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Abstract
Nanoelectronic devices based on nanomaterials, such as carbon
nanotubes (CNTs) have attracted remarkable attention as a promising
building block for future nanoelectronic circuits due to their
exceptional electrical, mechanical and chemical characteristics. The
electrical characteristics of CNTs, such as high mobility, quasiballistic conductance and resistance against electromigration, allow to
surpass the properties of current Si based complementary metal oxide
semiconductor (CMOS) devices. In particular, the large surface area
and nanoscale structure makes SWCNTs promising candidates for
chemical and biological sensing applications as well. Current research
covers broad scientific fields, such as study of materials properties at
nanoscale, development, fabrication and simulation of nanoscale
structures, for electronics and biomedical applications. However, there
is ample space for advancements in both theoretical studies and
practical applications for CNT-based systems.
This thesis addresses the design and manufacture of thin film
transistor (TFT) based on randomized network of single walled carbon
nanotubes (SWCNTs) that exploit the unique properties of such
materials to create a label-free biosensor for detection of variety
biomolecules, particularly proteins. In addition, in order to analyze the
electric transport of SWCNTs network in the TFT channel a numerical
3-dimensional (3D) model for the thin film layer is developed.
The SWCNTs-TFTs are fabricated by using microfabrication to
obtain a micro-interdigitated electrode (μ-IDE) as drain-source
electrode. The sizes vary between 2 to 50 µm. Thin-film transistors
(TFTs) are fabricated by using SWCNTs thin film as the
semiconducting layer and SiO2 thin film as the dielectric layer. The
high purity semiconducting network of SWCNTs layer is deposited
with an effective technique that combines the silanization of the
substrate with vacuum filtration process from dispersed SWCNTs in
surfactant solution. . The adopted technique provides a low-cost, fast,
simple, and versatile approach to fabricate high-performance
SWCNTs-TFTs at room temperature. The morphological arrangement
of SWCNTs forming the active layer in the channel of the transistor is
checked with scanning electron microscopic (SEM). The TFTs
obtained exhibit p-type transistor characteristics and operate in
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accumulation mode. The results are interpreted by considering the
percolation theory. The exponent α of the power law describing the
conductivity can be linked to the structural complexity of the SWCNT
network. In particular an exponent = 1.7 was found experimentally,
showing that the obtained thin film is relatively dense and near
percolation. In addition, the experimental data have been compared
with the results of the 3D model simulating the charge transport in the
SWCNT structures formed in the TFT channel. The simulation results
lead to an exponent = 1.8 that is in good agreement with the
experimental data. The proposed model seems to be able to reliably
reproduce the transport characteristics of the fabricated devices and
could be an effective tool to improve the SWCNTs-TFTs structure.
Moreover, the fabricated SWCNTs-TFT devices provide a suitable
platform for high-performance biosensors in label-free protein
detection. The sensing mechanism is demonstrated on a proof of
principle level for the interaction of biotin and streptavidin on the
SWCNTs surface. It is used as a research model for biosensor
application. The SWCNTs thin-film biosensor has high sensitivity and
it is capable of detecting streptavidin at concentration of 100 pM.
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Motivation and Objective
Recently, low-dimensional materials have attracted great attention in
the field of nanoelectronics for various applications e.g. integrated
circuits (ICs) and sensing systems. Particularly, single walled carbon
nanotubes (SWCNTs), due to exceptional electrical properties such as
high mobility at room temperature are used for building
nanoelectronic devices. Moreover, the large surface area and nano
scale structure of SWCNTs makes them one of the most interesting
materials for chemical and biological application.
Although a single carbon nanotube exhibits very high mobility, the
fabrication of electronic devices such as field effect transistor (FET)
based on carbon nanotubes is highly challenging and not
technologically established for large area applications and scalable
manufacturing devices. In addition, carbon nanotubes show
heterogeneous electrical features such as mixture of metallic and
semiconducting species. Moreover, they show different diameters and
lengths. Furthermore, the synthesis carbon nanotubes require a high
temperature environment which is not compatible with arbitrary
substrate materials. To overcome these problems and meanwhile take
advantage of such an exceptional nano-material, this work investigates
the fabrication and electrical properties of thin film transistors (TFTs)
based on randomized network of single-walled carbon nanotubes at
room temperature. The devices are manufactured using a post-growth
deposition technique. The fabricated SWCNTs thin film transistor is
used as a transducer for bio-molecules detection, particularly as a
label-free bio-sensor. The advantage of label-free bio-sensing
compared to the labelled one is the fact that additional processes that
can degrade sensitivity and alter the system response are avoided.
Moreover, in order to investigate the electrical transport of SWCNTs
network inside the channel of TFTs a 3D-numerical modelling is
performed.
Bottom-gate TFTs were fabricated on a highly p-doped Si substrate
with a thermally grown SiO2 layer (100 nm) as a gate dielectric. The
bottom source/drain electrodes in the form of interdigitated electrodes
(IDEs) were fabricated by standard photolithography and lift-off
processes. The feature sizes of the microstructures are varying
between 2 to 50 µm. Subsequently, the thin film of SWCNTs is
deposited with an effective technique that combines the silanization of
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substrate with vacuum filtration process. High purity semiconducting
SWCNTs are dispersed in surfactant solution and are deposited on the
substrate with patterned electrodes. This technique provides a fast,
simple, and versatile approach for fabrication of high-performance
SWCNTs-TFTs at room temperature. The spatial arrangement in
SWCNTs network was investigated by using a scanning electron
microscope (SEM). The SWCNTs-TFTs exhibits p-type transistor
characteristics. High purity semiconducting SWCNTs are used as an
active layer in the channel of TFTs. They provide suitable platforms
for high-performance biosensors. Particularly, functionalized
SWCNTs surface with biotin is used to detect the protein, streptavidin
(SA). The high purity semiconducting SWCNTs network has high
sensitivity and it is capable of detecting SA at an ultra-low
concentration of 100 pM.
In order to understand the transport properties of SWCNTs network, a
numerical simulation has been developed using a 3D model. The
channel of TFT structure is modelled as a random mixture of
conducting cylinders. . The variation of electrical conductivity of the
structure can be computed by implementing a 3D resistor network
which includes resistors associated to the intrinsic resistance of
SWCNTs and tunnelling effect between conducting clusters. By using
a Monte Carlo analysis the behaviour of the electrical conductivity
and the dependence of the percolation thresholds as a function of
geometrical and physical influencing parameters can be analyzed. The
results of numerical simulations are in good agreement with those
obtained from the experimental characterization.

The research project carried out during the PhD program has been
focused on three main aspects:
• Fabrication and electrical characterization of SWCNTs-TFTs.
• Development of an accurate numerical model which can be
used to obtain information on the transport properties of
randomized network of SWCNTs in the channel of TFT
structure based on geometrical and physical properties of
SWCNTs.
• Application of the SWCNTs-TFT as a transducer for a labelfree biosensor for detection of a specific protein.
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This thesis is organized as follows.
•

•

•

•

•

•

In the first chapter a general overview on carbon nanotubes,
properties, and the most promising applications of CNT is
given.
In the second chapter state of the art related to mechanisms of
growing carbon nanotubes, experimental procedures to
separate the semiconducting from metallic SWCNTs and
various deposition technique are described.
In the third chapter the fabrication procedure for making thin
film transistor using a wet chemical of SWCNTs solution, the
results concerning the electrical characterization on SWCNTsTFTs containing different concentrations of semiconducting
SWCNTs are described in detail. In addition, the
morphological arrangement of SWCNTs network is
investigated.
Chapter 4 provides an overview on the models available in the
literature and then presents the numerical model that has been
implemented. A detailed description of the modelling of
SWCNTs-TFT based on a 3-dimensional (3D) model, both in
terms of geometric approach and the optimization algorithm is
given. The simulation results obtained by such a model are
provided and compared with the obtained experimental results.
In chapter 5, the characteristic of the fabricated SWCNTs-TFT
used as a transducer for high-performance label-free
biosensors is presented. The biosensor is used for the detection
of a specific protein, streptavidin (SA). In addition, the
interaction between streptavidin and biotinylated SWCNTs
surface of TFT structures is described.
In chapter 6, conclusion and future work in this field are
discussed.
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Chapter 1
Carbon nanotubes: Properties and
Structure
________________________________________________________

This chapter presents a general overview of carbon nanotubes (CNTs)
and their unique characteristics which make them suitable materials
for different applications and excellent candidates to form the active
layer in the channel of a thin film transistor (TFT). The main forms
and characteristics of CNTs, namely Single Walled (SWCNT) and
Multi Walled (MWCNT) are presented. In particular, the electrical
properties of CNTs, are illustrated.

1.1 Carbon Nanotube
1.1.1 Overview
The molecular carbon structures called carbon nanotubes (CNTs) were
discovered by Japanese physicist Sumio Iijima in 1991 while
performing transmission electron microscopy (TEM) experimental
observation on fullerenes [1]. He produced carbon fibers by using an
arc-discharge evaporation method. Those fibers grew at the negative
side of the electrode and he observed that each fiber contained coaxial
tubes of graphitic sheets in a helical fashion which are called multi
walled carbon nanotubes (MWCNTs). In 1993, Iijima and Ichihashi
[2] and Bethune et al at IBM [3, 4] independently produced single
walled carbon nanotubes (SWCNTs) based on gas phase catalytic
growth.
Because of their unique electrical, chemical and mechanical features
[5-7], carbon nanotubes ,are highly required for mass production in
future applications. Nowadays, there are various methods for the
synthesis of large quantities of carbon nanotubes such as laser ablation

[8], chemical vapor deposition (CVD) [9-11], gas phase catalytic
growth [12, 13], and arc discharge [1].. Among these methods the
CVD technique is preferred because it enables the production of
aligned
ligned CNT bundles and self-oriented
oriented CNT arrays [14].

1.1.2 Carbon nanotube structure: SWCNT & MWCNT
There are two types of carbon nanotubes because of their shapes,
called single-walled carbon nanotubes (SWCNTs)
WCNTs) and multi-walled
multi
carbon nanotubes (MWCNTs)
(MWC
[15] . The schematic of SWCNT and
MWCNT is shown in Figure 1.

Figure 1.
1 Schematic model of SWCNT and MWCNT. (structures
structures were generated using
GTK Display Interface for Structures GDIS 0.90.)
0.90.

