscopy analysis for the three catalysts at various temperatures.

In case of non-selective synthesis only one third over all SWCNTs are metallic,
then the obtained SC/M ratio should be 2/3 of semiconducting nanotubes and
1/3 of metallic nanotubes. In our syntheses however, at low temperature the
metallic percentage reach almost 50% of the counted nanotubes. We don’t have
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clear answers to explain the increase of m-SWCNT fraction at lower tempera-
ture. One may argue that such observed change may be induced only by the use
of Raman spectroscopy while a full characterization of the sample with various
cross-observation techniques may erase this difference. A preferred experimen-
tal technique for nanotubes chirality assignment would be high resolution TEM,
but unfortunately have not been performed yet. In order to ensure, to a certain
extent, a cross-verification of the Raman spectroscopy measurements, we have
used the as-synthesized various SWCNT samples to fabricate field effect tran-
sistors and statistically analyze their characteristics. The result of the electrical
measurements of the transistors is consistent with an increase of m-SWCNT
population at low temperature. This results will be discussed in the following
chapter.

4.1.3 Different SWCNT "growth yield"

SEM images can be used to give some indication of the cover rate over the
sample but a quantitative measurement is difficult, especially in our case where
random and sometimes entangled SWCNT are obtained. Examples of SEM
image in the case of SWCNTs grown from FeRu are shown in figure 4.11. We
observed that a better coverage rate is obtained for growth at 900 and 800°C
as compared with sample grown at 1000°C for instance.

Figure 4.11: Typical SEM image of SWCNT grown from FeRu catalyst at a 700°C
b 800°C c 900 and d 1000°C
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In order to retrieve a more quantitative measurement, we calculated the number
of SWCNTs detected by Raman spectroscopy in RBMs region, with four lasers
(473 nm, 532 nm, 633 nm, 785 nm) under one spot (0.6x0.6 µm2 approximately).

yield = Number of SWCNTs detected in Raman

Number of Raman spectrum
(4.2)

This does not provide an absolute measure of the yield, as the Raman anal-
ysis does not detect all present SWCNTs, but it is nonetheless an interesting
comparison tool.

Figure 4.12, represents the obtained “Raman yield” for all the three catalysts.
For each catalyst, we can already observe an optimal temperature in regards
to the synthesis yield. For instance the case of FeRu this optimal temperature
is around 900°C. We showed in the previous sections that the nanoparticles
populations available for growth at either low and high temperatures are almost
the same. We observe now that at the highest growth temperature less SWCNTs
seem to be able to grow. If we assume that the temperature increase leads to the
deactivation of the smaller nanoparticles which, by number, are the majority
population of the sample, we can expect that at a higher temperature less
SWCNTs will grow. Following the same idea, at a lower temperature, for a
constant growth time, bigger nanoparticles were found to be inactivated. Then,
for FeRu and NiRu catalysts, 900°C seems to be the intermediate temperature
where bigger nanoparticles starts to be activated whilst the poisoning of small
nanoparticles is limited. Thus overall, this temperature leads to a better growth
yield. This trend seems to be confirmed by the SWCNT diameters distribution
shown in the Figure 4.3a. For the synthesis at 900°C in comparison to 1000°C
for FeRu and NiRu catalysts, the number of small diameter SWCNTs (supposed
to be grown from the smaller nanoparticles) increases while the number of large
diameter SWCNTs is bigger than for synthesis performed at 700°C or 800°C.

Figure 4.12: Estimation of the yield obtained through Raman spectroscopy : num-
ber of nanotubes detected under a laser spot for the three catalysts at various tem-
peratures.
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4.2 Influence of the metal catalyst chemical com-
position on the SWCNT structure

Bimetallic nanoparticles of FeRu, CoRu and NiRu of equivalent sizes and mor-
phologies have been obtained through a standardized method. Under these
conditions, for fixed synthesis parameters we can compare the influence of the
chemical composition of the catalyst on the SWCNT growth.

4.2.1 Evolution of the SWCNT diameter

We propose now to compare the nanotube diameter distribution obtained at a
fixed synthesis temperature for each catalyst type. Figure 4.13a presents the
diameter distribution obtained at 800°C for the three catalysts. In terms of
diameters distribution, few differences are observed between FeRu and CoRu
catalysts, but it appears that the NiRu catalyst leads to the growth of smaller
nanotubes. As shown in Figure 4.13a, at 800°C almost 75% of the obtained
nanotube from NiRu catalysts are smaller than 1.3 nm in comparison with only
44 and 46% for the nanotubes grown from FeRu and CoRu catalysts respectively.
For obtaining similar diameters distribution for SWCNT growth from FeRu and
CoRu catalysts, the synthesis temperature must be at 700°C, meaning 100°C
lower (see Figure 4.13b). Unfortunately at this temperature, we observed very
few SWCNTs grown from the NiRu catalyst preventing any relevant statistic.

The typical diameter distribution of the nanoparticles for the respective three
catalysts after pretreatment at 800°C has been presented in chapter 3, in Figure
3.11. As we can note that quite similar size distributions have been obtained for
the three catalysts, the observed difference in the SWCNT diameter distribution
cannot be correlated with a difference in catalyst size.

Figure 4.13: Repartition of the SWCNT diameter obtained from FeRu catalyst
(blue line), CoRu catalyst (light blue line) and NiRu catalyst (green line) for a tem-
perature synthesis of a 800°C b 700°C.
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Based on the previous discussion, a lower carbon solubility in NiRu catalyst
type as compared to the two other alloys can explain such result. At the low-
est tested temperature (700°C), carbon solubility in the nanoparticles at the
available diameter range is too low to induce a growth of SWCNT. With tem-
perature increasing, the carbon solubility increases and we gradually activate
the nanoparticles through their size : first the smaller then the bigger ones, until
the deactivation of the smaller size ones occurs at high temperature (1000°C).

To verify this, a ternary phase diagram of the three alloys with carbon for nano-
metric scale would be necessary. To the best of our knowledge this diagram has
not been reported in the literature. Nevertheless, one can note first, that pure
nickel is known for having a lower carbon solubility than cobalt and especially
than iron [53]. Moreover, nickel-ruthenium is expected to lead to a system very
different than cobalt ruthenium and iron ruthenium ones. The STEM-EDX
analysis, presented in the previous chapter has shown a co-localisation of the
iron, cobalt or nickel and the ruthenium tending to prove that alloyed struc-
tures have been successfully synthesized. In the case of cobalt/ruthenium and
iron/ruthenium the formation of alloy is not surprising. Indeed, the bulk bi-
nary diagram of ruthenium with cobalt or iron forecast an alloy structure for
any concentration in the case of cobalt and respectively above around 25% of
iron in the temperature range 500°C-1000°C [182]. On the contrary the nickel-
ruthenium phase diagram shows that alloy structure of nickel/ruthenium in the
temperature range (500°C-1000°C) is possible only if the percentage of nickel
do not exceed 10% [205]. In our case, a 1:1 stoichiometry is expected due to the
used of PBA as a pre-catalyst, then a phase segregation should be observed.

4.2.2 Impact on the SWCNT semi-conducting/metallic
ratio

The semiconducting/metallic ratio observed for all the three catalyst types is
very similar for a given temperature (see Figure 4.10); we do not observe sig-
nificant differences between the catalysts. For a given temperature, less than
10% of difference is observed between the different catalysts. This difference is
not significant insofar as around 10% of difference is observed for two synthe-
ses run performed under in the same conditions (see paragraph 4.3). The only
larger difference is evidenced in the case of the growth at 700°C for FeRu cat-
alyst, where 71% of semiconducting nanotubes were obtained. This difference
is mainly due to an increase of 30% of the semiconducting SWCNT having a
diameter between 1 and 1.1 nm and resonant in the infrared laser excitation
(see figure B.2 in appendix B ). The other experiments of synthesis at 700°C
done during this thesis have not been characterized with an infrared excitation
laser, not available at the beginning of this thesis, then further experiments and
characterizations are needed to confirm this observation.
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4.2.3 Different SWCNT "growth yield"

As described previously, the exact yield of the synthesis is unknown, we can
only calculate for each catalyst, the number of SWCNT detected in Raman
spectroscopy with four lasers wavelengths under one spot. Figure 4.12 shows
the obtained "raman yield" which are consistent with SEM observations (see
Figure 3.14 in chapter 3). For each catalyst, we can see that there is an optimal
temperature synthesis with respect of the yield. It’s at 700°C for the growth
from CoRu catalyst and 900°C for the NiRu and FeRu catalyst. We also note
that a lower yield is always observed in the case of growth from NiRu catalyst.

4.3 Short discussion about the reproducibility
of the synthesis

The reproducibility of the synthesis is also a fundamental issue in the SWCNT
growth. The final goal is to obtain selective synthesis with a good yield in
order to exploit them at an industrial scale. From this point of view, the
reproducibility of the proposed synthesis process is a paramount parameter.

The HF-CVD furnace used during this study is an home made system specif-
ically designed to achieve improved control of all the CVD parameters (see
section 2.1.1 in chapter 2).

We found that the general trend of our synthesis is reproducible from one run
synthesis to another. Similar diameter distributions and metallic/semiconducting
ratio (error of about 10%) are obtained for the different synthesis. For instance,
Figure 4.14 shows the diameter distribution and the metallic/semiconducting
ratio obtained for three different growths on FeRu catalyst for two tempera-
tures where we note that the general shape of the diameter distribution and
the semi-conducting ratio are preserved from one synthesis experiment to the
other. This reproducibility is an important point in order to validate the previ-
ous discussions, indicating that some other parameters, such as metal catalyst
and temperature, affects drastically the results of the synthesis.

Nevertheless, looking carefully the figure 4.14 we can note some slight variations
from a synthesis experiment to another, despite the great effort conducted to
perform all the synthesis under the “same conditions”. These variations also
indicate that SWCNT synthesis processes are extremely difficult to extensively
control and are extremely sensitive to any variation in the processing/synthesis
conditions.
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Figure 4.14: Repartition of the SWCNT diameter obtained from FeRu catalyst for
three different synthesis at a-b 1000°C c-d 800°C e the percentage of semiconducting
nanotubes obtained for three different synthesis at 800 and 1000°C The diameter
distribution was here obtained through statistical Raman spectroscopy analysis with
three wavelengths (532 nm, 633 nm, 473 nm). The fourth wavelength at 783 nm
has been used for characterizing the last synthesis only, so its contribution has been
removed in order to ensure coherent comparison of the various synthesis.
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4.4 Conclusion

In this study we first showed that the increase of SWCNT diameter, often re-
ported with the growth temperature increase can be linked to other mechanism
than the usually considered coalescence phenomenon. We demonstrated that,
under fixed conditions, different diameter populations of SWCNTs are obtained
even if the same diameter population of catalyst nanoparticles are available for
the synthesis. We also confirmed that for nanoparticles of the same size and
morphology, the chemical composition of the catalysts induced differences in
the as obtained SWCNT nanotubes. We assume that this difference is trig-
gered by difference of carbon solubility in nanoparticles depending on their size
and chemical composition. Indeed, in our case, the use of a bimetallic catalyst
seems to allow a drastic modification of the carbon solubility reducing the win-
dows of parameters leading to a SWCNT growth for a given catalyst. Finally,
one must also take into account that the SWCNT growth process is extremely
sensitive to any variation in the growth conditions increasing the difficulty to
have access to relevant observations that help in understanding the underlying
growth mechanisms.

4.5 Experimental details

4.5.1 Methodology

All the experiment have been made on a same batch of sample prepared as
follow :

First, a same wafer of Si/SiO2 are splited into several pieces ( ≈ 1cm x 1 cm,
step 1 on Figure 4.15). Then all the wafers are silanized following the process
described in section 3.6.3 (step 2 on Figure 4.15). For each batch, a new solution
of PBA of FeRu, CoRu and NiRu is synthesized and the various PBA are
grafted on the substrat following the process described in section 3.6.3. Then
the SWCNT growth process (including pre-treatment and growth) is performed
in the HF-CVD (see section 3.6.4 for experimental details) at 700°C 800°C,
900°C and 1000°C. For each synthesis temperature, the synthesis of SWCNTs
are performed on three samples (one of each catalyst) at the same times. Under
this condition, we can analyze the effect of the synthesis temperature on the
SWCNT structure for a given catalyst (step A on Figure 4.15) or the effect of
the catalyst chemical composition for a fixed growth temperature (step B on
Figure 4.15)
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Figure 4.15: Schematic view of the synthesis process in order to realized a para-
metric study.
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Chapter 5

Application : Integration in
FET-device

The previous chapter described a parametric study of the SWCNT growth.
Growth of SWCNTs has been performed at different temperatures and from
various bi-metallic catalyst. The process is quite reproducible and clear trend
is observed concerning the obtained SWCNT population. Between the different
grown samples, we observe differences of yield, diameter range and semiconduc-
tor/metalic ratio. In this part we will describe the integration of the as-grown
SWCNT into FET-device and characterize their electrical properties. The elec-
trical properties of the FET device is highly linked to the electronic properties of
nanotubes in its channel. These properties are imposed by the SWCNT respec-
tive structure. Then, different populations of SWCNTs are expected to lead to
different device performances. We purposed here to compare the characteristics
of a set of SWCNT FET devices where SWCNTs are obtained from the various
growth conditions described in the previous chapter. This study will clarify to
what extent the previous characterizations were relevant and how our SWCNT
growth conditions impact the performance of the device. For this purpose, the
fabrication and the design of the SWCNT-FET has been chosen for its sim-
plicity and it is far from being well optimized in terms of best achievable FET
performance.