A single
ingle walled
ed carbon nanotube (SWCNT) is considered as a hollow
cylindrical nano-structure
nano
which is made by rolling of a graphene
sheet (one atomic layer of graphite)
graphite [16]. The schematic of how a
graphene sheet wraps to form SWCNT is shown in Figure 2.
SWCNTs exhibit high length-to-diameter ratio with adiameter
a
in the
range of a few nanometers (0.5-55 nm) and lengths in the order of
micrometer [17]. MWCNTs have the same structure as SWCNTs;
micrometers
SWCNTs
however, being made of multiple concentric tube
ubes, they show a
diameter bigger than SWCNTs (range
range of 10 to 30 nm)
nm [18]. The
offends of a carbon nanotube (either SWCNT or MWCNT) are closed
with a hemisphere shape of buckyball structure.
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Figure 2.. Wrapping of graphene sheet to form SWCNT

The physical features and electronic structure of SWCNTs are variable
and depend on the geometry and how it is rolled up from graphene
sheet [19]. These characteristics are important to know and enable
scientists to gain knowledge about properties and performance of
devices based on carbon nanotubes.
nanotube The structure of SWCNT is
defined by considering how it folds.
folds The folding is described by a
certain angle along the graphene sheet axis which is described by a
chiral vector, , and a chiral angle,
angle [20, 21]. As shown in Figure 3
the
he chiral vector is determined based on
and
as the unit vector
along the
and
direction of a two-dimensional (2D) graphene
lattice respectively. Moreover, and
are integers representing the
numbers of repeating units along the two directions of graphene sheet.
The chiral vector
is defined as [21] :
=

(1)

It is convenient to specify SWCNT
SW
with numbers
, . These
integers uniquely determine the chiral angle and diameter of carbon
nanotubes [21].
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Figure 3.
3 The principle of CNT construction from graphene sheet along the chiral vector

The chiral angle is defined as the formation of screw angle between
zigzag direction and the chiral vector [22]:
= arctan

2

√3

!

(2)

In addition, the
t diameter of the single walled carbon nanotube is
defined by:
"=

| | √3 √
=
$

$

(3)

where C is the circumference and a is the length of carbon-carbon
bond in graphene
graphen sheet whose value is equal to 1.42 Å [23].
In the next
n
section, it will be discussed which parameters affect the
electronic properties of carbon nanotubes.

9

1.2 Electronic Properties of Carbon Nanotubes
Carbon nanotubes (CNTs) can exhibit metallic or semiconducting
behaviour depending on how the graphene sheet is rolled to form the
cylinder of the nanotube because this modifies the band diagram of
graphene (as explained in section 1.1.2). The study of the electronic
features of carbon nanotubes, i.e. either semiconducting or metallic
gives the ability to us to control these properties and use them for
specific applications. In this section, the band structure of graphene
will be explained.

1.2.1 Band Structure of Graphene
The electronic properties of graphene is related to its particular band
structure. Figure 4 represents a schematic of a carbon nanotube band
structure. Wallace introduced a tight-binding model for electronic
band structure of graphene [4, 24]. Based on this model, the
conduction $ ∗ and valance band $ of graphene was formulated by
considering the low-energy bands of the band structure, which are
approximated “as cones with apices at the K-point in the graphene
Brillouin zone”[4]. The band structure of carbon nanotube is
composed of two large “tent”. The conduction band, π* is above and
valence band π is behind the K-point respectively [25]. The K-point is
at the vertices of hexagon where the conduction band and valence
band of graphene touch each other or degenerate [26]. This point is the
highest equilibrium occupied state which corresponds to the Fermi
energy. The Fermi level, in turn, corresponds to the zero level energy
and therefore it coincides with the six points & [27] .
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Figure 4.
4 Graphene electronic band structure consists of two bands (Upper
(
and Lower
part)) that intersect only at a few points (K-point)
(K point) at the corners of a hexagonal Brillouin
zone. Reproduced with permission from Ref. [25].. Copyright 2007 Nature publishing
Group.

These ' points are responsible for the electronic properties of
graphene and of its semimetallic behaviour. The degeneracy or
touching of the bands at the K point is because of the absence
abs
of a
bandgap which explains the metallic behaviour (zero-band
(zero
gap
semiconductor) of graphene [16, 25].. In fact, the electronic properties
of graphene are related to the energy states around the Fermi level
where the electronic states are located on cones whose centres
coincide with the ' points [28] as shown
hown in Figure 4. Around this
point, the electron has not the typical parabolic dispersion as in free
space or in a material, ( = )* + * ⁄*,∗ , () is the reduced Planck’s
constant, + is the wavevector and ,∗ is effective mass), but the
dispersion becomes ( ./ )+, where ./ is the Fermi velocity of
electrons in graphene [29].. This relation is similar to that of mass-less
mass
particles like photons, for which ( 1)+,, where c is the light speed
[30, 31].
31 Therefore, in the band π and π*, near the K points, the
electrons and holes in graphene become similar to mass-less
mass
quantum
particles. In this case “electrons and holes are called Dirac fermions “
and K points are often called the Dirac points [26, 31].
31
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1.2.2 Metallic and Semiconducting SWCNTs
SWCNTs can exhibit metallic or semiconducting behaviour depending
on the geometric structure of the SWCNT because this modifies the
band diagram of graphene as discussed in section 1.2.1. The direction
of rolling and the diameter of the nanotube can be obtained from the
pair of integers (n, m) which identify the metallic or semiconductor
type of tube. This is attributed to the quantum confinement effects
when a 2D graphene sheet rolls into the 1D single walled cabon
nanotube [4]. To determine the Brillouin zone inherent to the bidimensional unit cell of the CNT, defined by the chiral vector
pointing along the circumference direction(and the translation vector T
shown in Figure 5(a), the corresponding vectors of the reciprocal
2
2
lattice, C* and T*, (parallel to C and T and having a length |3| and |4| )

can be constructed [30]. The Brillouin zone of the CNT is given by the
rectangle described by C* and T* [30]. When the bi-dimensional unit
cell of the CNT is rolled, the electron is bound to moving in a periodic
| |. This periodicity implies that, due to
potential, with a period
the stationary condition, the wave associated to the electron, should
satisfy the following “quantization condition” [16, 25]
∙ k =2$6 or equivalently

| |

76

(4)

where q is a not null integer and λ is the De Broglie wavelength
associated with the electron.
The quantization condition leads to a discretization of the energy
levels along the circumference C, giving rise to a series of lines of
quantization corresponding to the allowable values for the pairs (kx,
ky): the component of k perpendicular to the axis of the CNT, k⊥, can
take discrete values (red parallel line), while the component of k
parallel to axis of the CNT, k⫽, remains a continuous variable, as
shown in Figure 5(b). Therefore, the electrons are free to roam in the
direction of the length of the CNT. The quantization condition can be
reformulated as :/ ∗ = 6. Therefore, to stay in the first Brillouin
zone it must be 0 ≤ 6 ≤ >. This means that there are N discrete
values of k in the direction of the chiral vector.
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Figure 5.
5 “The structure of graphene and carbon nanotubes”.. (a) “The carbon atoms in
a single sheet of graphene are arranged in a honeycomb lattice”.
lattice “The insets show the
definitions of k⊥
⊥ and k|| (left) and a scanning tunnelling microscope image (right) of a
single-walled
walled nanotube”.
nanotube (b), “The
The band structure (top) and Brillouin zone (bottom) of
graphene. The valence band (which is of π-character)
character) and the conduction band (π*(
character) touch at six points that lie at the Fermi energy
rgy” . Reproduced with
permission from Ref. [25]. Copyright 2007 Nature publishing Group.

The planes parallel to the y-axis
y axis (energy axis) pass through the
quantization lines cutting the dispersion graph of graphene in slices as
shown in Figure 5(b) where (E, k⫽) are the 1D sub--bands in the scatter
plot of the CNT. In the space of reciprocal lattice, quantization lines
are spaced by an amount equal to:
to
∆:

2$ 2
=
| | "

(5)

depending exclusively on the diameter of the nanotube (").
As anticipated, depending on the direction in which the graphene sheet
is wrapped, it is possible to identify CNTs of zig-zag,
zig
armchair or
chiral type [20]. The band structure and arrangement of armchair and
zigzag nanotubes
nanotube are shown in Figure 6(a) and 6(b)
6
respectively. In
this case, the intersections between the lines of the allowed wave
vector k and cones of the dispersion diagram in the K points change.
For this reason, SWCNTs
SWCNT may have different electrical characteristics
[32]. In particular,
particular, if the CNT is wrapped around the y-axis
y
(k⫽) the
CNT is a zig-zag
zig zag type and lines of quantized wave vector do not pass
through any K point and the cut does not intersect the cones apices.
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Therefore, in the dispersion diagram of CNT, there will be a gap
between the valence and conduction band and CNT will present
semiconductor behaviour, Figure 6 (a). Instead, if the CNT is wrapped
around the x axis (:@ it is an armchair type. In this case, CNT present
a metallic behaviour, Figure 6 (b).

Figure 6. (a) The 1D sub-band
band nearest to the Fermi level does not intercept the point K1,
so a band gap is formed and the CNT shows a semiconductor behaviour (b) The 1D subband nearest to the Fermi level passes through the point K1 and the CNT shows metallic
behaviour.

For chiral carbon nanotube with specific (n, m), the nanotube is
metallic if n – m = 3i with i is an integer. [16]. All others are
semiconductors with a band gap inversely proportional to the diameter
of the nanotube [4] Therefore, 1/3 of the carbon nanotubes are
predicted to be metallic, and the other 2/3 nanotubes are
semiconducting.
As summary, the behaviour of carbon nanotubes depends on their
chirality and can be classified into three categories:
a) Zigzag

if

A0

0
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b) Armchair if
c) Chiral
if

≠

A0
≠0

However, not any kind of CNTs is synthesized based on the rolling of
graphene sheet. In fact, CNTs are grown with various chemical and
physical processes. These various methods lead to carbon nanotubes
having different electronic properties, different chirality and different
distribution of diameters [33, 34]. Statistical studies show that each
batch of carbon nonotubes contains 2/3 semiconducting and 1/3 of
metallic type [35] regardless of the specifics how the carbon
nanotubes are synthesized. Moreover, increasing the layer thickness of
carbon nanotubes elevates the overall conductivity leading to a
metallic behaviour.

1.3 Fabrication and Modelling of Devices based
on Carbon Nanotubes
In this section, the application of carbon nanotubes, particularly
semiconducting single walled carbon nanotubes as an active layer for
fabrication field effect transistor, will be discussed. Furthermore the
use of this device for chemical/bio sensing will be also briefly
explained.

1.3.1 Carbon Nanotube Electronics Device
The invention of the Field Effect Transistor (FET) in 1960 has
revolutionized the life style in communication, computing, medical
and digital systems. Nowadays, electronic devices are demanded to be
smaller and faster. “According to Moore’s law the dimensions of
individual devices in an integrated circuit have been decreased by a
factor of approximately two every two years”[36, 37]. However,
challenges for fabrication of small dimension transistors still remain.
Therefore, in order to reduce the dimensions of transistors, while
enhancing performance of the devices, another material that has
improved properties at molecular scale is needed for replacement of
silicon [38]. A great research activity is focused towards substitution
of silicon with other materials. Among these materials, carbon
nanotubes, due to their exceptional electrical properties such as high
mobility at room temperature, high current density, ballistic electron
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transport and nano-structure [39, 40] can be an alternative choice.
Field effect transistor based on SWCNT has a structure similar to
Metal-oxide-semiconductor
semiconductor
FET
(MOSFET)
[41].
The
semiconducting SWCNTs are used as active channel material
allowing for conductivity modulation. Source (S) and drain (D)
electrodes are metallic and gate electrode is formed
forme either as back-gate
or top-gate [42], as shown in Figure 7 .

Figure 7. Structures of individual SWNT based field-effect
field
transistors: a back-gate
transistor (top) and a top-gate
gate transistor (bottom)

The electric current in SWCNT-FET
SWCNT
is based on the fundamental
operation principal of FETs : the vertical electric field (gate voltage) is
responsible for control of the charge in the channel by inducing charge
carriers while the horizontal electric field (drain-source
(drain
voltage)
between the contacts imply the electric force that moves the charge
carrier from one contact to the other [16, 43]. Therefore, drain current
(BC ) modulated by gate voltage (DEF ) is quantitatively explained by
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the transconductance (GH ) as fundamental parameter of FET which
correlated to the charge carrier mobility [44, 45]:
GH

I BC
I DEF

(6)

Via equation 6 it is possible to determine the charge carrier mobility
of a transistor [46]:
JKL4

M3

DCF

N

.

GH
O

(7)

where M3 and O are channel length and width respectively, and N is
capacitance of gate oxide.
Although single walled carbon nanotube thin film transistor (CNTFET) and MOSFET based silicon have the same structure, the first
works in accumulation mode due to the use of intrinsic semiconductor,
whereas the latter operates in inversion mode due to the use of doped
semiconductor [44].
The individual nanotube transistors show high carrier mobility in the
range 3,000 cm2/Vs [47, 48]. However, the assembly method of
individual SWCNTs is highly challenging for technologically
applicable solutions for large-scale applications. So, the complex
process for making individual SWCNT-FET prevents the
commercialization of this type of device [49]. Therefore, thin film
based on semiconducting SWCNTs represents a promising track to
scalable device manufacturing since this approach avoids the
cumbersome procedure for precise control over the position of
individual carbon nanotube. SWCNTs -TFT structure based on the
spatial arrangement of SWCNTs in the channel of TFTs are
categorized as aligned [47, 50] and random network [51-54] as
illustrated in Figure 8.
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Figure 8. Schematic illustration of a top-gate
top
SWCNT-TFT (a) aligned SWCNTs.
Reproduced with permission from Ref. [55]. Reproduced with permission from Ref. [55
]Copyright 2009 Nature Publishing Group.
Group (b) random network SWCNTs [56].
Reproduced with permission from Ref [56]. Copyright 2008, Tsinghua University Press
and Springer-Verlag
Verlag Berlin Heidelberg.
Heidelberg

gate SWCNTs-TFT
SW
either with aligned or
Figure 8 shows a top-gate
random network of SWCNTs. The structure and electronic
characteristics of the bottom-gate
gate SWCNTs
SW
TFT, which has been used
in our experiments, will be shown in chapter 3.
Fabrication of transistors based on randomized SWCNTs thin film,
compared to that based on single CNT, has a better reproducibility
over large area [57].
One of the most important parameters
parameter for fabrication of SWCNTsTFT is how much
uch percentage of semiconducting SWCNTs are used in
the active layer in the channel.
channel In fact, synthesized SWCNTs are
generally a mixture of semiconducting and metallic nanotubes with
variable distribution of chiralities and diameters, resulting in
heterogeneous
eneous electrical properties [58-62]. If the density of metallic
nanotubes is higher than the percolation threshold,
threshold a shorted TFT is
obtained.
Figure 9 shows a plot of the gate voltage dependence of the
conductance of either metallic or semiconducting nanotube device at
room temperature.
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Figure 9. Examples of the gate-voltage dependence of the conductance through a
SWCNT at room temperature for (a) a metallic and (b) a semiconducting nanotube

Figure 9(a) shows the conductance of metallic carbon nanotube at a
constant bias-voltage along it, while the gate voltage is changing. The
current is independent of gate voltage [4]. On the other hand, Figure
9(b) shows the same plot for a device made from a semiconducting
carbon nanotube. This device is able to be turned on and off by
applying negative and positive gate voltage respectively. Moreover,
the conductance changes by order of magnitude between on and off
state. This is attributed to the utilization of a sufficiently high
percentage of semiconducting carbon nanotubes. In fact, when there is
no gate voltage, just metallic SWCNTs contribute to the current of
transistor (BPQQ ) while when voltage gate is applied, the transistor
turns on and a combination of semiconducting and metallic of
SWCNTs are responsible for the current ( BPR ). Hence, the ratio of oncurrent to off-current related to the ratio of semiconductingvs. metallic
SWCNTs .
In order to profitably employ semiconducting SWCNTs, postsynthesis fabrication furnishes a reliable alternative for separating the
semiconducting SWCNTs from the metallic ones. This process will be
discussed in chapter 2.
A next step for fabrication of SWCNTs-TFT is the deposition process.
Researchers have developed various techniques to deposit carbon
nanotube thin films on substrates. These various techniques and their
detailed procedures for deposition of CNT thin film will be discussed
in chapter 2, while our technique with its advantages will be discussed
in chapter 3.
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1.3.2 Carbon Nanotube Bio/chemical
Bio
sensing
Since the discovery of carbon nanotubes, great efforts have been done
to explore this material for bio/chemical sensing due to the unique
electrical characteristics and bio/chemical compatibility [63-65]. The
response of SWCNT to biomolecules is linked
link to the nano-structure of
this material comparable to the dimension of bio-molecules such as
DNA or proteins [66, 67]. Moreover,
Moreover the shape of SWCNT shows
capillarity properties. The high aspect ratio (i.e. length to diameter
ratio) makes them one of the ideal material for the adsorption of gases
and chemical components [68
68]. In addition high surface area (~ 1300
m2/g) [69] of SWCNT cause more bio/chemical molecules
molecule to interact
with the carbon nanotube surface
surf
which leads to a high sensitivity
[70].
In order to use of SWCNT as a biosensor, it is needed to integrate
them with electronic devices such as transistors or chemo-resistors as
a transducer [48, 63]. The schematic of a biosensor based on SWCNTFET for DNA detection is shown in Figure 10. The advantages of
these sensors, compared to the traditional ones, are the possibility of
obtaining selective systems, reversible and able to operate at room
temperature with very quick response times.

Figure 10. Schematic of DNA-functionalized
DNA
carbon nanotube biosensor

The bio-sensing function is based on the conductance variation when
bio-molecule interacts with the surface of SWCNT due to change of
electrical properties of the device [71]. Various biomolecules, for
instance DNAs and proteins, can interact with the surface of
SWCNTs, due to hydrophobic, $ S $ stacking interactions [60, 72],
and also amino-affinity of SWCNTs to change the conductance of
SWCNT thin films [73]. The mechanism for detection of specific
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protein, immobilization procedure and sensitivity of thin film
SWCNTs based label-free bio-sensor will be explained in detail in
chapter 5.

1.3.3 Modelling of Carbon Nanotube Device
In order to improve the SWCNTs-TFTs performance, the modelling of
the charge transport on the SWCNTs network inside the channel of
TFT devices is an important issue to investigate. This modelling
shows the relation between the physical characteristics of SWCNTs
and the geometrical structure of TFTs. Several authors have studied
this problem by considering a physical arrangement of the SWCNT
network in a 2 dimensional (2D) model [74, 75]. Figure 11 shows the
2D simulation of nanotube network inside the channel of TFT
structure.

Figure 11. (a) “Atomic force microscope (AFM) image of a CNT film where nanotubes
are randomly distributed”. (b) “A 2D nanotube network generated using Monte Carlo
simulations for a device. Semiconducting and metallic nanotubes are shown in light and
dark color (cyan and blue color), respectively. The inset illustrates the alignment angle
TU , which defines the angle range within which nanotubes can be generated to form
partially aligned CNT films in simulations”. Reprinted (Fig.1) from Ref. [75] .Copyright
(2008) by the American Physical Society Publishing Group.

However, the use of a 2D model presents some limitations due to the
impossibility to investigate change in the diameter of carbon
nanotubes (represented as sticker rather than a cylinder). Due to the
role assumed by the geometric characteristics of the SWCNT and TFT
structure that affect on electrical response of a device, a 3D study of
the problem by numerical simulations has been developed and it will
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be described in chapter 4. In addition, the results obtained by
simulations are compared with experimental ones to understand which
parameters control the performance of device and to investigate the
correlation between the percolation condition and the density of CNT
network.
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2 Chapter 2
State-of-the-art
________________________________________________________

In order to optimize the performance of electronic devices based on
carbon nanotubes, researchers have investigated various ways to
effectively manipulate them. There are two fundamental protocols for
the assembly of thin film carbon nanotubes on substrate: 1) direct
growth based on chemical vapour deposition (CVD) [76, 77]; 2) postprocess deposition technique [54, 78].
This chapter is devoted to the illustration of both methods and reports
the advantages of the solution deposition compared to the CVD
technique. The solution deposition process not only permits the
fabrication process of electronic devices at room temperature but also
allows the control of electronic characteristics of either
semiconducting or metallic SWCNTs. This technique is compatible
for all patterning methods and it is also suitable for all kind of
substrate and pre-existing circuit structures. Furthermore, various
techniques for solution process deposition will be explained.

2.1 Synthesis of Single Walled Carbon
Nanotubes by Chemical Vapor Deposition
One of the most important techniques for the synthesis of carbon
nanotubes is chemical vapor deposition (CVD). This method is based
on directly growing of CNTs on substrate. The procedure is as
follows: the solid substrate is placed in a high temperature furnace (i.e.
600 – 1000 °C) [79-81] and transition metallic catalysts such as Fe,
Co, Ni [81] in nano-scale size are inserted in the furnace with ethanol
or ethylene as a feedstock for converting the carbon source to form a
new nucleation site for CNT growth [82]. Carbon sources,
hydrocarbons [83] or carbon monoxide at high temperature are
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decomposed and absorbed on catalysts [84] and afterward carbon
nanotubes grow on the substrate. A scheme of the process is shown in
Figure 12.

Figure 12. Schematic of CVD for growing CNT

The advantage of this method, compared to other methods for growing
CNTs, is that by adjusting the size of catalyst and varying the
temperature it is possible to control the diameter, chirality and average
length of CNTs [81, 82]. However, with this method a mixture of
semiconducting and metallic nanotubes is produced. Although some
progress has been made to control the properties of SWCNTs during
growth, none of these methods produce homogeneous electrical
properties of SWCNTs batches [85]. Therefore, in order to overcome
this problem, it is required to develop other methods to select
features of CNTs with optimized properties for specific application
[86, 87].