5.1 Design and performance of the SWCNT-
FET devices

5.1.1 Design of the SWCNT-FET devices

As the SWCNT growth was performed on a Si/SiO2 wafer, the as-obtained
SWCNTs could be directly integrated in bottom gate SWCNT-FET device
structure without any transfer step. The doped silicon wafer is isolated from
the SWCNTs by a 200 nm thermal silicon oxide layer and is used as a back gate
for all the devices. After the growth of SWCNTs, palladium contacts are used
for source and drain. The contact are fabricated using standard UV lithogra-
phy, e-beam evaporation and lift-off processes (see experimental part in section
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5.5 for further details). Palladium was chosen for the quality of the contact
obtained with SWCNTs and for its high work function. Looking at the SEM
image, considering that typically the nanotubes lengths varies from 0.5 to few
micrometers, in order to favor direct contact between the source and drain, the
channel length of the interdigited electrodes was chosen at 2 µm. The geometry
of the device is shown in the Figure 5.1. SEM images of the channel performed
on functional FET devices show that few random isolated nanotubes connect
directly the source and drain, as shown on Figure 5.1.

Figure 5.1: Left Scheme of the geometry of the used transistor Right SEM image
of a typical SWCNT-FET device

Figure 5.2 presents a typical FET transfer curve for a typical good device. For
all the measurements a fixed bias voltage of 1V is applied between source and
drain (Vds). A voltage sweep is applied from -40V to +40V to the gate (Vg)
electrode and we measure the current flowing between source and drain (Ids).
As expected, the device exhibits a p-type characteristic. When Vg is set to a
negative value (i.e. -40V) holes flow through the p-doped nanotube (On state),
for positive value of Vg up to the threshold voltage where the hole current is
blocked (Off state). For all devices a very large hysteresis loop is obtained due to
the charge trapping at nanotubes/dielectric interface (see section 1.4.3 chapter
1). The current in the On and Off state will be called Ion and Ioff respectively.

For some devices, a high off current is obtained. This result indicates that a
metallic path between the source and drain exists. Such conductive path can
be due to lithography defects, presence of metallic SWCNTs or of amorphous
carbon. Characterization performed in the previous chapter showed that all our
synthesized samples contains some metallic SWCNTs (m-SWCNTs). It is how-
ever possible to selectively remove then (or rather say disconnect them from
source-drain electrodes) by using the electrical breakdown method developed
by IBM [206]. The basic idea of the method is to protect the semiconduct-
ing SWCNTs (s-SWCNTs) and then apply a high voltage between source and
drain. This high voltage induces formation of defect and overheating of unpro-
tected metallic nanotubes, leading to irreversible damage. During the process
the s-SWCNT are protected by depleting them from their carriers, through the
application of an adapted gate voltage to set the FET device in its Off state
(positive Vg, in case of p-type). The progressive destruction of the m-SWCNTs
can be monitored electrically, each removal leads to a significant drop in the
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Figure 5.2: Intensity flowing between source and drain obtained for a gate voltage
from -40V to +40V; Vds = 1V.

current flowing between source and drain. Here, this method will serve two
purposes, first to improve the device performance, second some qualitative in-
dication of the quantity of m-SWCNTs is given as a function of the efficiency
of the method. Figure 5.3a presents a device initially exhibiting a high Off
current (yellow curve) and the resulted characteristic obtained after the elec-
trical breakdown (red curve). The breakdown process has been monitored by
measuring the source drain current as shown in Figure 5.3b.

Figure 5.3: a Typical Id/Vg obtained from -40V to 40V before (yellow curve) after
(red curve) electrical breakdown; Vds = 1V b Drain current as a function of applied
voltage for the electrical breakdown.
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5.1.2 Performance

Figure 5.4 presents the different Ion/Ioff ratios as a function of the correspond-
ing On current (Ion) that we obtained for the various transistors realized in
this thesis. The yellow circles correspond to the result obtained before any
electrical breakdown while the red circles correspond to the result after the
electrical breakdown. Black circles indicate the transistors where the electri-
cal breakdown process has been found ineffective. We fabricated transistors
with SWCNT synthesized from three different catalyst (FeRu, CoRu and NiRu,
as described in the chapter 4) at two different growth synthesis temperatures
(1000°C and 800°C). The characterization of the SWCNTs has been presented
in the last chapter, justification of the choice of SWCNT will be detailed in the
next section.

Table and graphic in Figure 5.5 resume the Ion/Ioff ratios of the various tran-
sistor after electrical breakdown. Different average performance are observed,
this point will be discussed in the following section. In the best conditions,
a majority of transistors present an Ion/Ioff ratio above 105 with few transis-
tors with Ion/Ioff ratio above 107. These performances are on the same order
of magnitude of the best devices obtained by use of random percolating net-
works of SWCNTs as channel reported in the literature [207–209]. For these
devices, the On current is in the range 10−5 − 10−6 which is lower than values
usually obtained for good transistors based on random percolating network of
nanotubes [207]. In our case, as shown on the SEM image on Figure 5.1, tran-
sistor’s channels are rather made of few nanotubes randomly deposited over
the surface with very few percolation. We are in an intermediary configuration
between individual carbon nanotube and percolating carbon nanotube arrays.
Optimization should be done to improve the performance of the device but that
was not the main purpose of this study. The number of connected nanotubes
could be further improved by optimizing the devices fabrication process. For
instance, as the SWCNT synthesis is not performed in a clean room environ-
ment, then few cleaning steps by sonication are needed before the deposition of
the Pd-electrode. During these steps, some nanotubes may risk being removed
from the substrate. Also, the next step integration approach may be directed
towards the use of mono-crystalline specifically oriented and/or patterned sub-
strates that have been reported to lead to synthesis of in-plane aligned SWCNTs.
In this case, a better control of the contact electrodes is obtained and parasite
percolations are avoided [210].
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Figure 5.4: a Ion/Ioff ratio of FET-device fabricated from FeRu catalyst at left
800°C right 1000°C b Ion/Ioff ratio of FET-device fabricated from CoRu catalyst at
left 800°C right 1000°C c Ion/Ioff ratio of FET-device fabricated from NiRu catalyst
at left 800°C right 1000°C. The yellow circles correspond to the result obtained
before any electrical breakdown while the red circles correspond to the result after
the electrical breakdown. Black circles indicate the transistors where the electrical
breakdown process has been found ineffective.
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catalyst growth temperature Ion/Ioff > 104 Ion/Ioff > 105

800°C 46.15% 5.12%FeRu 1000°C 29.54% 0%
800°C 91.0% 75.5%CoRu 1000°C 74% 58%
800°C 73% 52.8%NiRu 1000°C 72.9% 39.5%

Figure 5.5: Top Repartition of the Ion/Ioff ratio of FET-device fabricated from a
FeRu catalyst b CoRu catalyst c NiRu catalyst after electrical breakdown (statistics
on almost 45 transistors for each catalyst composition and SWCNT growth temper-
ature) Bottom Recapitulative table

5.2 Influence of the SWCNT growth condition
on the FET-devices characteristics

The main aim of this study is directed to highlight the influence of the as-grown
SWCNT structural properties on the device performance. Indeed, the metal-
lic/semiconducting ratio, the diameter, the length, the quality or the real den-
sity of the SWCNTs integrated in the final devices modify their performances.
In the previous chapter, we observed some differences on the properties of the
SWCNTs that we synthesized, which motivated the statistical analysis of the
transistors realized with SWCNTs obtained through six different growth con-
ditions. We used our three catalysts (FeRu, CoRu and NiRu) at two different
growth temperatures to synthesize the SWCNTs. We showed that the greater
the difference in the synthesis temperature, the more the properties of the nan-
otubes obtained are different. We chose then the two extreme temperatures
where nanotubes are observed for the three catalysts types. As very few SWC-
NTs are observed for the growth from NiRu catalyst at 700°C, as a result we
chose to use nanotubes grown at 800°C and 1000°C. This study will also be
accounted for confirming the previous observations made on our SWCNTs.

5.2.1 Effect of the temperature

Figure 5.4 presents the Ion/Ioff ratio versus the On current. Before any break-
down process, for all devices we observe a similar trend as a function of the
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SWCNT growth temperature, independent of the SWCNT’s catalyst used.
First, when SWCNTs grown at the lowest temperature are integrated in a tran-
sistor, a majority of the devices are found to be ineffective (i.e. Ion/Ioff ratio
lower to 10) as shown on Figure 5.6. For SWCNTs grown at high temperature
fewer than 10% of the fabricated transistors are also ineffective. We observed
previously that a high Off current, close or identical to the On current can be
related to either some lithographic defects, amorphous carbon or m-SWCNT
leading to a metallic pathway in the transistor’s channel. All transistors were
fabricated with an identical process, the only change concerns the starting SWC-
NTs used. Statistically there is no reason for having an increase of more than
30% of the lithographic defects only in the transistors made with nanotubes
grown at 800°C. Hypothesis of more amorphous carbon present over the wafers’
surface for synthesis at low temperature can also be ruled out. First, deposition
of amorphous carbon in CVD process is usually favored at high temperature by
pyrolysis mechanism. In Raman spectroscopy, presence of amorphous carbon
can be detected through the so-called D-band around 1350 cm−1, also present
for other allotropic forms of carbon. Gao and co-worker, showed that for iso-
lated SWCNTs, the full width half maximum (FWHM) is between 20 cm−1 up
to 40 cm−1 for an excitation at 632 nm [211]. Picher and co-worker [90], for
an excitation at 532 nm, reported a FWHM D-band between 50-60 cm−1 for
CVD SWCNTs comparable with the FWHM D-band of HiPco nanotubes in
the same condition (FWMH 45 cm−1). On the contrary they found a D-band
FWHM in the range of 130-190 cm−1 for amorphous carbon. In our synthesis,
the full-width half-maximum of the D-band is found between 60-80 cm−1 and
no significative difference in the FWHM is observed for the different synthesis
temperature for any of the studied catalysts (see table in Figure 5.6). Moreover,
at 800°C, the FWHM of the D-band for a given catalyst is always lower. This
result indicates that the deposition of amorphous carbon is probably a little
more important at high temperature. Representative spectrum in the Raman
D-G band area of the various samples are available in appendix C.

The electrical breakdown of all the measured transistors has been realized. One
can observe that the electrical breakdown process has a limited effect on tran-
sistors made with nanotubes grown at 1000°C. As shown on Figure 5.4 very
weak improvement of the Ion/Ioff ratio is obtained and the ON-current stays
relatively constant. Figure 5.6b presents the percentage of transistors present-
ing an improvement of Ion/Ioff ratio superior to 3 decades after the electri-
cal breakdown. Such improvement concerns between 6 and 38% of transistors
made from 1000°C grown nanotubes and between 28 and 78% of transistors
with 800°C grown SWCNT. For a given catalyst, a difference exceeding 20%
in the number of transistors improving their Ion/Ioff ratio above 103 is found
according to the growth temperature. This is confirming the weak impact of
the electrical breakdown process on transistors made with nanotubes grown at
1000°C, especially in comparison to ones made with nanotubes grown at 800°C.
The electrical breakdown is very efficient to remove m-SWCNT which improves
the Ion/Ioff ratio. Since few changes are observed after electrical breakdown,
one can conclude that only a weak proportion of m-SWCNT connects source
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catalyst growth temperature FWMH (excitation at 532nm)
800°C 72.6 ± 2.4FeRu 1000°C 79.9 ± 2.2
800°C 59.8 ± 2.5CoRu 1000°C 63.9 ± 5.1
800°C 71.4 ± 0.98NiRu 1000°C 72.4 ± 2.66

Figure 5.6: a Percentage of transistors presenting an Ion/Ioff ratio inferior at 10
for integrated SWCNT grown from each catalyst at 800 and 1000°C (before electrical
breakdown) b Percentage of transistors presenting an improvement of their Ion/Ioff
ratio superior at 103 after electrical breakdown for integrated SWCNT grown from
each catalyst at 800 and 1000°C Table Table of the FWMH of the Raman D-band
of samples grown from each catalyst at 800 or 1000°C.

and drain in this case. This hypothesis is also consistent with the Raman spec-
troscopy measurements where a weaker proportion of m-SWCNTs were being
found for the growth at 1000°C (see Figure 4.10 in chapter 4). On the contrary,
the electrical breakdown appears to be more effective for transistors made from
SWCNT grown at 800°C. After the breakdown, for each of the transistors with
800°C grown-nanotubes, the Ion/Ioff ratio increased and the ON-current de-
creased (see Figure 5.4 and Figure 5.6b). Such results are expected when the
contribution of m-SWCNTs is suppressed. This result highlights a higher con-
tribution of m-SWCNT in this type of transistors. The results are consistent
with the Raman characterization performed in the previous chapter, a higher
yield and a more important metallic SWCNT ratio have been found for growth
at 800°C as compared to that at 1000°C. The probability to connect a metallic
nanotube between source and drain is then expected to be much higher.

One can note that after the electrical breakdown, the as obtained transistor
made from 800°C grown-nanotubes exhibit on average better performance than
those with 1000°C grown nanotubes (see Figure 5.4). This difference lead to
a lower off-current obtained in case of 800°C grown-nanotubes transistors (see
Figure C.4 in appendix C). We propose to analyze this result, in the light of the
previous characterization of SWCNTs. We showed in the previous chapter that
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SWCNTs obtained at lower temperature have a smaller diameter, then con-
cerning the semiconducting part of these nanotubes a bigger gap is expected.
Figure 5.7 presents the diameter distribution of the semiconducting tube de-
tected through Raman spectroscopy. Whatever the used catalyst we confirm
that at 800°C s-SWCNTs tend to have a smaller diameter than at 1000°C. At
800°C the biggest population of nanotubes has diameters between 1.0 and 1.3
so will possess an approximate gap between 1 and 0.77 eV. At 1000°C, the ma-
jority population of nanotubes has diameters corresponding to an approximate
gap between 0.62 and 0.53 eV. Accounting for the Schottky barrier height, as
a same type of contacting electrodes is being used, in case of bigger diameter
(low gap) semiconducting nanotubes, the achievable off-current is expected to
have higher value than in the case of smaller diameter (larger gap) semiconduct-
ing nanotubes. We assume that the difference in on-off ratio after breakdown
for the two growth temperatures can be explained by this difference in diam-
eter distribution. After the removal of the m-SWCNT, the transistor made
with s-SWCNT grown at lower temperature allows a better commutation of the
transistor due to their smaller diameter.

In conclusion, the electrical measurements confirm the result obtained in Ra-
man spectroscopy, the nanotube growth at high temperature synthesis seems to
produce more s-SWCNTs. As a result, the majority of the obtained transistor
are functional as fabricated without any breakdown. Then, the electrical break-
down process generally leads to very weak improvement of the Ion/Ioff ratio.
The Ion/Ioff ratio obtained with transistors based on this high growth temper-
ature nanotubes is not so high and we attribute this characteristic to the global
bigger diameter of the nanotubes integrated in the transistors’ channel. On the
contrary, when nanotubes grown at lower temperature are used, a majority of
transistors are initially non-functional but become very efficient after a selective
removal of the m-SWCNTs through electrical breakdown. We conclude that the
nanotubes used for the transistors’ channel in this case contains more metallic
nanotubes in agreement with Raman spectroscopy. Nevertheless, after electri-
cal breakdown, very high Ion/Ioff ratios can be obtained due to the relatively
small diameter of the s-SWCNT produced under these growth condition.

5.2.2 Effect of the metal catalyst

The previous section described a general trend observed in the transistor as a
function of the chosen SWCNT growth temperature. We also notice, looking
at the different results (Figure 5.5 and 5.6), that the metal catalyst used for
the SWCNT growth lead also to some differences in the performances of the
transistors.

We can see that for the two analyzed temperatures, the electrical breakdown
process tend to be less effective on transistors fabricated from FeRu-catalysed
nanotubes and the Ion/Ioff ratios are on average, lower. For synthesis at 1000°C,
previous Raman measurement, showed that SWCNTs grown from FeRu cata-
lysts have a higher percentage of semiconducting ratio (around 10% more than
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Figure 5.7: Diameter distribution obtained through Raman spectroscopy of
SWCNT grown at a 800°C b 1000°C

the other). For this temperature, this higher proportion of s-SWCNT could be
a reason for the observed weaker efficiently of the electrical breakdown process.
In the case of nanotubes grown at 800°C, Raman spectroscopy analysis showed
similar SC percentage concerning CoRu and FeRu catalyst such as a very similar
diameter distribution and yield (see Figure 4.10, Figure 4.3 and Figure 4.12).
Nevertheless, nanotubes grown from CoRu at 800°C leads on average to better
performance of the transistors. These transistors are also on average, the best
that we obtained in respect of the Ion/Ioff ratio. They are followed by transis-
tors made from nanotubes grown from NiRu at 800°C where the best Ion/Ioff
ratio has also been obtained (>108). We assume that this difference is probably
related to the difference of the characteristics of the SWCNTs used, but our set
of characterization tools is too limited to fully explain this result. The use of
more wavelengths in Raman spectroscopy coupled with other characterizations
such as photo-luminescence/absorption and TEM analysis should be performed,
to eventually highlight more differences in the as-synthesized SWCNTs. For the
results presented here and for each growth conditions, the SWCNTs used are
from the same synthesis run. A statistics on different synthesis experiments
under the same growth conditions and for each catalyst has also been planned
but not performed yet due to a lack of time. Such statistics will ensure that the
differences obtained are effectively induced by a catalyst related change during
the SWCNT growth process and not to an artifact due to defects/variations in
the transistor fabrication process, for instance.

In conclusion, we designed bottom gate transistors with different nanotubes
obtained through different growth conditions. To a certain extent, the measured
characteristic of the transistors agree with the observations performed through
Raman spectroscopy concerning the SC/M metallic ratio, yield and diameter
distribution. Despite the simplicity of the transistor design, good Ion/Ioff ratios
have been obtained, up to more than eight decades for the best ones and around
105 on average. We have also observed that the catalyst used for the SWCNT
growth, impact the quality of the fabricated transistors. We assume that these
observed differences can be related to the variation in the as-obtained SWCNT
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properties but more characterizations of the SWCNTs are required to point out
the exact nature of the difference and how it’s impacting the properties of the
transistor (diameter, length, electronic properties and chirality. . . ).

5.3 Sensitivity to the gas detection

After the general characterization of the transistors, in the frame of the "André
Citroen" industrial Chair at Ecole Polytechnique and in close collaboration with
the Dr. Leandro Sacco, we decided to test SWCNT-FETs’ ability for the gas
detection applications. As presented in the first chapter, due to the high sen-
sitivity of SWCNTs to their surrounding environment, SWCNT-FET devices
have been exposed to various gases to analyze their sensing properties. Many
exemples in the literature report modification of the conductance in SWCNT-
FET devices induced by a modification of the surrounding gaseous atmosphere.
Two general mechanisms have been reported to explain the variation on conduc-
tance in SWCNT-FET device, a doping of the SWCNT or a Schottky barrier
modulation [139]. In the first case, the modification of the charge carrier con-
centration (increase or decrease) should lead to a lateral shift of the transfer
curve at constant sub-threshold slope S. When a Shottky barrier modulation
occurs, the sub-threshold slope S should change but no shift of the OFF bias
interval should be observed. Schottky barrier modulation and SWCNT doping
can also take place simultaneously [142]. In the following section we propose to
present the response of our transistors during an exposition of various concen-
trations of NO2. The NO2 is known for being an electron acceptor gas and has
been reported to induce a p-doping of the SWCNT [140,212–215] and chemical
modifications at the interface metal/SWCNTs [141].

For this study, we used transistors made with SWCNTs grown from CoRu
catalyst at 800°C which present in average the best transfer characteristics.
A home made enclosure was used for the measurement. First, the device was
exposed to a constant flow of N2, then an additional constant flow of NO2 mixed
and diluted to the initial N2 flow is introduced in the enclosure. The pressure
is kept constant to avoid accumulation of NO2 in the enclosure. The electrical
response of the device has been monitored as a function of time.

5.3.1 Characterization of the device response : a doping
effect ?

Figure 5.8 presents the response of the device during exposition to various con-
centrations of gas. For all the concentrations tested an increase of the current
between source and drain is observed. As a function of the time, we observed
progressive increase of the current consistent with a progressive adsorption of the
NO2 molecules. For the lower concentration, this increase of the current seems
to occur with a constant sub-threshold slope. Then, the change of the con-
ductance seems consistent with a change of the SWCNT doping, in agreement
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with theoretical calculation [213]. When the concentration of NO2 increases, we
observe almost instantly a huge increase of the current, whatever the applied
gate voltage value and the device cannot be turned off correctly.

Figure 5.8: Id(Vg) characteristic of a same transistor from -20V to 10V after
flowing NO2 at a 0.8 ppm b 2.8 ppm c 9.5 ppm; Vds = 1V.

These results are consistent with a heavy p-doping of the SWCNT [142]. This
effect, due to its large intensity predominates and prevents the observation of
a possible modification of the Shotcky barrier. The effect is also reversible, in
few hours under pure N2 atmosphere the initial characteristic of the device is
recovered (see Figure 5.9).
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Figure 5.9: Id(Vg) characteristic after NO2 flow was stopped and replace by N2

flow; Vds = 1V.

5.3.2 Sensitivity

For a same device, the sensitivity (defined by the equation 5.1) as a function
of the concentration of the NO2 in the flowing gas has been calculated after 15
min and 60 min of exposure.

S = IOF F (NO2)− IOF F (N2)
IOF F (N2)

(5.1)

As shown on Figure 5.10 concentrations from 0.8 ppm to 14 ppm have been
tested. As expected, the sensitivity for a given time exposure increased with
the concentration of the NO2. Looking at the shape of the curve it seems
that a saturation regime has been reached, but measurements at higher concen-
tration should be done to ensure the validity of this result. In our conditions,
small concentrations of NO2 have been detected at room temperature. However
measurements at various device’s working temperature have to be performed in
order to complete the characterization of the device performance for gas sensing.

To conclude, our devices present a strong answer to NO2 gaz exposure due to a
doping of the SWCNTs by the adsorbed NO2 molecules. The sensibility of the
device should also be tested in ambient air atmosphere in order to check the
selectivity of the device. One of the biggest challenge in the use of SWCNT-
device as gaz sensor is to obtain a selective response to specific gases. One of
the solutions proposed to solve this problem is to functionalized the SWCNT
with molecules which exhibit gas-specific responses.
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Figure 5.10: a Id(Vg) characteristic after 60 minutes of NO2 flow at various con-
centration b Sensitivity after NO2 exposure versus the concentratio; Vds= 1V.

5.4 Conclusion

We have successfully integrated the SWCNTs obtained from different growth
conditions and various catalyst types in FET-devices. We confirmed that the
performance of the devices can be easily improved by changing the characteris-
tics of the SWCNTs used in the channel. After electrical breakdown process, in
optimized SWCNT growth conditions our devices present a very high Ion/Ioff
ratio. The performance of these devices can be further improved by optimizing
both the geometry and the transistors’ fabrication process. Finally, a very short
initial study of the response of such devices to gas exposure has been performed.
We observed a clear response for a short exposition (few minutes up to an hour)
to NO2 gas, even when very small concentrations (less than 1 ppm) are used.
To complete the study, the devices should also be tested in air atmosphere and
at various working temperatures.

5.5 Experimental detail

5.5.1 Deposition of the electrode

UV lithography is used to deposit the palladium electrode. First, the Si/SiO2

substrate with SWCNTs was cleaned by a three minutes sonication process in
acetone and respectively isopropanol. Then photosensible resin (SU8) was spin
coated (30 seconds at 4000 rpm) and the wafer was annealled for 5 min at 110°C
(see step a on Figure 5.11). A patterned quartz mask was used to allow selective
UV illumination. After alignement of the mask on the wafer, the sample was
illuminated for 7 seconds at 10 mW by the UV-light (see step b-c on Figure
5.11). The sample was then immersed for 25 seconds in a solution of MF 319
(a chemical developer), where the UV-exposed resin was removed (see step d
on Figure 5.11). Then the sample is transferred to an evaporator system where
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40 nm of palladium is deposited over the sample (see step e on Figure 5.11).
Finally, the sample is placed in a boiling acetone solution for few minutes, the
remaining photoresin and the metal deposit on it, was removed (see step f on
Figure 5.11). Wafer was then rinsed in a boiling isopropanol solution.