2.2 Single Walled Carbon Nanotubes Solution
and Preparation
As explained in section 2.1, the growth of SWCNTs on substrates with
conventional CVD has to be performed in a high temperature
environment, i.e. 900 °C. As a consequence, there is a limited to
choice of substrates and pre-existing circuit structures [88, 89].
Moreover, electrical characteristics of grown SWCNTs are difficult to
control. In fact, the synthesized SWCNTs are generally a mixture of
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semiconducting nanotubes and metallic ones with variable distribution
of chiralities and diameters, resulting in heterogeneous electrical
properties [48, 58, 59, 61]. Therefore, in order to employ SWCNTs,
post-synthesis deposition furnishes a reliable alternative by
overcoming the high temperature problem and the expensive
procedure for growing semiconducting SWCNTs. This method
enables to separate semiconductive from metallic SWCNTs and it is
useful for the optimal performance of devices. In order to deposit
SWCNTs from solution, it is required to disperse them in an aqueous
surfactant [59, 85, 90] or organic solvent [91-94] because of the
inherent insolubility of them in aqueous solution. There are two main
methods to disperse SWCNTs in solution: 1) chemical
functionalization [95, 96] or covalent-functionalization; 2) physical
interaction or non-covalent functionalization [97, 98] . In both
methods, the batch of carbon nanotubes containing of mixture of
metallic and semiconducting entities (also with various length and
diameters) needs to be dissolved in specific solution. In the covalent
process, SWCNTs are treated with strong acids and oxidants and a
carboxylic acid (COOH) functionalization is produced [99]. However,
the harsh conditions, alter the electronic properties of the SWCNTs
[96, 100]. An alternative approach to disperse SWCNTs is the noncovalent functionalization or physical interaction. This technique
disperses SWCNTs in aqueous solution preserving the electrical
properties of SWCNTs.
Generally, grown carbon nanotubes are in bundle form due to the
strong Van der Waals interaction [101] and hence it is needed to debundle and suspend them in aqueous solution. Moreover, carbon
nanotubes are a non-polar material and have a hydrophobic surface [6]
and they are not dissolvable in water. Hence, in order to increase their
solubility it is needed to attach amphiphilic surfactants to their surface
[102]. The amphiphilic surfactants have a hydrophobic tail and
hydrophilic head [6]. The hydrophobic tail interacts with hydrophobic
surface of SWCNT via hydrophobic/hydrophobic interaction, while
hydrophilic head facilitates the dispersion in aqueous solution [97].
The wrapping of the surfactants around the SWCNTs is shown in
Figure 13. Then, by the help of sonication the Van der Waals forces
between tubes are overcome and the conversion of the bundle to the
individual SWCNTs takes place [102, 103]. The surfactants, in fact,
deposit on the surface of SWCNTs and being charged, introduce
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electrostatic repulsion and stabilize the isolated single CNTs in
solution [96].

Figure 13. Schematic illustration of various surfactant assembly structures on a
SWCNT, including (a) cylindrical micelles, side and cross-section
cross
views, (b) hemimicelle,
and (c) random adsorption

After that, the centrifugation of the solution separates the SWCNTs
from amorphous carbon and remove large bundle that still remain in
solution [85].
surfactants able to disperse Successfully SWCNTs in aqueous
solutions are: sodium dodecyl sulfate (SDS)[104,
(SDS)
105], sodium
dodecylbenzenesulfonate (SDBS) [106, 107], and Triton X [108,
109].
Recently, by using density gradient ultracentrifugation (DGU) the
separation of semiconducting SWCNTs from metallic ones as reported
in Figure 14 [85],, has been achieved. In this condition,
cond
low density
smaller-diameter
diameter semiconducting SWCNTs are found on the top layer
of the vial. On the other hand, high density metallic SWCNTs settle at
the bottom of the vial. As it can be seen from Figure 14, observed
different bands verify the sorting
sort
of SWCNTs based on their diameter
as identified by UV-Vis
Vis spectroscopy [85].
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Figure 14. Sorting SWNTs using density gradient ultracentrifugation (DGU ). a, Smalldiameter (0.7–1.1 nm) SWNTs encapsulated with sodium cholate are sorted by diameter
following DGU. b, Optical absorbance spectra for different fractions, further confirm
sorting by diameter. c, Large-diameter SWNTs are sorted according to electronic type
following DGU. Reproduced with permission from Ref. [85]. Copyright 2008 Nature
Publishing Group

2.3 Deposition Methods for SWCNTs Solution
The assembly of SWCNTs from solution provides a strategy for
construction of a thin film on a substrate that is technologically
applicable for large areas and gives the possibility for fabrication of
electronic devices at room temperature. Various methods for
deposition SWCNTs in solution for assembly thin film have been
demonstrated such as spray coating [88], dip coating [65], spin coating
[90], dielectrophoresis deposition [89], and electrophoretic deposition
[110]. This section will report these techniques.
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2.3.1 Spray Coating
One of the techniques to form SWCNTs thin film from solution is
spray-coating. The schematic of a spray coating system is shown in
Figure 15. The system is based on a pistol which is composed of three
main parts for control the process and a hot plate for acceleration
drying process [111]. The mechanism is as follows: 1) Vessel is used
for inserting SWCNTs solution,
solution 2) atomizer is utilized to form an
aerosol from the solution 3) atomizer control the injection of solution
for transporting the droplet from nozzle to destination substrate by
controlling gas flux and position of pistol.

Figure 15. Schematic of spray-coating
coating

M. Jeong et al. utilized spray-coating
spray
deposition to form SWCNTs
thin film from solution on substrate
bstrate for transistor fabrication [112]. In
order
to
enhance
the
deposition,
they
used
3aminopropyltriethoxysilane (APTES) for silanization of the substrate
and sprayed the solution on the top of the hot plate at 100 °C in order
to accelerate the evaporation of the solvent. Although this method is
simple and allows the control of the thickness
thick
of the thin film by
repeating the process, however,
however due to the relatively high temperature
needed for coating, it is not suitable for thermally sensitive substrates,
particularly for flexible substrates..
substrate

2.3.2 Dip Coating
Another method to create a thin film of SWCNTs from solution is dipcoating. In this method, a substrate is immersed and pulled up in bath
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solution with specific speed and continuously depending on the
desired thickness of thin film [113, 114] . A schematic of the process
is shown in Figure 16.

Figure 16. Schematic of deposition dip-coating. Reproduced with permission from Ref.
[114]. Copyright 2009 IOP Publishing Group

X. Xiong et al. applied dip-coating method with photolithography for
selective assembly of SWCNTs network on the polymer substrate
(parylen-C) [114]. This process is based on a difference in surface
energy. The micro-trenches which were patterned by using optical
lithography have a hydrophobic surface and SWCNTs were not
absorbed on its surface. Therefore, it is needed to modify the surface
to become hydrophilic. In this case, the surface become hydrophilic by
utilizing O2 plasma treatment and thus SWCNTs were attracted on the
modified hydrophilic surface. This method allows the SWCNTs
selectivity deposited on hydrophilic surface on the micro-trenches by
dip-coating method. This method is quite simple and cost-effective.
However, this process not only need a special instrument to control
the deposition process and is difficult to handle process, but also the
surfactant-wrapped SWCNTs can degrade the electronic properties of
device.

2.3.3 Spin Coating
Spin-coating is a process for assembly of thin films on a flat substrate.
A specific amount of solution is dispensed on the substrate while
rotating at specific speed. Therefore, the solution spreads on the

29

substrate by shear forces [100
100, 115]. In this manner, the solvent
evaporates and the
he SWCNTs remain on the substrate. A schematic of
spin-coating is shown in Figure 17.

Figure 17. Spin-coating process. Used in part of this figure is Reprinted with permission
from Ref. [116]. Copyright 2004 American Chemical Society.

LeMieux et al. have used spin-coating
spin
for assembly of thin films of
SWCNTs in the fabrication of transistor based on the self sorted
technique [117].. In order to overcome hydrophobic surface of
SWCNTs for enhancing attachment on the substrate, they used two
types of silaness with amino and phenyl groups for the substrate
functionalization. The amino-terminated
amino
surface causes more
semiconducting SWCNTs to be attracted on it while phenylterminated surface leads to the attachment of more metallic ones. The
same authors showed later that, by controlling the volume of
SWCNTs solution and rotational
rotation speed of the spin coating device, the
SWCNTs can be aligned in the channel of TFT structures. [118].
However, the spin coating approach for the deposition of SWCNTs is
suitable for device arrangement compatible with the dimension of the
rotating equipment and therefore limited to small scale arrays.

2.3.4 Dielectrophoresis Deposition
Another method for assembling SWCNTs thin
t
films is
dielectrophoresis. In this method, carbon nanotubes become polarized
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under an anisotropic electric field which align them between two
electrodes [119-121]. The schematic for dielectrophoresis is shown in
Figure 18. By applying an alternating electric field with specific
frequency and voltage allows to align SWCNTs by inducing a dipole
on the SWCNT particles in the solution. [122, 123]].

Figure 18.
18 Schematic arrangement for dielectrophoresis-based
based alignment of CNTs

There are various parameters affecting this process including strength
of electric field, electric permittivity of solution and the properties of
SWCNTs particles [120]. J. Li et al. have fabricated
abricated field effect
transistor based on this method and have controlled
transistors
olled the number of
carbon nanotubes on the basis of concentration of SWCNTs in
solution and deposition time. Although dielectrophoresis approach
leads to align the carbon nanotubes in channel (between the two
electrode it acts more effectively on the metallic
electrodes),
etallic nanotubes than on
semiconducting ones.

2.3.5 Electrophoretic Deposition
Electrophoresis is another kind of deposition of SWCNTs solution on
the desired substrate. The procedure is as follows: the SWCNTs
solution is placed between two electrodes subjected to an electric
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field. The SWCNT particles become polarized under the non-uniform
electric field and are attracted towards the electrodes. Accumulated
SWCNTs on the electrode are collected from the electrode and used
for formation of a thin film [82]. The schematic of the electrophoresis
process is represented in Figure 19.

Figure 19. Schematic of electrophoresis deposition

Lima et al. formed thin film carbon nanotubes on a non-conductive
substrate for making a transparent conductive electrode [110].
Although this method is simple and quick, it is not technologically
applicable for large areas of deposition and it is not able to remove the
surfactant from SWCNTs.
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3 Chapter 3
Experimental Process for
Fabrication of SWCNTs-TFT
________________________________________________________

In this chapter the fabrication of thin film transistors (TFTs) based on
high purity semiconducting SWCNTs will be described. In the first
part, the procedures for dispersing SWCNTs in the surfactant solution
will be explained. Afterwards, our effective method, which is a
combination of substrate silanization and vacuum filtration method,
will be illustrated. Then, the electrical characterization of SWCNTsTFTs will be presented. Moreover, the advantages of this technique
will be discussed.
The schematic of back-gate SWCNTs-TFT is shown in Figure 20.