Figure 5.11: Schematic view of the lithography process for the deposition of the
electrode.
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Chapter 6

Functionalization of the
SWCNT-FET devices

As discussed in chapter 1 (section 1.5), the functionalization of SWCNTs by
inorganic complexes or organic molecules is highly desired for applications in
nanohybrid electronic devices and sensors. One of the possibilities is to unite
the unique transport properties of carbon nanotubes with the optical properties
of functionalizing molecules in order to tune the nanotube properties.

The present chapter focuses on the non-covalent functionalization of the nan-
otubes integrated in the FET devices described previously, by light sensitive
molecules. Non-covalent functionalization process has been chosen in order
to fully preserve the transport properties of SWCNTs when molecule is inac-
tive. The light-sensitive molecule is a [RuII − Pyr]2+ complex composed of a
[RuII(bpy)3]

2+ (bpy = bipyridine) unit connected to a pyrene (Pyr) molecule,
and is hereby named 1 (see Figure 6.1). This dyad molecule was designed to
take advantage of the photophysical properties of the ruthenium chromophore
and the ability of the pyrene motif to form π − π interactions with the nan-
otube [154,216–218].

Figure 6.1: Schematic view of (Bipyridine)2-(bipyridine-triazol-pyrene) ruthenium
hexafluorophosphate named 1

The molecule has been synthesized by Aurelie Baron by using the alkyne-azido
click chemistry. The triazole ring does not alter the photophysical and the
electrochemical properties of the [RuII(bpy)3]

2+ chromophore and confers a rigid
disposition of the two chromophores. These features are essential for the design
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of covalent assemblies holding a photoactive unit. The synthetic procedures for
the complex 1 [RuII − Pyr]2+ are described in appendix D .

6.1 Interaction between SWCNT and the ruthe-
nium complex : Study in liquid phase

6.1.1 Process

The first step of this study has been to verify the effective ability of 1 to stack
on SWCNT sidewall. UV-visible spectroscopy and fluorescence measurements
are the techniques of choice to characterize such interaction. Indeed, modifica-
tion of the surrounding environment of a species can lead to shift of the peak
positions in UV-visible range and to fluctuations of the fluorescence efficiency.
Modifications of absorption and/or emission spectra provide clues of the occur-
ring interactions. For the SWCNT’s functionalization we followed the method
developed by Roquelet et al. [219] based on micelle swelling. This method
allows the non-covalent functionalization of an assembly of individualized nan-
otubes in liquid solutions, then under this condition, optical measurement can
be performed.

Briefly, the molecules of interest dissolved in dichloromethane (DCM) are added
to a solution of isolated SWCNTs dispersed in sodium cholate micelle. The
biphasic system is sonicated with an ultrasound tip enabling the DCM to diffuse
into the micelle, bringing molecules in contact with the nanotube. The micelle
plays the role of a nano-reactor easing the stack of the molecule on the nanotube.
Finally, DCM evaporates and micelles individualize the new hybrid system :
molecule/nanotube (see Figure 6.2).

Figure 6.2: 1 SWCNT inside the micelle 2 DCM swells the micelle core, bringing
molecules 3 DCM evaporates molecules stay inside the micelle adapted from [152].

Experimental details of the dispersion in micelle and micelle swelling performed
in this study are described in the experimental part (6.5). Micellar suspension of
1, SWCNT, SWCNT+1, pyrene, SWCNT+pyrene, and SWCNT+[RuII(bpy)3]

2+

have been obtained.
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6.1.2 UV-visible analysis

Figure 6.3: UV-VIS-NIR absorbance in sodium cholate micelle dispersed in a buffer
solution at pH = 8 of : a CoMoCat SWCNT (purple), 1 (green) and SWCNT + 1
(blue) b HiPco SWCNT (purple), SWCNT + 1 (blue) c CoMocat SWCNT (purple),
pyrene (yellow) and SWCNT + pyrene (red), d CoMocat SWCNT (purple), SWCNT
+ [RuII(bpy)3]

2+ (no pyrene unit) (mauve).

Figure 6.3a displays the absorption spectra of commercial CoMoCat nanotubes,
of complex 1 and of the mixture (1+SWCNT) after micelle swelling process. The
spectrum of the bare nanotubes (purple) shows two main absorption bands at
982 nm and 571 nm, attributed to the (6,5) nanotube’s S11 and S22 transitions
respectively [219]. In the UV-Vis spectrum of 1 (green) the absorption maxi-
mum at 455 nm corresponds to the metal ligand charge transfer (MLCT) band
of the [RuII(bpy)3]

2+ chromophore while the absorption at 242, 283 and 345 nm
are attributed to intra-ligand transitions. The absorption spectrum of the SWC-
NTs mixed with 1 contains all the characteristic bands of the two components,
but a red shift of 10 nm of the S11 nanotube transition band, in comparison
with the free SWCNT suspension, is observed. Such a bathochromic shift indi-
cates the modification of the dielectric environment of the SWCNTs [220,221].
This modification is attributed to the presence of the complex 1 close to the
nanotube sidewall and confirmed the interaction between 1 and the SWCNTs.
A similar experiment has been performed with commercial HiPco carbon nan-
otubes (Figure 6.3b). An analogous red shift (between 1 and 20 nm) of S11
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carbon nanotube absorption bands is obtained, indicating that different chi-
ralities of nanotubes can interact with 1. Moreover, functionalization of the
previous suspension of CoMoCat with pyrene molecules, known for easily π-
stacking on SWCNT, presents the same bathochromic shift (Figure 6.3c). On
the contrary, no shift is observed when the nanotubes are mixed only with the
[RuII(bpy)3]

2+ (no pyrene unit) (Figure 6.3d), suggesting that the interaction
can occur via the pyrene unit only.

6.1.3 Fluorescence measurement

Excitation of the pyrene unit

In the literature, interaction between SWCNT and pyrene is often characterized
by a quench of pyrene fluorescence [216, 222, 223]. Fluorescence of pyrene has
been investigated by using an excitation wavelength at 325 nm. Fluorescence
spectrum of 1 excited at 325 nm presents characteristic peak of the pyrene
(350-400 nm) and of the Ru(bpy)3 unit (650 nm) (Figure 6.4a, green curve).
After the grafting process (Figure 6.4a, blue curve) for the same concentration
of 1, a quench of pyrene fluorescence band at 392 nm of 75% is observed. That
constitute a new evidence of the interaction of 1 and the SWCNT. One can note
that, an equilibrium between free and grafted molecule always occurs in solution,
then, even if the fluorescence quench of grafted molecule is total, fluorescence
of free molecule can still be observed.

As a control, similar experiment has been performed with pyrene molecule only.
For an equivalent concentration of pyrene, after the micelle swelling process,
we also observed a quenching of pyrene fluorescence, see Figure 6.4b. In this
case, the quenching is about of 52%. This lower quench can be explain by a
less efficient functionnalization process in case of pyrene which can present for
instance, a lower kinetics of functionnalisation.

Figure 6.4: Emission spectrum for excitation at 325 nm of a 1 (green) and SWCNT
+ 1 dispersion (blue) for a same concentration b pyrene (yellow) and SWCNT +
pyrene dispersion (red) for a same concentration.
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Excitation of the nanotube

Figure 6.5: PLE map in sodium cholate micelle dispersed in a buffer solution at
pH = 8 of a SWCNT (CoMoCat) (corresponding absorbance spectrum are shown in
figure 6.3a-purple line) b SWCNT + 1 after micelle swelling process (corresponding
absorbance spectrum are shown in Figure 6.3a-blue line) The signal at 900 for an
excitation around 450 nm correspond to the band tail of the [RuII(bpy)3] fluorescence.
c PLE cut at 570 nm of the PLE map a (purple line) and of the PLE map b (blue
line).

The PLE spectra of CoMoCat nanotubes were recorded within an excitation
domain ranging from 380 to 650 nm. Emission band at 983 nm for an excitation
at 570 nm is assigned to the luminescence from the (6,5) S11 level resonantly
excited on S22 level. Unexpectedly, no significant shift of this singlet-singlet
transition was detected in presence of 1 that would correspond to the shift of
the S11 absorption band observed in the UV-Vis measurement. However we
observed a significant decrease of PLE intensity. A quench (ca. 60%) of the
luminescence of the SWCNT was observed in presence of 1, to respect of an
equivalent concentration of SWCNT. We reasoned that this observed lumines-
cence could be attributed to the unfunctionalized SWCNT while the lumines-
cence of the functionalized SWCNT is totally quenched (see Figure 6.5). A
luminescence quenching results in a change in the relaxation pathway, induced
by charge or energy transfer or static quenching (aggregation...). The mecha-
nism of the quenching has not been fully investigated but is clearly trigger by



128 Chapter 6. Functionalization of the SWCNT-FET devices

the addition of 1 in the SWCNT neighborhood. If SWCNT aggregation can
be major reason of photoluminescence quenching, we however assume that it is
not the case for our system. Indeed, SWCNT aggregation should also lead to
an enlargement of the SWCNT absorption band which has not been observed
(Figure 6.3a).

In conclusion, UV-VIS and fluorescence measurements performed tend to prove
that 1 is actually able to stack on carbon nanotubes through its pyrene units.
For a better understanding of the interaction between 1 and SWCNT, further
experiment are needed. For instance, measurements in various concentrations
to access the thermodynamic of the reaction. The mechanism responsible of
the quench should also be further investigated.

6.2 Fonctionalization of SWCNT FET-device

After proving the possible stacking of 1 on the SWCNTs in solution, SWCNT-
FET device have been directly functionalized by 1. The design of the SWCNT-
FET arrays used in the present study has been reported in the previous chapter.
Some of the transport measurement presented here have been first realized by
Gurvan Magadur during his thesis [224].

6.2.1 Process

Figure 6.6: Ids vs. Vg curves from -20 to 20 V for SWCNT-FET (black) and the
same SWCNT-FET modified with 1 (blue); Vds = 2V.

The SWCNT-FETs devices were functionalized by depositing on the transistors
a solution droplet of 1 dissolved in dichloroethane (DCE) and leaving it to
dry. The device was then thoroughly rinsed with an excess of DCE in order
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to eliminate non-grafted complexes. The grafting/washing cycle was repeated
three times to maximize the number of molecules grafted on the SWCNTs’
sidewalls and minimize the number of residual molecules on the substrate.

The device characteristics do not change drastically upon its modification by
molecules of 1 as seen in Figure 6.6. A small increase of the drain current
is observed, leading to right hand shift of the Id/Vg plot. This shift is char-
acteristic of a p-doping which can be chemical or electrostatic [157, 225]. A
p-doping of the SWCNT by 1 is also consistent with the quenching of SWCNT
photoluminescence observed in liquid phase. No modification of the Schottky
barrier is evidenced since no change of the slope of the Ids = f(Vg) plot could
be observed [142,226].

6.2.2 Raman spectroscopy

In order to directly prove the presence of 1 on SWCNT, we carried out specific
Raman spectroscopy experiments. A Raman mapping has been performed in a
chosen and marked area between the two SWCNT-FET electrodes before and
after functionalization see Figure 6.7. We identified, through their positions,
three noticeable SWCNTs by their Radial Breathing Mode (RBM) peaks. The
band at 300 cm−1 corresponds to the silicon oxide substrate and is present on
all spectra. After modifying the device with 1, a blue shift of the RBM modes
is observed (see Table in Figure 6.7), characteristic when molecule is in contact
with SWCNT [160,185,227,228].

Nanotube RBM before grafting RBM after grafting Shift
Nanotube 1 202.5 cm−1 203.5 cm−1 +1 cm−1

Nanotube 2 151.9 cm−1 155.2 cm−1 +3.3 cm−1

Nanotube 3 201.9 cm−1 203.9 cm−1 +1.3 cm−1

Figure 6.7: Top a Raman shift (632nm) before grafting, b Raman shift (632nm)
between the same two electrodes after grafting. Intensity and shift of all the spectra
have been calibrated on the silicon substrate peaks at 521 cm−1. Bottom Table
Raman shift in cm−1 on selected nanotubes of the FET device before and after
grafting.
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It’s worth noting that the most pronounced shift i.e. 3.3 cm−1 is observed for the
larger SWCNT (RBM at 151.9 cm−1) in good agreement with literature values
on the influence of functionalization on the RBM frequencies [229]. Moreover,
we note that the intensity of the RBM peaks is also modified, indicating a change
in the resonance conditions of the SWCNT, expected after a functionalization
process [227].

In summary, we conclude from the shifts of the spectroscopic studies that com-
plexes 1 stack on the sidewall of the nanotubes both in solution and when in-
tegrated into the devices. Importantly, the pristine transport properties of the
FET devices does not seem significantly altered upon the stacking the molecules.
We can then investigate the effect of the light on the devices modified by 1.

6.3 Application : Photo-switching

6.3.1 Photo-switching characterization

When the SWCNT-FET devices, modified by 1, were irradiated in resonance
with the [RuII(bpy)3]

2+ MLCT band (455 nm), their transport characteristics
dramatically changed (Figure 6.8a). For positive gate values, Ioff current in-
creases by several orders of magnitude and the process is perfectly reversible
after several irradiation cycles (Figure 6.8a).

Figure 6.8: a Ids vs. Vg characteristics SCWNT-FET modified with 1 with (red
first excitation; orange second excitation) and without (green initially scan; blue after
the first excitation; purple after the second excitation) excitation at 455 nm; Vds = 2
V and b variation of Ids for a fixed Vg at ( -10V, 10V, 20V and 30V) of a SWCNT-
FET modified with 1 when the 455 nm excitation light is alternatively turned on and
off, laser power 30 mW/cm2.

The Ids curves as a function of time curves for different Vg values are depicted in
Figure 6.8b for the functionalized device. When the transistor is illuminated in
the On state (Vg = -10 V, Figure 6.8b purple line), almost no change is observed
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but, a strong amplification factor up to 103 of the Ioff current occurs when the
gate voltage was fixed at + 10V + 20 V and + 30 V (Figure 6.8b, blue, orange
and green curves). The light-triggered enhancement of the conductivity of the
device is reversible and time persistent only under light excitation; indeed the
initial Off current is recovered within much less than 1 second (time resolution
of the set up was 1s) after the light is switched off. This fast recovery indicates
that no phenomenon of charge trapping at SiO2 interface occurs. These results
lead to the conclusion that, upon continuous illumination in the MLCT band
of the RuII chromophore, the conduction becomes almost independent from the
gate voltage.

Control experiments under illumination have also been performed and the pho-
toswitch effect of devices modified by 1 is only observed when the wavelength
is tuned with the MLCT band of 1 (i.e. at 455 nm). When the light is tuned
out of resonance (590 nm) no photomodulation occurs (see Figure 6.9a). FET
devices have been also functionalized with 2 (molecule 1 without the photoac-
tive [RuII(bpy)3]

2+ unit see Figure 6.9b). As shown in Figure 6.9b here again
no photomodulation is observed at 455 nm.

Figure 6.9: a Ids vs. Vg characteristics SCWNT-FET modified with 1 with (black
in dark; pink : under laser excitation at 590 nm and orange under laser excitation at
455 nm b Ids vs. Vg characteristics SCWNT-FET modified with 2; Vds = 2V.

6.3.2 Photo-switching Mechanism

Experimental insight

Since the [RuII − Pyr]2+ complexes 1 stack onto the nanotubes through the
pyrene group and the light effect is due to irradiation in the MLCT band of
the Ru(bpy)3 unit, we suggest that the mechanism responsible for the modu-
lation of the transport behavior involves both the excited state of the Ru(II)

moiety and that of the pyrene unit that is in direct contact with the nanotube.
We, therefore, propose that the first event of the mechanism involves a triplet-
triplet energy transfer process from 3[RuII(bipy)3]

2+∗ to the 3Pyr∗ present at the
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surface of the SWCNT. In order to probe the existence of such triplet-triplet
energy transfer the photophysical properties of 1 were investigated by laser flash
photolysis in acetonitrile solutions. Excitation of 1 in acetonitrile at 455 nm
with a nanosecond laser flash leads to the formation of an excited state, which
is detected by emission with a maximum at 618 nm (Figure 6.10a), typical
for RuII-polypyridine complexes [230]. However, the emission lifetime (1.0 µs/
20% and 4.7 µs/ 80%) is significantly longer than the one observed for the par-
ent [RuII(bipy)3]

2+ complex (0.8 µs) (see Figure 6.10b). This is attributed to
the fast establishment of the equilibrium between 3[RuII(bipy)3]

2+∗ and 3Pyr∗

triplet excited states [231]. Figure 6.10c displays the transient absorption spec-
trum of 1 in acetonitrile. It shows a bleaching at 350 nm and a maximum
at 417 nm attributed to the formation of 3Pyr∗. The dip in the differential
absorption spectrum at about 455 nm is as expected due to the bleaching of
the [RuII(bipy)3]

2+ MLCT state due to the formation of some 3[RuII(bipy)3]
2+∗

triplet excited state. The triplet-triplet energy transfer in 1 is consequently
demonstrated in acetonitrile solution.

Figure 6.10: a emission spectra at 20 ns (blue line) and 1µs (black line) after
laser flash b Kinetics of emission of Ar purged sample in MeCN, excitation 455 nm.
Biexponential fit: 1.0µs/20%; 4.7µs / 80%. c Transient absorption spectra of complex
1 in acetonitrile excited on the [RuII(bipy)3]

2+ MLCT band, delays from laser pulse
as indicated in the legend.
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Another way to probe the role of the triplet-triplet energy transfer process is
to design a derivative of complex 1 where the bipyridine groups are modified
with ester groups (1-ester). Indeed, these modifications are known to lower the
3[RuII(bipy)3]

2+∗ energy of the dyad [232]. The photophysical properties of 1-
ester do not show the presence of the triplet-triplet transfer process between the
ruthenium chromophore and the pyrene unit (see Figure 6.11b-c). As shown in
Figure 6.11d when 1-ester is stacked on the SWCNT-FET, no photomodulation
is observed. Therefore, these results strongly emphasize the requirement to
reach the triplet state of the pyrene unit at the surface of the SWNTs in order
to observe the change in conductivity (Figure 6.10b) and that the mere presence
of the Ru(bpy)3 moiety in the proximity of the nanotube cannot be at the origin
of the observed effect.

Figure 6.11: a schematic view of 1-ester b Kinetics of emission of 3 in Ar purged
MeCN, excitation 455 nm. Red: exponential fit, τ = 1.46 µs. Inset: emission spectra
at 10 ns, 100 ns, 500 ns, and 1.5 µs after laser flash c Energy Scheme for the excited
states in[RuII(bipy)3]

2+. The energy are suggested according to the experiments and
theoretical calculation d Ids Vs. Vg characteristics for a CNFET, the same CNFET
modified with 3
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Theoretical insight

Then, the nature of the interaction between SWCNT and pyrene triplet staked
on its wall still has to be sorted out. Theoretical experiment have been per-
formed by Nathalie Guihéry team in Toulouse to analyze such interaction.

Broken Symmetry DFT calculations using the range-separated CAM-B3LYP
functional [233] were performed. The starting system is a pyrene-triazol de-
posited on a nanotube. In a first place, nanotubes (10,8) having close diameter
(1.204 nm) as those used in the experiments but with various lengths have been
computed. The energy of the Highest Occupied Molecular Orbital (HOMO)
and the Lowest Unoccupied Molecular Orbtals (LUMO) reported in appendice
D, shows that the gap of the nanotube closes upon increasing the nanotube
length (L) as expected. The gap as function of 1/L (see Table D.1 in appendix
D) shows that it would remain finite at infinite size, hence that the studied
nanotube would have the same semi-conductor behavior as those used in the
experiments at the thermodynamic limit. The geometry optimization of the
pyrene-triazol moiety deposited on the nanotube converges to the structure
depicted in Figure 6.12 demonstrating that the pyrene-triazol stacks on the
surface with a minimum distance between the carbons of the two subsystems
of 3.8 Å. Looking at the orbitals energy of the staked pyrene-triazol unit in its
singlet ground state (table 6.1), one may note that its HOMO and LUMO are
respectively lower and higher than those of the nanotube. Consequently, the
mere stacking of the pyrene-triazol on the nanotube cannot affect the transport
properties of the device thought a chemical doping. Then, one can assume that
the p-doping observed in section 6.2.1 is due to an electrostatic doping induced
by the negative charge of the molecule.

In order to investigate the effect of irradiation, Nathalie Guihéry team computed
the energy of the first excited triplet state of both the isolated pyrene-triazol and
the whole system (pyrene stacked on the nanotube). The energies of the HOMO
and LUMO spin-orbitals located on the pyrene-triazol and the singly occupied
molecular orbitals (SOMOs) located on the nanotube in the triplet state of
the whole system are reported in table 6.1. They show that the first excited
triplet state of the pyrene/nanotube system is not located on the pyrene-triazol
unit but on the nanotube. Indeed, the singlet-triplet gap of the isolated pyrene-
triazol unit is found to be 2.36 eV while that of the whole system is only 0.73 eV.
One could question the reliability of these results because of the finite size of the
nanotube used for the calculations. Nevertheless, increasing the length of the
nanotube would of course lead to a decrease of the HOMO/LUMO gap while the
energy of the HOMO and LUMO of the pyrene-triazol unit will not significantly
change, the observed effect would thus be more favorable energetically. One can
also see that these last energies are very similar in the singlet and triplet states of
the whole system and also similar to those of the isolated unit (-5.52eV, -1.82eV
for the HOMO and LUMO respectively), which is in line with the weak nature of
the π−π interactions. Finally, since the excitation on the pyrene-triazol is much
higher than that of the nanotube, the most probable mechanism is an excitation
transfer from the pyrene-triazol unit to the nanotube. As in its triplet excited
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state the conduction band is populated, a conduction of electrons is observed
when applying a positive voltage. It is worth noting that this mechanism is
also compatible with the reversible character of the observations as it does not
chemically change the deposited compound : when the irradiation stops the
nanotube relaxes to its ground state and the process can be reproduced.

Figure 6.12: Two views of the calculated optimized structure of the pyrene-triazol
staked on a nanotube of length 1.356nm

Table 6.1: Energy of the HOMO and LUMO spin-orbitals located on the pyrene-
triazol and of the two SOMOs located on the nanotube in the whole system calcula-
tion.

State sub system Orbital energies(eV)
HOMO -6.587
LUMO -0.575Pyrene-triazol
Gap 6.01
HOMO -4.78
LUMO -2.72

Singlet ground state

nanotube
Gap 2.06

αspin βspin
HOMO -6.590 -6.587
LUMO -0.614 -0.571Pyrene-triazol

Gap 5,976 6.016
SOMO1 -4.76
SOMO2 -4.05

Excited triplet state

nanotube
Gap 0.70
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Proposed Mechanism

Based on the experimental measurement and the results of the theoretical cal-
culation we proposed the following mechanism :

Figure 6.13: Schematic mechanism of the formation of the triplet exciton on the
nanotube via cascade triplet-triplet energy transfer after illumination of the Ru chro-
mophore. Legend Blue : Nitrogen atom ; Grey : Carbon atom ; Gold : Ruthenium
atom.

To confirm this mechanism, experimental observation of the triplet exciton on
a nanotube is desirable but, it is a challenge, as shown by the few studies that
report such observation [234, 235]. No evidence concerning their effect on the
transport behavior of SWCNT-FET devices was evidenced to date. However,
to indirectly probe a possible energy transfer which starts from the ruthenium
towards the carbon nanotube, we analyze in liquid phase, the emission of the
3Ru(bpy)3 in the molecule 1 in absence and in presence of nanotube. We used
for that the micelle swelling method presented in part 6.1.1. Figure 6.14a shows
the emission of 1 after excitation at 480 nm (almost same excitation used for
illuminating the SWCNT-FET device), the peak at 650 nm correspond to the
emission of 3Ru(bpy)3. In presence of the nanotube, for a same concentration
of 1, a quench of 47.4% of the 3Ru(bpy)3 peak is observed. This quench is
consistent with the energy transfer mechanism. The fact that the quenching
of the fluorescence emission is not 100% was expected, due to the presence of
some free molecules of 1 in solution. The normalized emission spectra (Figure
6.14b) match perfectly before and after functionalization, pertaining the fact
that the residual luminescence in the case of SWCNT + 1 originates from free
1 molecules.
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Figure 6.14: : a Emission spectrum for excitation at 480 nm SWCNT + 1 dispersion
(blue line) and 1 (green line) b Normalized emission spectra for excitation at 480 nm
SWCNT + 1 dispertion (blue line) and 1 (green line).