Figure 20. Schematic of SWCNTs-TFT

All the SWCNTs-TFT structures were fabricated and measured at
room temperature. The electrode configuration, explained in
subsection 3.1.1 followed by a deposition procedure reported in
subsection 3.1.2 and 3.1.3, is chosen in order to create the active layer
of the structure.
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3.1 Dispersion Process of Semiconducting
SWCNTs on Aqueous
queous Solution
The 90% semiconducting SWCNTs powder synthesized by
CoMoCAT®-CVD method is obtained from sigma-Aldrich Co.
(SWeNT® SG-65) [124]. The average diameter of SWCNTs in the
powder form is between 0.7-0.9
0.9 nm with chirality (6,5). The powder
was dispersed in surfactant based aqueous solution. The surfactant
was sodium dodecyll benzene sulphonate
sulphonat (SDBS, chemical formula
C12H25C6H4SO3Na). This ionic surfactant was chosen in order to
improve the dispersion of SWCNTs in the aqueous solution [125]. The
schematic of thee interaction between SDBS and SWCNTs surface is
shown in Figure 21.

Figure 21. Schematic representation of SDBS and its interaction with SWCNT surface

The procedure for dispersing of SWCNTs in aqueous solution is as
follows: 0.05 mg of SWCNTs were added to 1 wt% of SDBS in
aqueous solution (deionized water,
water 10 mL). The SWCNTs powder
sedimented in the bottom of vial. In order to disperse them well, i.e. to
overcome Van der Waals forces
force for converting bundle form to
individual separated CNTs , the vial was sonicated for 3 hours in
ultrasonic bath. In order to prevent the solution from over-heating, ice
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was added in the sonicator bath. After that, the suspension was further
dispersed in a homogenizer for 15 minutes and then the vial was
shaked for 2 minutes. Figure 22(a) shows the dispersion of SWCNTs
in SDBS based aqueous solution after sonication. Then, the
suspension was centrifuged at 12.000 rpm for 30 minutes. The
supernatant consists of individual CNTs, while at the bottom of the
vial there were mainly bundle forms of SWCNTs. For this reason,
after centrifugation, the supernatant of the vial (almost 50% of top part
of the vial) was carefully transferred to a new vial. The remaining part
of the solution was sonicated again for 1 hour in ultrasonic bath and
then centrifuged. The supernatant of SWCNTs solution after
centrifugation is shown in Figure 22(b).

Figure 22. SWCNTs in SDBS solution (a) after sonication and before centrifugation; (b)
after centrifugation.

The dispersed SWCNTs solution (top part of the vial after
centrifugation) was subjected to UV-Visible spectroscopy and
comparedto provided UV-Vis data. The UV-Vis spectroscopy of 90%
semiconducting SWCNTs, SG65, and our result of UV-Vis
spectroscopy is shown in Figures 23 and 24, respectively.
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Figure 23. UV-Vis
Vis spectroscopy of SG65 (red-line)
(red
based on data sheet [124]

Vis spectroscopy SWCNTs in SDBS aqueous solution.
Figure 24. UV-Vis

Peaks from 850 nm to 1100 nm and 450 nm to 600 nm wavelength are
conform to first and second semiconducting transition [126], named
S11 and S22, respectively. Peaks
eaks in the range between 600-850 nm are
corresponding to the first metallic transition (M11) [116, 127]. The
result from Figure 24 shows that SWCNTs powder dissolved
successfully in SDBS aqueous solution.
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3.1.1 Experimental Process for Fabrication DrainSource Electrode in the form of Interdigitated
Electrode
n-type silicon wafers with a 100 nm thermally oxidized layer SiO2
were chosen as substrate. First, the surface of the substrate was
cleaned to eliminate the inorganic and organic contamination of
surface. The procedure is as follows: immersing the diced wafer in
acetone followed by ultrasonic bath to remove inorganic
contaminations and then cleaning by piranha method which is a mix of
H2O2 and H2SO4 to remove organic contamination and to introduce
OH-groups to improve the wetting properties. Second step, the
AZ1512 photo-resist was deposited on the surface with spin coating to
form a uniform ~1 µm thin film of resist on the surface. Third step, the
wafer is exposed to ultraviolet light (wavelength, 7 0.2 VW 0.4 J )
through a mask containing the desired pattern.. By using an optical
lithography system and alignment process, the desired pattern is
defined on the substrate. Here we have chosen the mask named mask∅11 which includes the interdigitated electrode (IDE) with various
channel lengths and widths to form drain and source electrodes of a
thin film transistor (TFT). The channel length LC and width W vary in
a 2-dimensional sample space S= M3 ⊗ O ∈ ℜ . Each point in this
domain refers to a particular sample. The results concerning five
samples of SWCNTs-TFTs will be discussed later. Fourth step, the
sample is subjected to a post-bake process and it is heated up on a hot
plate at 100 °C to eliminate possible traces of the solvent. Thereafter,
the photo-resist is developed by 726-MIF developer and the irradiated
area was washed away by DI-water and dried with blowing nitrogen.
Then the substrates with defined structures were put into a
conventional e-beam evaporator (base pressure ca. 1x10-5 Pa) to coat
titanium with a thickness of 3 nm for good adhesion between gold and
the substrate and later the gold with 25 nm thickness. The resist was
deposited and then removed by a lift-off process. The schematic of
photolithography and metallization steps is shown in Figure 25.
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Figure 25. Schematic process for photolithography and metallization

Five samples were considered according to the following parameter
S= {M3 [J ], O [
]} ∈{(2,20),(4,60), (8,30), (20,8),(50,20)}.

3.1.2 Silanization of Substrate
Prior to the deposition of SWCNTs solution on the substrate, the SiO2
layer was silanized by 3-aminopropyl triethoxy silane (APTES) in
order to create amine terminated self assembled monolayers (SAM).
The presence of amine group or positive charge in the SAM facilitates
the selective absorption of the semiconducting carbon nanotubes
network [53, 117, 128]. The schematic illustration of the wafer
silanization is shown in Figure 26.

Figure 26. Schematic of silanization with APTES on the substrate.

In order to obtain this SAM layer, substrates were first processed by
plasma treatment for 5 minutes, thus allowing the formation of
hydrophilic surface. Plasma-treated wafers were soaked in a 1%
APTES solution in 2-isopropanol alcohol (IPA) for 15 minutes,
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afterwards washed copiously with IPA and dried completely by a
nitrogen gun to obtain a homogenous surface

3.1.3 Vacuum Filtration Deposition
The thin film was made by dispersing semiconducting SWCNTs with
an effective-deposition technique at room temperature that combines
vacuum filtration and silanization of substrate. After APTES
functionalization of substrate, the SWCNTs solution was deposited via
vacuum filtration technique.
The procedure consists of five steps as reported in Figure 27. A mixed
cellulose ester membrane, i.e. filter in Figure 27 (diameter 47
with pore size 0.22 J ), was placed on vacuum filtration apparatus
and 1 ml of 90% semiconducting SWCNTs solution with
concentration 0.05mg/ml was then quickly vacuum filtered. As the
solvent passes through the filter, the carbon nanotubes were entangled
with the surface of the filter, creating a carbon nanotubes network
with wrapped surfactant, i.e. filter/SWCNTs/surfactant in Figure 27
(Vacuum filtration, step 1). Afterwards, by rinsing off the filter
covered with SWCNTs/surfactant with 100 ml deionized water (DIwater in Figure 27), it is possible to dissociate the surfactant from
SWCNTs network (Surfactant dissociation, step 2). Then the filter
covered by the SWCNTs network was placed onto the silanized
substrate, i.e. the pink rectangle of Figure 27 (Transfer to destination,
step 3). A gentle press on the top was applied for one hour by using
a glass sheet in order to obtain a good SWCNTs distribution with
applied force (Press, step 4). Finally the SWCNTs network was
transferred by dissolving the filter on the substrate surface in an
acetone and methanol bath until the filter disappeared from the surface
(Filter dissolution, step 5) and a thin film of SWCNTs network
remained on the surface.
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Figure 27. Schematic of vacuum filtration steps

Vacuum filtration method has been found to be an effective approach
for a reproducible process for fabrication of SWCNTs films with
specific film density [129, 130]. The density of carbon nanotubes
network can be specified by controlling the volume of CNT solution
used to be filtered through the membrane. In addition, this method has
an advantage that the speed of vacuum filtration prevent the tubes
from flocculation [131]. Moreover, the dissociation of surfactant from
SWCNTs allows preserving the electrical characterization of
SWCNTs which enhances the yield of the devices. This deposition
process has advantages such as to be inexpensive, scalable to large
areas and to be allow the transfer of the thin film to all kind of
substrates and pre-structured circuits by membrane dissolution.

3.1.4 Electrical
Characterization
Semiconducting SWCNTs-TFT

of

90%

SWCNTs-TFTs in a back gate and bottom contact configuration with
different channel lengths and widths (M3 , O) in the sample space S
were taken into account. In particular, 5 samples are considered
according to the following parameter space S= (M3 [μm], O
[mm]) ∈{(2,20), (4,60), (8,30), (20,8), (50,20)}. The network of
semiconducting SWCNT acts as the active layer in thin film
transistors as shown in Figure 28.
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Figure 28.
28 Schematic of SWCNT-TFT
TFT as a back gate transistor build on thin film
SWCNTs on interdigiated electrodes (IDEs). Upper part shows the one period of
structure.
ture.

Spatial arrangement of SWCNTs network in the channel of a TFT
structure is assessed by scanning electron microscope (SEM) and is
shown in Figure 29. It can be observed that drain and source
electrode are connected by SWCNTs forming the thin layer on the
electrodes
substrate
substrate.

Figure 29.
29 SEM image of SWCNTs network on TFT structure
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The electrical characterizations are based on the conventional I-V
equations for MOS devices in triode and saturation regime. The
classical equations describe the BCF current that flows from the drain to
the source in a p-type MOSFET [132]. In the triode region, i.e.
DCF > (DEF S D] , where D] is the threshold voltage, the current is
given by:
BC

SJ

E

O
DCF
^(DEF S D] DCF S
_
M3
2

(8)

where M3 is the channel length, O the channel width and E the
capacitance per unit area between the gate electrode and the nanotube
network. If the saturation region is taken into account, i.e. DCF <
(DEF S D] , the drain current in a p-type MOSFET is governed by the
following equation:
1
O
(9)
(DEF S D]
BC S J E
M3
2
where the E is the capacitance per unit area between gate and
nanotube network used in equation (8) and (9) which is obtained by
considering a parallel plate arrangement:
E

ab ac
VPd

(10)

where ab 8.854 × 10g h ⁄ is the vacuum electric permittivity,
ac = 3.8 is the relative permittivity of the SiO2 substrate and t ij
100 nm is the thickness of the oxide.
In Figure 30 the measured electrical characteristics of 90%
semiconducting SWCNTs-TFT for channel length M3 = 50 µm is
reported. In order to obtain the transfer and output characteristics of
SWCNTs-TFT, a standard two probe measurement was made to
evaluate the drain current based on modulation of the gate voltage.
The sample placed on a probe-station where needles are used to
contact the drain and source electrode. The software controls the
applied voltages of the the device under the test. The transfer
characteristics of device, shown in Figure 30(a), is obtained by
varying DEF between S20 D to 15 D at DCF = −1 D. In order to
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measure the output characteristic of the transistor, VDS is varied
between -20V to 0 V and VGS between -17V to -11 V with a step size of
4V.
The
he output characteristic of device is shown in Figures
Figure 30(b).