6.4 Conclusion and prospective

We have reported here a very large visible-light photomodulation of the con-
ductivity of a SWCNT-FET devices decorated with molecular sensitizers. This
molecular system behaves as a bichromophoric assembly where the role of the
[RuII(bpy)3]

2+ unit is two-fold. Firstly, it acts as an antenna to capture visible
light and activate the pyrene triplet excited state usually reachable via UV light
and only by inter system crossing from the excited singlet state. The excitation
of the pyrene (3Pyr∗) being much higher in energy than the first excitation (and
probably many excitations) of the nanotube, it is then transferred creating a
triplet exciton on the nanotube, thus populating its conduction band by elec-
trons and creating a hole in its valence band leading to drastic change in the
conductivity. Thus, the cornerstone of the large change in the conductivity of
the FET device is the formation of the triplet state on the pyrene unit, and
this state is efficiently accessible through the triplet state of the Ru(bpy)3 chro-
mophore and not by direct excitation of the pyrene.
For a full understanding of the interaction between SWCNT and the [RuII −
Pyr]2+ few complementary experiments are required. First, the investigation of
the exact nature of the interaction of the SWCNT and the chromophore with-
out light have not been deeply investigated. The SWCNT photoluminescence
quench shown during the study in liquid phase such as the current increased
when FET-device are coated with the chromophore are consistent with a p-
doping but do not constitue an absolute proof. Analysis of the G-band of
the SWCNT in Raman spectroscopy and photoluminescence measurement at
various concentration can provide relevant information concerning this eventual
SWCNT doping. Secondly, pump-probe measurement of the system under light
illumination should be performed in order to definitely prove the formation of
the triplet exciton on the nanotube induced by the photo-excitation.
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6.5 Experimental details

6.5.1 Micelle swelling method

Suspending nanotube in micelle

First, small amont SWCNT powder (CoMoCat or HipCo) was added to a 2 wt%
suspension of sodium cholate micelle into a pH=8 borate buffer (10−2 mol.l−1).
A tip sonication of the micelles/SWCNTs was applied for 1h30 in a thermostatic
bath at 2°C. Then, 1h of ultraultracenfugation at 120 000 g was performed to
remove bundles nanotubes and amorphous carbon and select isolated nanotube
only.

Suspending molecule in micelle

400 µL of a solution (S1) of the molecule of interested in DCM was added to
4mL of a 2 wt% sodium cholate micelle suspension into a pH=8 borate buffer.
A smooth tip sonication (20%) is then applied to the biphasic system in a
thermostat bath at 12°C for one hour.

System S1 concentration (mol.L−1)

molecule 1 7.92.10−4

pyrene molecule 5.22.10−4

Molecule-SWCNT hybrid system fabrication by micelle swelling

400 µL of a solution (S1) at of the molecule of interested in DCM was added to
2 mL of the isolated SWCNT solution and 2 mL of a 2 wt% the sodium cholate
micelle suspension into a pH=8 borate buffer. A smooth tip sonication (20%) is
then applied to the biphasic system in a thermostat bath at 12°C for one hour.

System S1 concentration (mol.L−1)

1-SWCNT (CoMoCat) 7.92.10−4

1-SWCNT (HiPco) 2.61.10−4

pyrene-SWCNT (CoMoCat) 5.22.10−4

[RuII(bpy)3]
2+ -SWCNT (CoMoCat) 5.22 .10−4
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Conclusion

This thesis has been dedicated to the SWCNT synthesis in the view of analyzing
the growth parameters which can influence the final structure of the grown
SWCNTs.

We have focused on the carbon nanotube synthetic process and we developed a
new, original, and versatile approach for designing specific homogenous bimetal-
lic catalyst for the CVD SWCNT growth. This approach is based on preformed
Prussian Blue Analog nanoparticles which are used to obtain in situ individual
and small bimetallic catalyst nanoparticles with a narrow size distribution. The
diversity of the Prussian Blue Analog family gives rise to a new and versatile
way of easily adjusting the catalyst properties by changing the PBA’s metal
composition. Under these conditions, it becomes possible to study the effect of
changing one or both of the metal components in the bimetallic alloy catalyst
upon the selectivity of the SWCNT growth because the growth process can be
kept close to identical, except for the nature of the metal in the catalyst. This
capability offered by the method presented in this thesis paves a large avenue
for investigating SWCNT growth selectivity by tuning properties of the metal
catalyst.

We applied this new synthetic method to grow SWCNTs from three different
bimetallic catalyst of FeRu, CoRu and NiRu at various temperatures. We ob-
served significant difference between the as-grown SWCNTs as a function of
both temperature and metal catalyst composition, especially in terms of diam-
eter distribution. We proved that this effect cannot be attributed to variation
of the catalyst nanoparticle size distribution which has been shown to be very
similar whatever the growth temperature or the catalyst chemical composition.
Indeed, it appears that under fixed growth conditions we could activate selec-
tively different nanoparticle catalyst size population. The exact mechanism of
this selective activation is not yet fully understood, but we assume that it re-
lates to the difference in carbon solubility into the nanoparticles depending on
their size and their chemical composition. A statistical analysis of both the di-
ameter of the SWCNTs and their own catalyst nanoparticles through HRTEM
measurements should be done in the future to consolidate an absolute verifica-
tion of these selective activation. The observation of such system was difficult
in this present study, the samples observed in TEM after a transfer process did
not enabled any statistical study. The recent start of the collaborative project
Nanomax, for the development of the SWCNT growth in an environmental
HRTEM should provide new key for better understanding the growth of SWC-
NTs and provide nowadays missing statistical measurements. Concerning the
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influence of the carbon solubility upon the SWCNT growth activation, theoret-
ical calculations could also be envisioned in order to derive the carbon solubility
limit of our nano-alloys as a function of the nanoparticle size and temperature
and thus to sustain the proposed mechanism.

We also evidenced, as a function of the temperature, an increase of the s-
SWCNT proportion, probably due to a selective etching of the bigger diameter
m-SWCNT at high temperature. In order to validate this observations, we fab-
ricated field effect transistors from the SWCNTs obtained at various growth
temperatures. A statistical analysis of their characteristics, has confirmed the
presence of more metallic SWCNTs when the growth is performed at low tem-
perature. After an electrical breakdown process, these transistors exhibited a
very high on-off ratio despite the lack of optimization of our transistor’s design
and fabrication process. We also noted that after these electrical breakdowns,
transistors made with SWCNT grown at lower temperature exhibited on av-
erage better on/off ratios. We attribute this effect to the smaller diameter of
the SWCNTs and/or a better crystallinity of the nanotubes grown at lower
temperature.

Strong modifications of the current flowing in our transistors when they are
exposed to weak concentrations of NO2 gas have also been evidenced. Such
strong response is related a priori to a doping of the SWCNTs forming the
transistor channel. Further experimentations are, however, needed in order to
understand the strong response of the device, through a better characterization
of the nanotubes effectively connected between source and drain electrodes.

Finally, in the last part of this work we looked into the non-covalent interaction
of SWCNTs and a photo active complex of ruthenium-tris-bipyridine covalently
linked through a pyrene unit. After proving a possible interaction between the
complex and the nanotube via a Π-stacking of the pyrene unit, we character-
ized the transport properties of functionalized SWCNT-FET devices. We ob-
served a photo-induced modification of the characteristic of the device, leading
to an increase up to three orders of magnitude of the off current. This drastic
change is both fast, reversible and wavelength dependent. Through photophysi-
cal studies and theoretical calculation, we assumed that the mechanism leading
to this photoinduced current rest on a triplet-triplet energy transfer between
the photo-active complex and the SWCNT. To confirm this mechanism, the ob-
servation of the expected induced triplet state of the SWCNT would be highly
desired. Transient absorption measurement after the photo-excitation of the
SWCNT/photo active-complex hybrid system could be a possible experiment
to reach this aim.

The work of this thesis contributed to proposing a new synthetic process to allow
a better understanding of the SWCNT growth mechanism by decoupling as
much as possible the various parameters of the CVD synthesis, and potentially
lead to more chiral selective synthesis of SWCNTs. The last chapter also showed
the great potentiality of the new carbon nanotube/hybrid systems to merge
properties of SWCNTs with those of molecules of interest, opening the door to
new applications for SWCNTs.
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Appendix A

Appendix chapter 3

A.1 XPS quantification

Table A.1: Area of Carbon, Ruthenium and Iron XPS peak uncorrected

Peak C 1S Ru 3d3/2 Ru 3d5/2 Fe 2p1/2 Ru 2p1/2

Intensity before pretreatment (eV) 2010.04 481.19 701.12 378.72 909.29

Intensity after pretreatment (eV) 677.80 256.77 372.07 307 586.63

Scofield factor 1 5.17 7.51 5.43 10.54

Table A.2: Total Area of Carbon, Ruthenium and Iron XPS peak corrected with
Scofield factor after and before a pretreatement

Element Carbon Ruthenium C/Ru Iron Ru/Fe

Before pretreatment 2010 187.9 10.69 156 1.22

After pretreatment 677.8 99.2 6.83 112.2 0.88
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A.2 STEM-EDX sepctrum

Figure A.1: EDX spectrum of the numbered nanoparticle
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Figure A.2: EDX spectrum of the numbered nanoparticle
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Figure A.3: EDX spectrum of the numbered nanoparticle
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Appendix B

Appendix chapter 4

B.1 Diameter distribution

B.1.1 SWCNT grown from FeRu catalyst

Figure B.1: Diameter distribution of SWCNT grown from FeRu catalyst at a 700°C
b 800°C c 900°C d 1000°C
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B.1.2 SWCNT grown from CoRu catalyst

Figure B.2: Diameter distribution of SWCNT grown from CoRu catalyst at a 700°C
b 800°C c 900°C d 1000°C
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B.1.3 SWCNT grown from NiRu catalyst

Figure B.3: Diameter distribution of SWCNT grown from NiRu catalyst at a 800°C
b 900°C c 1000°C
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B.2 Semi-conducting/metallic ratio

B.2.1 SWCNT grown from FeRu catalyst

Figure B.4: Semi-conducting/metallic ratio of SWCNT grown from FeRu catalyst
at a 700°C b 800°C c 900°C d 1000°C



B.2. Semi-conducting/metallic ratio 149

B.2.2 SWCNT grown from CoRu catalyst

Figure B.5: Semi-conducting/metallic ratio of SWCNT grown from CoRu catalyst
at a 700°C b 800°C c 900°C d 1000°C
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B.2.3 SWCNT grown from NiRu catalyst

Figure B.6: Semi-conducting/metallic ratio of SWCNT grown from NiRu catalyst
at a 800°C b 900°C d 1000°C
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Appendix C

Appendix chapter 5

C.1 Raman spectroscopy D and G modes

Figure C.1: Typical raman spectra of D and G mode of SWCNT grown from FeRu
catalyst at a 800°C b 1000°C

Figure C.2: Typical raman spectra of D and G mode of SWCNT grown from CoRu
catalyst at a 800°C b 1000°C
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Figure C.3: Typical raman spectra of D and G mode of SWCNT grown from NiRu
catalyst at a 800°C b 1000°C

C.2 Ion/Ioff versus Ioff

Figure C.4: Ion/Ioff ratio versus Ioff of FET-device after electrical breakdown
fabricated from textbfa FeRu catalyst textbfb CoRu catalyst textbfc NiRu catalyst
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Appendix D

Appendix chapter 6

D.1 Synthesis

(i) NaNO2, NaN3, HCl/H2O (88%);d (ii) d, CuSO4.5H2O, sodium ascorbate,
CH2Cl2/H2O (1:1) (76%); (iii) CuI, CH2Cl2/C2H5OH/H2O (4:8:3) (97%). Ru-
CCH (c) was synthesized according to the literature.
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1-Azidopyrene (d)

Figure D.1: C16H9N3

To a mixture of 1-aminopyrene (0.44 g, 2.0 mmol, 1.0 eq.) in conc. hydrochloric
acid (6.0 mL) and water (48.0 mL) was added sodium nitrite (0.41 g, 6.0 mmol,
3.0 eq) in H2O (20.0 mL) dropwise under vigorous stirring at 0°C. After 30 min
sodium azide (0.78 g, 12.0 mmol, 6.0 eq.) in H2O (40 mL) was added dropwise
to the reaction mixture at 0°C, then the reaction mixture was stirred for 20 min
at 0°C. The grey suspension was extracted with Et2O. The organic layers were
washed with brine, dried over MgSO4, filtered and evaporated to yield 0.43 g
(1.75 mmol, 88%) of 1-azidopyrene as a brown solid.
1H NMR (400 MHz, CDCl3) δ: 8.28 (d, 1H, 3J 9.2 Hz, H-a); 8.16 (d, 1H, 3J
8.2 Hz, H-b); 8.15 (d, 1H, 3J 8.0 Hz, H-8 or H-10); 8.15 (d, 1H, 3J 7.3 Hz, H-8
or H-10); 8.06 (d, 1H, 3J 9.2 Hz, H-a’); 8.00 (br s, 2H, 2 H-c); 7.99 (dd, 1H, 3J
8.0, 3J 7.3 Hz, H-9); 7.81 (d, 1H, 3J 8.2 Hz, H-b’).
13C NMR (100 MHz, CDCl3) δ: 133.4, 131.7, 131.5, 128.6 (4 Cq); 127.8 (C-
a’); 127.3, 127.0, 126.7 (C-9, 2 C-c); 125.8 (Cq); 125.7, 125.5, 125.3 (C-b, C-8,
C-10); 124.7 (Cq); 122.8 (Cq); 121.7 (C-a); 115.7 (C-b’).