(a)

(b)
Figure 30.
30 Transfer (a), and output (b) characteristics of 90% semiconducting SWCNTsSWCNTs
TFT at channel length , LC= 50 µm

The manufactured devices (M
( 3 = 50 J and O 20
showed
output performances of typical SWCNTs-TFT.
SWCNTs TFT. The transfer curve in
Figure 30a shows the dependence of charge carrier
carrie concentration in
thin film of SWCNTs based on electric field and gating effect of the
Schottky barriers at the SWCNTs and gold contacts [133]. Also,
transfer curve shows the p-type
p type semiconducting thin film behaviour,
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consistent with prior work on nanotube networks [134, 135]. Another
figure of merit for SWCNT-TFT
TFT structure, if the switching behaviour
of the device is considered, is the Blm ⁄BlKK ratio. Blm and BlKK are the
values of BC current when the SWCNTs-TFT
SWCNTs
is in on and off-state,
respectively. As shown in Figure 30(a), the Blm ⁄BlKK was 45 and quite
low. The reason is that when the transistor is in the off-state, i.e. there
is no gate voltage applied, the current should be zero;
zero however, due to
the existence of a metallic contribution of SWCNTs (10%), the current
of transistor does not completely become zero but has a small value.
On the other hand, the transistor is switched on when negative gate
voltage and drain-source
source voltage are applied to the device at the same
time. The reason is that,, when the voltage is applied to the gate
electrode, charge carriers (holes)
(hole are induced in the semiconducting
SWCNTs which facilitate the current flow from drain to source.
The Figure 30b shows the output characteristicof the device. Under
more negative VD, the device exhibits saturation behaviour. However,
due to the existence of metallic SWCNTs, the device does not show a
pure saturation regime and the current still increases while applying
more negative voltage.
The width–normalized
normalized electrical resistance in the on-state nPR ∗ O)
versus channel length is shown in Figure 31.

Figure 31.Measurement of width-normalized
normalized resistance of 90% semiconducting
SWCNTs-TFTs response with different channel lengths. The channel lengths are 2, 4, 8,
20, 50 µm
m and channel width are 20, 60, 30, 8, 20 mm respectively. The resistance
measurement was made on at VDS=-1V
1V and
a gate bias -20 V (on-state of SWCNTs-TFTs).
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As seen from Figure 31 the resistance increases as channel length
increases, since the average length of SWCNTs is shorter than channel
length and then more SWCNTs were required to form a conduction
path from drain to source electrode. Therefore, more tube to tube
junctions are present in the conduction path and thus the resistance of
devices are limited by the percolative transport through the carbon
nanotubes network.
Mostly in devices with shorter channel lengths, the output
characteristic shows the short circuit condition because of the metallic
carbon nanotubes contribution in the network. This condition occurs if
the density surpasses the percolation threshold. On the other hand, in
long channel transistors the metallic contribution causes a low
Blm ⁄BlKK ratio. Therefore, high percentage of semiconducting
SWCNTs solution is demanded to have higher yield of devices. In
next section, the fabricated devices with higher percentage of
semiconducting SWCNTs will be discussed.

3.2 Experimental process for fabrication of Thin
Film
Transistors
by
99%
pure
Semiconducting Singe Walled Carbon
Nanotubes
In this section, the fabrication process of SWCNTs-TFTs based on
99% pure semiconducting SWCNTs solution and the electrical
characterizations will be discussed.

3.2.1

Deposition Process and surface characterization

In order to fabricate thin film transistors with higher semiconductor
purity, a 99% semiconducting SWCNTs solution was purchased from
NanoIntegris Co. It is supplied with concentration 0.01 mg/ml in
surfactant solution, with average length MFo3m4 1 J and average
radius pFo3m4 0.7
. [136]. A Si/SiO2 with 100nm oxide layer
wafer was used as substrate where SiO2 is used to act as the back gate
dielectric same as previous ones. The drain-source electrodes as
explained in section 3.1.1 are interdigitated electrodes (IDEs) with
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channel length between 2 J to 50 J . Also an effective method
(which is a combination of a silanization process and vacuum
filtration) was used to deposit the SWCNTs solution onto the
substrate. The process is explained in detail in section 3.1.4.
Figure 32 (right) shows the optical image of the source and drain
electrodes obtained by IDE, whereas the network of SWCNTs by
scanning electron microscopy (SEM) image deposited on it is shown
on Figure 32 (left). The Figure 32 confirms connection of drain and
source by means of a quite uniform SWCNTs network- film.

Figure 32. Optical image of interdigited electrode (IDE) as a drain-source electrode
(Left). SWCNTs network between one period of IDE (Right).

The morphological arrangement of SWCNTs shown by SEM confirms
that drain-source electrode is joined by SWCNTs crossing associated
to the random network. This allows application of the percolation
theory of a random distribution of conducting sticks due to the fact
that nanotubes appear randomly oriented. The percolation theory and
modelling of device will be discussed in Chapter4.

3.2.2 Electrical characterization of 99% semiconducting
SWCNTs-TFTs by vacuum filtration deposition
Systematic studies of the electrical performances of the SWCNTsTFTs have been carried out. As many carbon nanotubes deposited in
the channel of TFT structure were not involved in the current carrying

46

process, the classical equations describing the drain current, BC
in all regimes (triode
(equation 8 and 9) modified by scaling law
and saturation) of transistor are used. This power law
is
characterized by a unique constant which is based on the coverage
density of carbon nanotubes in the channel of the TFT structure [137]
and gives the information about the morphology arrangement of
carbon nanotubes network on the surface [138]. More details about
this power law will be discussed in chapter 4.
In the triode region (DCF ≥ DEF − D] ) the I-V curve should scale as
[74, 137]:
BC

1

MFo3m4 t
DCF
JO E
r
s ^ DEF − D] DCF −
_
MFo3m4
M3
2

(11)

where E is the gate capacitance per unit area, DEF is the gate-source
voltage, D] is the threshold voltage, and J is the mobility. The
mobility can be obtained from the transfer characteristic by the
derivative of (11), i.e. from the variation of the drain current with
respect to the gate-source voltage in the triode region:
J=u

IBC
IDEF

(12)

where the coefficient u takes into account all the constant terms of the
equation 11. Therefore, the mobility of the thin-film transistor based
on SWCNTs network can be obtained by using measured values of
transconductance of the obtained device, GH = IBCF ⁄IDEF and
considering its geometry. The gate capacitance ( E ) is calculated by
taking into account the electrostatic coupling between carbon
nanotubes and oxide where the nanotube is considered as equipotential
[139]:
1
ᴧb
2$VPd g g
g
=
v
+
ln
y
sinh
r
s~• ᴧb
E
w
(13)
2$ab aPd
pFo3m4
ᴧb
ab =8.854×10-14 F/cm is the electric permittivity of vacuum, aPd = 3.8
the relative permittivity of the SiO2 substrate with thickness VPd =
100
, ᴧg
b is the linear tube density. Particularly, E from equation
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13 is used for aligned SWCNTs and gives a quantitative index [53, 54,
140]. However, when the distance between carbon nanotubes is
similar to the dielectric thickness, the use of the gate capacitance from
equation 13 instead of that corresponding to parallel electrodes
(equation 10) can be adequate [54]. The linear density of carbon
nanotubes is about between 10 − 100 V€•‚/J from SEM image; it
has been assumed to be 10 V€•‚/J in this case with radius of
SWCNT equal to 0.7
. w is the quantum capacitance which is
g
equal to 4 × 10
h ⁄ƒ
[141]. Therefore the mobility of the
SWCNTs-TFT is a function of the SWCNTs network through
g„
h ⁄ƒ
(expression (13)) and the measured
E = 21 × 10
GH value. In fact, the oxide capacitance based on the parallel plate
model (equation 10) is used for a uniform film; however, the
nanotubes network is not completely uniform and it is represented by
a sparse network. Therefore, the oxide capacitance in equation 10,
underestimates the mobility of SWCNTs network or overestimates the
oxide capacitance. Hence, equation 13 is necessary to compute the
real mobility of the device.
A standard two probe measurement was made to evaluate the DC
resistance of the channel between the gold contacts of the fabricated
devices. The software controls the voltage of the device under test. By
varying DEF between −15 D to 15 D at DCF = 1 D, transfer
characteristics of a device is obtained which is shown in Figure 33a.
Also, by performing a sweep of VDS between -16V to 0 V and VGS
between -10V to 10 V with a step size of 2V the output characteristics
of device are evaluated and shown in Figures 33b-c (linear and
saturation response of the transistor are obtained, respectively).
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Figure 33.
33 Electrical measurement of a SWCNTs-TFT with channel length LC=8 µm: a)
Transfer characteristics b) Output characteristics in triode region c) Output
characteristics in saturation region

The manufactured device (M
( 3 8J
and O 30
shows
output performances of typical SWCNTs-TFT.
SWCNTs TFT. The transfer curve in
Figure 33a shows the dependence of charge carrier concentration in a
thin film of SWCNTs based on electric field and gating effect of the
Schottky barriers at the SWCNTs gold contacts.
contacts. Also,
Also the transfer
curve shows the p-type
p
semiconducting thin film behaviour,
behaviour consistent
with prior work on nanotube networks [53, 54].. The experimental
transfer curve is used to extract Vth, on-current
current density (‹
( PR
BPR ⁄O , ION/IOFF ratio and mobility. The obtained device is
characterized by D]
4.8 D, Ion/Ioff ratio as high as 1.8×104, and subthreshold … " DEF ⁄" log BCF equal to 1.8 D ⁄"‚ƒ at VDS=1 V. In
addition the on-current at VDS=1 V is 190 J‰ which, to the best of the
addition,
authors’ knowledge, is the highest on-current
on current for fabricated devices
based on high purity semiconducting carbon nanotubes
nanotube network. This
high on-current
on
is due not only to the high purity of semiconducting
SWCNTs but also to the electrode design. Furthermore, the mobility
SWCNTs,
of device (J
( is equal to 40.75 ƒ ⁄DŠ at VDS=1 V. As shown in
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Figure 33b, the ID-VD curves appear to be linear for VD between -1 and
1 V, stating that good ohmic contacts are formed between the
interdigitated electrodes and the carbon nanotubes thin film. In this
region the TFT behaves like a voltage controlled resistor similarly to
the classic MOSFET devices. Under more negative VD, these devices
exhibit complete saturation behaviour, as shown in Figure 33c.
The mobility of 99% semiconducting random network CNT-TFT, is
much higher than the typical mobilities of organic TFTs 0.98 ƒ ⁄DŠ
[142], amorphous Si 1 ƒ ⁄DŠ [143], and those reported until now
around 1 ƒ ⁄DŠ for random network of carbon nanotubes [48, 55,
144]. Moreover, the mobility for M3 = 8 J TFT structure is 40.75
ƒ ⁄DŠ which, to the best of the authors’ knowledge, is among the
highest mobility in short channel structures for fabricated devices
based on high purity carbon nanotube network. However, it is
significantly lower than those of a single carbon nanotube CNT-FET
(J~ 1 − 2 × 10• ƒ ⁄DŠ) [144]. The reason for this difference is the
high tube-tube coupling resistance in the films [145]. This intertube
coupling resistance is deemed to be as high as 100 MΩ [146], which
overcomes the resistance of nanotube (~10 :Ž). In addition, as it can
be seen from the SEM image in Figure 32, curling of carbon
nanotubes appears and this phenomenon reduces the effective length
of SWCNTs in the direction of the current flow from drain to source
electrode, thus increasing the resistance of the dispersion of carbon
nanotube network and reducing the overall device mobility.