Molecule (b)

:

Figure D.2: (C48H33F12N9P2Ru)(Bipyridine)2-(bipyridine-triazol-pyrene) ruthe-
nium hexafluorophosphate (b)
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Ru-CCH (3) (132.5 mg, 0.15 mmol, 1.0 eq.) was suspended in CH2Cl2 (7.5
mL) under an argon atmosphere. 1-Azidopyrene (4) (54.7 mg, 0.23 mmol, 1.5
eq.) was added, followed by the successive addition of water (7.5 mL), sodium
ascorbate (13.4 mg, 0.07 mmol, 0.45 eq.) and copper sulfate pentahydrate (5.6
mg, 0.02 mmol, 0.15 eq.). After 20 hours of stirring at room temperature, a sat-
urated aqueous solution of ammonium hexafluorophosphate was added and the
reaction mixture was extracted with CH2Cl2. The organic layers were washed
with a saturated aqueous solution of NaCl, and concentrated. The crude solid
was dissolved in a minimum amount of CH2Cl2 and then filtered through an
alumina plug. The excess of azido derivative was removed by washing with
CH2Cl2, and the desired ruthenium complex (2) was recovered by washing with
CH3CN and a solution of ammonium hexafluorophosphate in CH3OH. The
solvents were evaporated and the residue was dissolved in a minimum amount
of CH2Cl2, then added drop wise at a large volume of pentane. The formed
precipitate was filtered, washed several times with cold H2O and Et2O and
dried under vacuum to yield 128.5 mg (0.11 mmol, 76%) of the desired hexaflu-
orophosphate ruthenium complex (2) as an orange/red solid.

1H NMR (400 MHz, CD3CN) δ: 9.08 (dd, 1H, 4J 1.9, 5J 0.4 Hz, H-3”); 9.03 (s,
1H, H-5”’); 8.71 (ddd, 1H, 3J 8.3, 4J 1.2, 5J 1.0 Hz, H-3’); 8.57-8.49 (m, 4H, 4
H-3); 8.46 (d, 1H, 3J 8.3 Hz, Hpyr-A); 8.43 (dd, 1H, 3J 7.7, 4J 0.8 Hz, H-8’v or
H-10’v); 8.39 (dd, 1H, 3J 7.8, 4J 0.8 Hz, H-8’v or H-10’v); 8.34 (d, 1H, 3J 9.0
Hz, Hpyr-B); 8.29 (d, 1H, 3J 9.0 Hz, Hpyr-B’); 8.29 (d, 1H, 3J 9.4 Hz, Hpyr-C);
8.22 (d, 1H, 3J 8.3 Hz, Hpyr-A’); 8.19 (dd, 1H, 3J 7.8, 3J 7.7 Hz, H-9’v); 8.10
(ddd, 1H, 3J 8.3, 3J 8.0, 4J 1.4 Hz, H-4’); 8.12-8.05 (m, 4H, 4 H-4); 7.97 (dd,
1H, 3J 6.0, 4J 1.9 Hz, H-5”); 7.92 (d, 1H, 3J 9.4 Hz, Hpyr-C’); 7.90 (ddd, 1H,
3J 5.7, 4J 1.5, 5J 0.7 Hz, H-6); 7.83 (dd, 1H, 3J 6.0, 5J 0.4 Hz,H-6”); 7.82-7.75
(m, 4H, 3 H-6, H-6’); 7.47-7.39 (m, 5H, 4 H-5, H-5’).

13C NMR (100 MHz, CD3CN) δ: 159.1 (C-2”); 158.4 (4 C-2, C-2’); 155.5
(C-6”); 153.1 (4 C-6, C-6’); 144.8 (C-4”’); 141.1 (C-4”); 139.2 (4 C-4, C-4’);
134.0-132.6-132.0-131.4 (4 Cq-pyr); 131.3 (Cpyr-C); 130.6 (Cpyr-B); 129.1 (C-
5’); 129.0 (4 C-5); 128.6 (C-5”’); 128.5 (C-9’v); 128.5 (Cpyr-B’); 128.2-127.7
(C-8’v, C-10’v); 127.3 (Cq-pyr); 126.5 (Cpyr-A); 126.1 (Cq-pyr); 125.9 (C-3’);
125.7 (4 C-3); 125.1 (Cq-pyr); 125.0 (Cpyr-A’); 124.5 (C-5”); 122.2 (Cpyr-C’);
121.5 (C-3”). MS (ESI+): m/z 982.1 [M+PF6]+. HRMS (ESI+): calculated
for C48H33F6N9PRu 982.1551, found 982.1522; calculated for C48H33F6N9Ru
418.5952, found 418.5951.
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Molecule (a)

Figure D.3: (C28H17N5) 4’-(1”-(pyren-1”’-yl)-1H-1”,2”,3”-triazol-4”-yl)-2,2’-
bipyridine

To a suspension of 4’-ethynyl-2,2’-bipyridine (5) (76.8 mg, 0.43 mmol, 1.0 eq.)
and 1-azidopyrene (4) (124.5 mg, 0.51 mmol, 1.2 eq.) in CH2Cl2/C2H5OH/H2O
(4:7:3, 22.0 mL) was added CuI (113.7 mg, 0.60 mmol, 1.4 eq.). After 20 hours
of stirring at room temperature, the reaction mixture was concentrated. The
residue was suspended in a solution of aqueous HEDTA (50 mL) and vigorously
stirred for 2h. The mixture was extensively extracted with CH2Cl2. The com-
bined organic phases were washed with H2O and brine, then dried over MgSO4.
The filtrate was concentrated and the crude residue was suspended in a mini-
mum amount of CH2Cl2, then filtered through a silica plug. The excess of azido
derivative was removed by washing with CH2Cl2, and the desired product (1)
was recovered by washing with CH2Cl2/CH3OH (95:5). The solvents were evap-
orated and the residue was dried under vacuum to yield 176.1 mg (0.42 mmol,
97%) of 4’-(1”-(pyren-1”’-yl)-1H-1”,2”,3”-triazol-4”-yl)-2,2’-bipyridine (1) as a
brown solid.

1H NMR (400 MHz, CDCl3) δ: 8.82 (dd, 1H, 4J3’,5’ 1.8, 5J3’,6’ 0.6 Hz, H-3’);
8.82 (dd, 1H, 3J6’,5’ 5.1, 5J6’,3’ 0.6 Hz,H-6’); 8.68 (ddd, 1H, 3J6,5 4.8, 4J6,4 1.7,
5J6,3 0.9 Hz, H-6); 8.56 (s, 1H, H-5”); 8.47 (ddd, 1H, J3,4 8.1, 4J3,5 1.0, 5J3,6
0.9 Hz, H-3); 8.29 (dd, 1H, 3J 7.7, 4J 0.8 Hz, H-8”’ or H-10”’); 8.28 (d, 1H, 3J
8.1 Hz, H-a); 8.25 (dd, 1H, 3J 7.9, 4J 0.8 Hz, H-8”’ or H-10”’); 8.20 (d, 1H, 3J
9.0 Hz, H-b); 8.15 (d, 1H, 3J 9.3Hz, H-c); 8.14 (d, 1H, 3J 9.0 Hz, H-b’); 8.12 (dd,
1H, J5’,6’ 5.1, 4J3’,5’ 1.8 Hz, H-5’); 8.11 (dd, 1H, 3J 7.9, 3J 7.7 Hz, H-9”’); 8.08
(d, 1H, 3J 8.1 Hz, H-a’); 7.90 (d, 1H, 3J 9.3 Hz, H-c’); 7.84 (ddd, 1H, J3,4 8.1,
J4,5 7.4, 4J4,6 1.7 Hz, H-4); 7.32 (ddd, 1H, J4,5 7.4, J5,6 4.8, 4J3,5 1.0 Hz, H-5).

13C NMR (100 MHz, CDCl3) δ: 157.0 (C-2’); 156.0 (C-2); 150.4 (C-6’), 149.4
(C-6); 146.0 (C-4”); 139.1 (C-4’); 137.3 (C-4); 132.7, 131.3, 130.8 (3 Cq); 130.2
(C-b’); 130.2 (Cq); 129.4 (C-b); 127.2 (C-9”’); 127.1 (C-c); 126.8, 126.5 (C-8,
C-10); 126.3, 125.3 (2 Cq); 125.0 (C-a); 124.8 (C-5”); 124.3 (Cq); 124.2 (C-5);
123.5 (C-a’); 121.5 (C-3); 121.1 (C-c’); 120.4 (C-5’); 117.7 (C-3’). MS (ESI+):
m/z 424.2 [M+H]+. HRMS (ESI+): calculated for C28H18N5 424.1557, found
424.1546.
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Molecule 1-ester) (g)

:

Figure D.4: (C60H49F12N9O8P2Ru) Diethyl [2,2’-bipyridine]-4,4’-dicarboxylate)2-
(bipyridine-triazol-pyrene) ruthenium hexafluorophosphate

Ru(CO2Et)4 − CCH (f) was synthesized by the same method as Ru-CCH (c).
Ru(CO2Et)4−CCH (f) (117.2 mg, 0.10 mmol, 1.0 eq.) was suspended in CH2Cl2
(5.0 mL) under an argon atmosphere. 1-Azidopyrene (d) (36.5 mg, 0.15 mmol,
1.5 eq.) were added, followed by successive addition of water (5.0 mL), sodium
ascorbate (8.9 mg, 0.045 mmol, 0.45 eq.) and copper sulfate pentahydrate (3.7
mg, 0.015 mmol, 0.15 eq.). After 20 hours of stirring at room temperature, a sat-
urated aqueous solution of ammonium hexafluorophosphate was added and the
reaction mixture was extracted with CH2Cl2. The organic layers were washed
with a saturated aqueous solution of NaCl, then concentrated. The crude solid
was dissolved in a minimum amount of CH2Cl2 then filtered through an alu-
mina plug. The excess of azido derivative was removed by washing with CH2Cl2,
then the desired ruthenium complex (2-ester) was recovered by washing with
CH3CN and a solution of ammonium hexafluorophosphate in CH3OH. The
solvents were evaporated. The residue was dissolved in a minimum amount of
CH2Cl2, then added dropwise to a large volume of pentane. The formed precipi-
tate was filtered, washed several times with cold H2O and Et2O and dried under
vacuum to yield 71.5 mg (0.05 mmol, 51%) of the desired hexafluorophosphate
ruthenium complex (g) as a brown solid.

1H NMR (400 MHz, CD3CN) δ: 9.14-9.04 (m, 5H, 4 H-3, H-3”); 9.05 (s, 1H,
H-5”’); 8.74 (ddd, 1H, 3J 8.1, 4J 1.1, 5J 0.7 Hz, H-3’); 8.46 (d, 1H, 3J 8.2 Hz,
Hpyr-A); 8.44 (dd, 1H, 3J 7.6, 4J 0.8 Hz, H-8’v or H-10’v); 8.44 (dd, 1H, 3J
7.7, 4J 0.8 Hz, H-8’v or H-10’v); 8.35 (d, 1H, 3J 9.0 Hz, Hpyr-B); 8.30 (d, 1H,
3J 9.0 Hz, Hpyr-B’); 8.29 (d, 1H, 3J 9.3 Hz, Hpyr-C); 8.22 (d, 1H, 3J 8.2 Hz,
Hpyr-A’); 8.19 (dd, 1H, 3J 7.7, 3J 7.6 Hz, H-9’v); 8.16 (ddd, 1H, 3J 8.1, 3J 7.7,
4J 1.4 Hz, H-4’); 8.10 (d, 1H, 3J 5.9 Hz, H-6a); 7.99 (d, 1H, 3J 5.7 Hz, H-6b);
7.98(dd, 1H, 3J 6.0, 4J 1.8 Hz, H-5”); 7.94 (d, 1H, 3J 6.0 Hz, H-6c); 7.93 (d,
1H, 3J 5.8 Hz, H-6d); 7.92 (d, 1H, 3J 9.3 Hz, Hpyr-C’); 7.90 (dd, 1H, 3J 6.0, 4J
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1.7 Hz, H-5c); 7.90 (dd, 1H, 3J 5.7, 4J 1.6 Hz, H-5b); 7.84 (dd, 1H, 3J 5.8, 4J
1.8 Hz, H-5d); 7.83 (dd, 1H, 3J 5.9, 4J 1.7 Hz, H-5a); 7.76 (d, 1H, 3J 6.0 Hz,
H-6”); 7.71 (ddd, 1H, 3J 5.5, 4J 1.4, 5J 0.7 Hz, H-6’); 7.46 (ddd, 1H, 3J 7.7, 3J
5.5, 4J 1.1 Hz, H-5’); 4.48-4.47 (2q, 8H, 3J 7.1 Hz, 4 OCH2); 1.42 (2t, 12H, 3J
7.1 Hz, 4 CH3).