3.2.3 Effect of Channel Length of 99% semiconducting
SWCNTs-TFTs
To get a more comprehensive understanding of device characteristics,
the measured normalized on-current density (BPR ⁄O ) scaled with
various channel length between 2 J and 50 J is shown in Figure
34.

50

Figure 34. Average values and error bars of the current density (Ion/W) versus various
channel length (2,4,8,20,50 μm) for TFT fabricated with SWCNTs .

Figure 34 shows the average normalized on-current densities (BPR ⁄O
evaluated at DCF 1 D and DEF −15 D concerning electrical
measurements performed on a set of 15 transistors characterized by
different channel lengths and widths. The on-current density is
approximately inversely proportional to the channel length, indicating
that BPR decreases as channel length increases because of the enlarged
intertube junction resistance. For this reason, the highest on-current
density is detected in correspondence of the device with the smallest
channel length. Furthermore, as the authors of ref. [147] suggest,
higher
purity
semiconducting
nanotubes
require
more
ultracentrifugation which gives rise to shorter nanotube lengths. This
effect causes more tube-tube junction in the percolation path and
adversely affects the overall on-current density.
Another important figure of merit for SWCNT-TFTs, the average
mobility of devices with various channel lengths, is plotted in Figure
35.
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Figure 35. Plot of average mobility versus channel length for TFT fabricated on carbon
nanotubes.

The mobility of devices should be related to the bulk property of the
device (independent of TFT channel length and width), due to the
presence of metallic nanotubes and percolation effect [54]. However,
it has been usually observed that the mobility does in fact depend on
channel length in as-grown nanotube networks, containing 1/3
metallic and 2/3 semiconducting nanotubes [48, 54]. This behaviour
has been detected also for networks containing high percentages of
enriched semiconducting nanotubes [53, 148] as well as for those
investigated in the present study (99%). In fact, it is also found a
dependence on channel length of the current density and mobility, as
shown in Figures 34 and 35 respectively. The evidence that also
mobility is inversely proportional to the channel length indicates that
mobility decreases as channel length increases since the average
length of SWCNT in separated nanotubes is shorter than the channel
length. Therefore the device mobility is affected by the percolative
transport through the carbon nanotube network. As the device channel
length increases compared to the carbon nanotube length, there are
significantly more tube-to-tube junctions introduced in the conduction
path, causing the device mobility to decrease.
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Figure 36. Measurement of width-normalized resistance of 99% semiconducting
SWCNTs-TFT response with different channel lengths. The channel lengths are 2, 4, 8,
20, 50 µm and channel width are 20, 60, 30, 8, 20 mm respectively. The resistance
measurement was made at VDS=1V a gate bias -15 V (on-state of SWCNTs-TFTs)

The width–normalized electrical resistances of on-state (nPR ∗ O)
devices versus channel length are shown in Figure 36. As seen from
Figure 36, the resistance increases as channel length increases, since
the average length of SWCNT is shorter that channel length.
Therefore the device resistance is governed by the percolative
transport through carbon nanotubes network in the transistor channel.
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4 Chapter 4
Numerical modelling of SWCNTsTFTs
________________________________________________________
In order to understand the relation linking the electrical properties of
fabricated SWCNTs-TFTs with the corresponding geometrical
structure and physical characteristics of the nanotubes, a numerical
model of the system has been developed. For this purpose, a model
simulating a channel of TFT structure with SWCNTs network has
been carried out by considering, in a three-dimensional (3D) space, a
random distribution of impenetrable conducting cylinders inside the
channel. The characteristics of the fabricated devices have been
compared with the 3D model and the results are analysed.

4.1 3-D Modelling of SWCNTs-TFTs
The physical representation of the device given in Figure 20 can be
described by considering each periodic part reported in Figure 37. In
this figure the SWCNTs network acts like an electrical equivalent
medium with electronic characteristics dependent on the physical
interactions at the interface between nanotubes in the percolation-path,
if it exists, that are influenced by external electrical field. In particular,
the electrical percolation path connecting drain and source electrodes
highlighted by red-sticks involves not all the SWCNTs deposit in the
TFT channel. In order to reproduce the transport properties of the
SWCNTs network formed in the channel of the TFT, the randomlygenerated 3D SWCNTs structure between the two electrodes shown in
the schematic zoom of Figure 37 is considered.
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Figure 37.
37 Schematic of SWCNTs dispersion in the channel of TFT as parallelepiped
volume form

The conduction mechanisms occurring between the SWCNTs forming
the network are evaluated by using an equivalent resistance
representation
esentation of the selected box,
box as shown in Figure 38, capable to
furnish the electric equivalent
alent medium of the system.
system

Figure 38.
38 2D view of the conductivee paths inside the channel of TFT and the associated
resistor network

Several authors have proposed the study of this problem by
considering a physical arrangement of the SWCNTs
SWCNT network in 2-

55

dimensional (2D) model [74, 149]. Due to the role assumed by the
geometric characteristics of the SWCNT and their effect on the device
behaviour, a 3D study of the problem is adopted, based on the
previous work [150, 151]. In particular, a MATLAB® based procedure
has been developed to generate the random deposition of the
nanotubes inside the TFT channel represented with parallelepiped
shape with fixed volume. The aggregation of SWCNTs takes place in
this volume. From the information about the relative position of the
SWCNTs inside the volume, an equivalent electrical network is
constructed, modelling the conduction mechanism inside the paths that
occur in this volume. By using the assumption that the current flows
from the source to drain, the equivalent total resistance can be
computed by considering the equivalent network of resistances that
concurs to form the total path between the drain and source electrodes
(sect. 4.1.2). Crucial point will be >3 , the minimum number of
SWCNTs connections allowing the formation of conduction path
[152]. For the random distribution of the nanotube network, this
critical surface density is given by [138, 153]:
(14)
MFo3m4 •$>3 4.236
Based on the MFo3m4 value obtained from data sheet, the computed
critical density is N’ = 5.71 μmg . It is found that a nanotube density
in the TFT channel N = 10 μmg is sufficient to achieve a numerical
convergence and therefore it is adopted in this simulation approach.

4.1.1 Representation of the SWCNTs aggregation
In order to reproduce the electrical resistivity of the randomized
network representing the thin layer in the structure of Figure 37, a
representative volume with a parallelepiped shape, D”Pd named cell, is
considered. The dimensions of the cell are chosen according to the
TFT structure shown in Figure 37:
(15)
D”Pd = M• ∙ V ∙ O”Pd
where M• and V are the channel length and minimum thickness of the
channel in the device, whereas O”Pd is fixed to 10 μm. In this way the
total volume of the TFT structure, D] , is given by subdividing the
channel width W (and hence the volume) into
= O ⁄O”Pd
elementary parts, as shown in the zoom reported in Figure 37:
D] = M3 ∙ V ∙ O = M3 ∙ V ∙ O”Pd ∙ O ⁄O”Pd = D”Pd ∙ O ⁄O”Pd = D”Pd
(16)
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Therefore, by assuming periodic boundary condition, the
computational effort can be reduced.
In the D”Pd a distribution with uniform probability of cylinders
modeling SWCNTs is considered by the adopted >. In particular, each
cylinder has a length MFo3m4 and diameter "Fo3m4 . Moreover, in
order to ensure that the dispersed SWCNTs are distributed uniformly
inside the volume, the initial and final coordinates (–— , ˜— , ™— and
(–Q , ˜Q , ™Q
respectively are used by considering the following
analytical relations [150, 151]:

–Q

–—

p

" ∙ M3 ,

–— + MFo3m4 ∅ cos(J

˜—

, ˜Q

p
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where p "— , for i=1,…, 5 are uniformly distributed random numbers
[0,1]. In this way each Monte Carlo trial
in the interval
corresponds to the generation of 5 uniformly distributed parameters
that have to respect some constraints. In fact, during the generation
process for inserting the cylinders, a rigorous check regarding contact
is performed. In particular, the position or overlap of each SWCNT is
essential for the correct determination of the percolation paths.
Therefore, at each time, before inserting the new cylinder, a control is
made to satisfy the physical feasibility, i.e. that the new cylinder does
not penetrate inside others. A further check is also made on the
minimum distance between two SWCNTs, by considering the Van der
Waals separation (0.34 nm). If this two constrains are not satisfied, the
cylindre is automatically removed from volume and a new one is
generated again until the conditions are satisfied. This generation
procedure is finished when the SWCNTs have reached a number
related to the density > established at the beginning of process.

4.1.2 Electrical resistance of the thin-film by means of
an equivalent electrical network
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Once the structure is obtained, i.e. the cell filled with a network of
semiconducting SWCNTs, the presence of one or more direct paths
between source and drain electrode can be evaluated. Then the
resistance of a nanotubes network in the on-states can be calculated by
using a 3D resistor network. It leads to evaluate the resistance of Vbox,
Rbox, and to derive the equivalent electrical properties of the medium
in the channel direction. Each branch in the equivalent circuit
represents a single percolation path including two types of resistors.
The first one, “tube segment” nHR , takes into account the conductive
mechanism in the segment, defined from to , of the SWCNTs
involved in the path:
¡HR
(20)
nHR
Fo3m4 ∙
…Fo3m4
where Fo3m4 and …Fo3m4 are the electrical resistivity and crosssectional area of the SWCNTs respectively, while ¡HR is the distance
between two generic points and . It corresponds to assume that the
scattering dominated drift-diffusion theory applies, with negligible
effect of the diffusive term, and that the contact resistance is
unimportant [154]. In particular, the resistivity of the semiconducting
SWCNTs is computed, according to the experimental data, as:
(21)
1⁄ ¢ ‚J
Fo3m4
¤
g•
where ¢
7 × 10 ƒ
is the charge density of graphene
£
g „
is the electric charge of electron and J is the
[155], ‚ = 1.6 × 10
mobility of charges in TFT structures, obtained experimentally as
described in the section 3.2.2. For the minimum contribution of
metallic nanotubes (1%) in the network, the resistivity of them, in onstate, is adopted equal to that of the semiconducting CNTs [53].
Moreover, in the proposed electrical network a second type of resistor,
n]¥RR£¦ , is introduced at each “tube-tube” junction in order to take into
account electron tunneling effect between sufficiently close carbon
nanotubes [156-158]:
›2©
(22)
ℎ "
n]¥RR£¦ =
‚–¨( √ Hª)
…Fo3m4 ‚ •2 £ 7
where ℎ is the Plank´s constant , " the distance between SWCNTs, £
the mass of electron and 7 represents the height of energy barrier. As a
first approximation, it is assumed that the barrier height approximately
equal to 1/2 band gap of the semiconducting SWCNT [159].
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From the above expression, it can be noted that tunnelling
conductance decays exponentially as a function of distance with a
characteristic decay length in the order of a few nanometers, typically
not larger than 2
[157]. Finally the equivalent resistance of all
paths in parallel n”Pd associated with the conduction mechanisms is
given by:
g

±

1
(23)
n”Pd ^« °
_
∑—¯ nHR— + ∑®
n
]¥RR£¦-¯
¦¯
where index of summation K is the number of the parallel percolation
paths detected in the thin film, P and M are respectively the number of
SWCNTs and tunnelling occurrence in each branch of the resistor
network.
The on-state resistance (nPR ) indicates the total resistance (nPR
n”Pd ⁄ ) of the transistor when it is in the conduction state.
In classical 2D conducting film, the nPR is proportional to channel
length, M3 . In a system close to percolation threshold, there are many
nanotubes that are not involved in the current carrying process [137].
These tubes lead to form new percolation paths as M3 decreases.
Therefore, the on-resistance can be expressed quantitatively according
to [74]
M3 t
(24)
nPR ~MFo3m4
MFo3m4
is universal constant which depends only on the normalized density
(>MFo3m4 ) of SWCNT in the transistor channel and describes the
spatial distribution of SWCNTs network in the structure. In addition,
this power law gives the information about dimension of morphology
arrangement of carbon nanotubes network on the surface [137, 138].