13C NMR (100 MHz, CD3CN) δ: 164.8 (4 C=O); 159.0-158.6 (4 C-2, C-2”);
157.9 (C-2’); 154.5-154.3 (4 C-6); 153.7 (C-6”); 153.3 (C-6’); 144.7 (C-4”’);
142.0 (C-4”); 140.8 (4 C-4); 140.2 (C-4’); 134.1, 132.6 (2 Cq-pyr); 131.3 (Cpyr-
C); 131.3, 131.1 (2 Cq-pyr); 130.7 (Cpyr-B); 129.5 (C-5’); 128.8 (C-5”’); 128.6
(C-9’v); 128.5 (Cpyr-B’); 128.2 (Cq-pyr); 128.1-128.0 (4 C-5); 127.8, 127.3 (C-
8’v, C-10’v); 126.5 (Cpyr-A); 126.2 (C-3’); 126.1 (Cq-pyr); 125.3 (4 C-3); 125.2
(Cq-pyr); 125.0 (Cpyr-A’); 124.7 (C-5”); 122.2 (Cpyr-C’); 121.8 (C-3”); 64.2 (4
CH2); 14.8 (4 CH3). MS (ESI+): m/z 1270.2 [M + PF6]+. HRMS (ESI+):
calculated for C60H49F6N9O8PRu 1270.2400, found 1270.2413.

D.2 theoretical calculation

Restricted (for singlet states) and Unrestricted (for triplet states) DFT calcula-
tions were performed using CAM-B3LYP functional and double-zeta SDDALL
basis set for all atoms. Geometry optimization have been performed for both
the singlet and triplet states of both the isolated pyrene-triazol unit and pyrene-
triazol unit deposited on the nanotube. The reported energies are given for the
singlet geometry as the system would not have time to relax. However, cal-
culations using the triplet geometry of the pyrene-triazol unit have also been
performed in order to check that the proposed interpretation would not be af-
fected by the geometrical changes.

Length 33.24 28.32 25.86 23.39 18.47 13.56
HOMO -4.37 -4.31 -4.59 -4.58 -4.79 -4.78
LUMO -3.47 -3.48 -3.21 -2.40 -2.89 -2.72
Gap 0.90 0.83 1.37 2.18 1.90 2.06

Table D.1: Energy (in eV) of the HOMO and LUMO orbitals of nanotubes of
various lengths.
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Figure D.5: Energy gap between the HOMO and LUMO orbitals in nanotubes of
various lengths (L) as function of 1/L and linear regression of the calculated points.
The extrapolation to 0, i.e. to an infinite length gives a roughly evaluated gap of
0.308 eV.
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Résumé de la thèse

En raison de leurs propriétés optiques et électroniques exceptionnelles, les nan-
otubes de carbone ont été à l’avant garde dans le domaine de l’électronique
moléculaire au cours des deux dernières décennies. Cependant leurs intégra-
tions dans des dispositifs efficaces pour des applications en nanoélectronique ou
en capteurs représentent encore aujourd’hui un défi pour la communauté scien-
tifique. Ceci est principalement dû à la relation complexe entre les propriétés
physiques des nanotubes et leurs structures, à savoir leurs angles chiraux et
leurs diamètres. Le contrôle des propriétés structurelles des nanotubes de car-
bone pendant le processus de croissance fait donc partie des éléments clés de la
progression dans ce domaine. D’après les différentes recherches publiées dans la
littérature, nous pouvons voir que le contrôle de la morphologie du catalyseur,
de sa composition chimique ainsi qu’un fin contrôle des paramètres physiques
de la croissance (température, pression, précurseur carboné. . . ) représentent
les pistes les plus prometteuses pour réaliser des synthèses sélectives.

Nous avons donc dans un premier temps, mis en place et développé une nou-
velle méthode de synthèse basée sur la chimie de coordination. Celle-ci permet
de jouer sur la composition chimique de catalyseurs bimétalliques sans faire
varier leur taille, avec un processus de synthèse de nanotube générique. Le
principe général de cette synthèse est basé sur l’utilisation comme précurseur
des analogues de bleu de Prusse bimétalliques (ABP) dont la stœchiométrie est
parfaitement contrôlée. Ces analogues de bleu de Prusse vont être réduits in-
situ dans le réacteur de dépôt chimique en phase vapeur (CVD) afin de former le
catalyseur actif souhaité. Des analyses de microscopie électronique en transmis-
sion couplées à des analyses dispersives en énergie ainsi que de la spectroscopie
de photoélectrons X ont été utilisées pour suivre la taille et la composition chim-
ique des catalyseurs au cours des différentes étapes de synthèse. La preuve de
concept de cette synthèse de nanotubes est détaillée dans cette thèse pour trois
compositions différentes de catalyseurs : Fer-Ruthénium, Cobalt-Ruthénium et
Nickel-Ruthénium.

Nous avons ensuite analysé l’influence de la composition chimique des catal-
yseurs et de la température de synthèse sur la croissance des nanotubes par
CVD, afin de mieux comprendre les mécanismes mis en jeu lors de la synthèse.
Les nanotubes ont principalement été caractérisés par spectroscopie Raman et
microscopies électroniques. En fonction de ces deux paramètres nous avons pu
observé des différences significatives en terme de distribution de diamètre, de
distribution des propriétés électroniques et en terme de rendement. Un mé-
canisme basé sur des différences de solubilité est proposé pour expliquer les
différents résultats obtenus.



162 RÉSUMÉ DE LA THÈSE

Après caractérisation des nanotubes synthétisés, nous avons réalisé et carac-
térisé des transistors à partir des nanotubes de carbone obtenus et nous avons
comparé leurs performances en fonction des propriétés des nanotubes utilisés.
Ces mesures nous ont permis de confirmer les observations faites en spectro-
scopie Raman, notamment en ce qui concerne les différences de propriétés élec-
troniques. Lorsque les conditions de synthèses des nanotubes sont adéquates, les
transistors présentent des ratios Ion/Ioff allant jusqu’à 8 ordres de grandeurs.
Une rapide étude sur la détection de vapeur de NO2 à l’aide des meilleurs tran-
sistors est aussi présentée.

Enfin dans une dernière partie, nous avons fonctionnalisé des nanotubes de
carbone avec un complexe inorganique photo-actif de ruthénium. La fonction-
nalisation non covalente des nanotubes intégrés à ces transistors nous a permis
de moduler par simple impulsion lumineuse la conductivité circulant dans le
nanotube sur plus de trois ordres de grandeur. En croisant les résultats ex-
périmentaux à une étude théorique, nous avons proposé un mécanisme pour
l’interaction nanotube/molécule sous lumière, celui-ci est basé sur des trans-
ferts d’énergie successifs du ruthénium jusqu’au nanotube.
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AFM Atomic Force Microscopy
BSE Back-Scattered Electrons
bpy Bipyridine
BZ Brillouin Zone
CNT Carbon Nanotube
CCVD Catalyst assisted Chemical Vapor Deposition
CL Cathodoluminescence
CVD Chemical Vapor Deposition
CoMoCat Cobalt Molybene Catalyst
DFT Density Functional Theory
DOS Density Of State
DNA Deoxyribonucleic Acid
DCE Dichloroethane
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d-HFCVD double Hot Filament Chemical Vapor Deposition
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Ef Fermi level
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HiPco High Pressure catalytic decomposition of Carbon monoxide catalyst
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HRTEM High-Resolution Transmission Electronic Microscopy
HFCVD Hot Filament Chemical Vapor Deposition
Ih Icosahedral
IR Infrared
S Inverse sub-threshold slope
JFET Junction Field-Effect Transistor
LOMO Lowest Unoccupied Molecular Orbtals
MeCN Acetonitrile
MLCT Metal Ligand Charge Transfer
m-SWCNT metallic Single Wall Carbon Nanotube
MOSFET Metal Oxide semiconductor Field Effect Transistor
MWCNT Multi-Walls Carbon Nanotubes
NP Nanoparticle
OD Optical Density
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STEM Scanning Transmission Electronic Microscopy
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s-SWCNT semiconducting Single Wall Carbon Nanotube
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SOMO Singly Occupied Molecular Orbitals
Vth Threshold Voltage
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TEM Transmission Electronic Microscopy
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VHS Van Hove Singularities
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VSS Vapor-Solid-Solid
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Titre : Croissance de nanotubes de carbone monoparoi à partir de nanoparticules
bimétalliques : une étude paramétrique de la synthèse jusqu’aux potentielles
applications en nanoélectroniques.

Mots clefs : SWCNT, synthèse, nanoparticules bimetalliques , transistor à effet de champs, fonctionnalisation
Résumé : Ce manuscrit présente une étude expérimentale autour de la synthèse des nanotubes de carbone et
de leurs possibles intégrations dans des dispositifs. Les remarquables propriétés électroniques et optiques des
nanotubes en font un matériau de choix pour entre autres, la nanoélectronique. Néanmoins, l’intégration des
nanotubes dans des dispositifs performants est encore aujourd’hui un défi. Cela repose principalement sur la
difficulté d’obtenir de grandes quantités de nanotubes mono-paroi avec des propriétés uniformes, propriétés qui
sont définies par la structure du nanotube (i.e. leur angle chiral et leur diamètre). Ainsi, réaliser des synthèses de
nanotube de carbone avec un contrôle de leur structure représente un point clé pour le progrès dans ce domaine.
Nous avons donc mis en place une nouvelle méthode de synthèse de nanotubes de carbone basée sur la chimie de
coordination et le dépôt chimique en phase vapeur activé par filament chaud. Cette synthèse permet la conception
de nombreux nouveaux catalyseurs bimétalliques pour la croissance des nanotubes de carbone. Comme le procédé
mis en place est très générique, des études paramétriques peuvent être réalisées de manière à mieux comprendre
l’influence des différents paramètres de la croissance sur la structure des nanotubes obtenue. Nous discuterons ici
du rôle de la température et de la composition chimique du catalyseur. Les nanotubes obtenus sont principalement
caractérisés par spectroscopie Raman et par microscopies électroniques.
Afin de valider les observations obtenues par spectroscopie Raman, les nanotubes synthétisés ont aussi été intégrés
dans des dispositifs de type transistor à effet de champ. Une analyse des performances des transistors en fonction
des différents nanotubes utilisés dans le canal est présentée.
Enfin, les nanotubes intégrés dans ces transistors ont été fonctionnalisés avec un chromophore de ruthénium.
Nous avons montré que cette fonctionnalisation nous permet de moduler, grâce à une impulsion lumineuse, la
conductivité du dispositif sur trois ordres de grandeur.

Title : SWCNT growth from bimetallic nanoparticles : a parametric study of the
synthesis up to potential applications in nano-electronics.

Keywords : SWCNT, synthesis, bimetallic nanoparticle, FET-device, functionalization
Abstract : This manuscript presents an experimental study around the single wall carbon nanotube (SWCNT)
synthesis and their possible integration in nanodevices. The unique electronic and optical properties of carbon
nanotubes make them a choice material for various applications, particularly in nano-electronics. Nevertheless,
their integration in effective devices is still a challenge. This is mainly due to the difficulty to obtain large quantity
of SWCNT with uniform properties, defined by their structure (i.e. chiral angle and diameter). Therefore, structure
controlled growth of SWCNTs is a key point for progress in this field.
Here, we established a new synthesis approach based on coordination chemistry and hot-filament chemical vapor
deposition. This approach allows the design of various bimetallic catalyst nanoparticles for the SWCNT growth.
As the synthetic process is generic, parametric study can be performed in order to better understand the influence
of the various parameters on the structure of the as-grown SWCNTs. In particular, we will discuss the role of the
growth temperature and the chemical composition of the catalyst on the final SWCNTs structure. The obtained
SWCNTs are mainly characterized by Raman spectroscopy and electronic microscopy.
In order to validate the observations performed by Raman measurement, the synthesized SWCNTs have been
also integrated in field effect transistors (FET) devices. An analysis of the performance of the FET-device as a
function of the SWCNTs used in its channel will be presented.
Finally, SWCNTs integrated in these transistors have been functionalized with an inorganic chromophore of
ruthenium. We demonstrate that the functionalization of the SWCNTs leads to a three order of magnitude
reversible switch of the device conductivity triggered by visible light.

Université Paris-Saclay
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