4.1.3 Simulation result of electrical properties of
SWCNTs-TFTs
For a better understanding of the relation linking the electrical
properties with the geometrical and physical characteristic of the
SWCNTs-TFT, a comparison between the characteristics of the
fabricated device with a 3D model of the structure, obtained by
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randomly distributed carbon nanotubes inside a TFT channel length, is
performed.
The transport properties of the SWCNTs network in the TFT channel
are modelled in terms of stick percolation on the 3D structures leading
to the formation of conduction paths between source and drain as
discussed in section 4.1. In Figure 39 the box representative of a
random arrangement obtained in the case of a parallelepiped volume
with M3 8 J , O”Pd = 10 J and V = 3.14
is reported.

Figure 39. 3D simulated box representing the random network of 800 SWCNTs inside
the TFT channel Lc

The thickness value is adopted in order to consider that two carbon
nanotubes can overlap each other according to their diameter and Van
der Waals distance. In all TFT structures, the average nanotubes
length MFo3m4 is shorter than the channel length, M3 , which means that
source to drain current has to flow through a series of inter-nanotubes
contacts. The SWCNT geometric characteristics are adopted
according to the data sheet (length MFo3m4 = 1 J
and radius
p3m4 = 0.7
) and they are randomly inserted in the box, one at
time, until the desired density is reached. A resistor network is
associated to the “tube segment” and “tube-tube junction”, as
explained in section 4.1.2. The resistivity of SWCNTs network based
on the variation of devices mobility are obtained by experimental data
and varying between 2 × 10g Žƒ to 4 × 10g Žƒ according to
eq. (21). These ranges of resistivities are consistent with those
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3

10

log(Ron.W)

Ron.W [kohm.mm]

obtained from recent publication [160, 161]. Finally the total
resistance of the box, n”Pd of device is derived by means of the
Equation (23). The simulated values of the geometrically-scaled
devices resistance in on-state of transistor (nPR ∗ O) are compared
with the measurement data in Figure 40.
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Figure 40.. Comparison between measurement and simulation of width-normalized
resistance of semiconducting devices response with different channel lengths.
The channel lengths are 2, 4, 8, 20, 50 µm and channel width are 20, 60, 30, 8, 20 mm
respectively. The resistance measurement was made at VDS=1V a gate bias -15 V (onstate of SWCNTs-TFTs) that was applied to ensure that semiconducting nanotubes in
the network were conducting. Inset plot shows log of width-normalized resistance [log
(R*W)] versus log channel length [log(Lc)]

The inset of Figure 40 shows also the plots of the logarithm of the
width-normalized electrical resistance of semiconducting response of
TFTs log(nPR ∙ O vs. log(M3 at the fixed DEF of -15V,
corresponding to an on-state value. From this plot it is possible to
extract the exponent power law ( as the slope of the interpolating
line for fabricated and simulated devices. By observing the equations
it is evident that nPR ∝ (M3 .³ (red data) and nPR ∝ (M3 ) .¤ (blue
data) respectively.
For high density network, the carbon nanotube network behave like a
classical 2D conducting film and correspondingly ≈ 1. On the other
hand, for densities near the percolation threshold, approaches 2 and
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then diverges as the density approaches zero [66, 137, 154]. In these
structures, the detected exponent of the power law
1.7 − 1.8 ∈
[1,2] puts in evidence that the obtained thin film is “quite” dense, with
a density higher than the percolation threshold value but still not so
high to induce a linear behaviour between resistance and channel
length. It means that an intermediate SWCNTs aggregation structure
between 2-D and 3-D is achieved and therefore the adoption of 3D
model appears to be useful for the numerical investigation of the thinfilm structure.
Good agreement between measured and simulated data is clearly
visible thus confirming the effectiveness of the model for the design
phase of optimized SWCNTs-TFT structures.
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5 Chapter 5
Fabrication label-free biosensor
based SWCNTs-TFT
________________________________________________________
Detection of biomolecules by fast, sensitive and cost effective
methods is an important issue for several sectors such as healthcare,
food, water, environmental monitoring and elimination of bio-security
threat [56, 162]. Various detection methods ranging from conventional
approaches such as optical detection by utilization of fluorescentlabeled biomolecules with dyes [163-165] or quantum dots [166-168]
to the sophisticated optical fiber based evanescence wave biosensor
and polymerized chain reaction (PCR) based method have been
developed so far[56, 148, 169, 170]. Although the labelled
biomolecule approach has an accurate detection, it degrades the
interaction between receptor and target [171]. In addition, the
preparation of labelled materials is time consuming and expensive
[171, 172]. Therefore, the development of a fully electronic label-free
biosensor is highly demanded. Label-free biosensors with high
miniaturization, high sensitivity and low power consumption have
drawn interest into the field of nanoscience and nanotechnology [62,
173, 174]. The integration of nanotechnology and biotechnology
provides new routes for the detection of specific biomolecules through
detection of electrical signals [175].
Among nanomaterials, single walled carbon nanotubes (SWCNTs) are
promising candidates for nanobiosensing due to the exceptional
electrical properties such as high mobility [176], large surface area
[177], and their nanoscale structure [178]. The high mobility of
SWCNTs represents a major advantage for high sensitivity
applications [178]. Moreover, in the SWCNTs every single carbon
atom on the surface is in direct contact with the environment, allowing
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increase of the sensitivity [179]. In addition, the nanoscale size of
SWCNTs (with diameter ~1 nm), is directly comparable to the
dimension of single biomolecules such as DNA, enzymes, antibodies
proteins [67, 179, 180] and enables easy interaction with such
biomolecules. Moreover, the low charge carrier density of SWCNTs,
~1 electron per nanometer, is similar to the surface charge density of
proteins, allowing optimal electrostatic interaction between SWCNTs
and analyte biomolecules [179]. These attractive features of such
devices can approach the realization of an ultrahigh sensitivity
biosensor capable of single-molecule detection [66]. The translation of
the interaction of biomolecules and surface of SWCNTs to an
electrical signal is the base of performance of the label-free biosensor.
This makes SWCNTs excellent candidates for application as
transducers based on chem-resistor or transistor structures [48].
Since the fabrication of field effect transistor based CNTs [181] there
has been great deal of effort devoted to the application of this device
for various sensing areas from chemical sensors [182], gas sensors
[183] DNA sensing [184], and protein sensors [185, 186].
Proteins can strongly attach to the nanotube surface via nonspecific
binding due to the affinity to attached amino groups [187, 188]. There
are also various reports that demonstrate the specificity and selectivity
control for chemically covalent [189] or non-covalent [190]
functionalized CNTs [191]. Biosensors based on nanotubes have
shown detection range between picomolar to micromolar
concentration [185, 192, 193] and potential applicability for largescale array [192-194].
Hu et al. have been utilized 60% semiconducting SWCNT-TFT for
detection of 50 nM concentration of streptavidin [185]. However,
they used break-down electrical procedure for removing metallic
contribution of SWCNTs network in the system. This additional
process is not suitable for large-scale array-ability for biosensors
fabrication and reducing the reliability of devices. Because of high
bias voltage is required to break-down the metallic species. Chen et al.
have been used mixtures of SWCNTs network on mesh gold grids for
detection of various biomolecules [190]. They detected 100 nM of
streptavidin based on gold labelled particle directly on the surface of
SWCNTs network. The streptavidin is binding with the surface of
SWCNTs with non-specific binding. Furthermore, labelled
biomolecules have the disadvantage to degrade the interaction
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between target and receptors. Therefore, a fully electronic-label-free
biosensor is demanded. In this work, TFTs based on SWCNTs
networks with the highest purity semiconducting (99%) is used for
detection of streptavidin at concentration as low as 100 pM via
specific binding to biotin.
In this chapter, a label-free biosensor based on the fabricated high
purity SWCNTs-TFT is considered as a transducer for biointeractions. The TFT structure with SWCNTs network as an active
layer is used as a platform of sensing mechanism. The electrical
conductivity of this device is modulated by the interaction of the
functionalized surface of SWCNTs with specific proteins. In
particular, the object of this chapter is the description of the
fabrication of a high sensitivity (100 pM) biosensor for the detection
of streptavidin. The principle used for this detection in based on the
well-known biotin-streptavidin interaction. The incubated process for
immobilization of biomolecules is inspired by Chen et al. [190] and
developed for our application.

5.1 Interaction between biotin-streptavidin
Among the many non-covalent interactions between proteins and
receptors present in nature, the streptavidin-biotin interaction is the
strongest (&© 10g › - 10g • M) where &© is the dissociation
constant [195]. Streptavidin is a tetrameric protein (4 × 13 :µ )
which binds to the vitamin biotin [196]. In fact, the mass of
streptavidin is 52000 dalton (µ ) or as a short 52 :µ . In other
words, streptavidin constructed from four identical subunits and it is
represented as (4 × 13 :µ ) and one molecule of streptavidin binds
with four molecules of biotin
The bond between that pair is very stable and unaffected by pH,
temperature, organic solvents and other denaturing agents [195, 196].
These features make the biotin/streptavidin system the basis of many
biochemical and biosensor applications and in this work we have used
this pair as a research model for development of a label-free
biosensor.
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5.2 Immobilization procedure for deposition of
biomolecules on SWCNTS-TFT
The fabricated 99% pure semiconducting SWCNTs-TFT, described in
section 3.2, is used as a transducer acting as the central element of a
biosensor.
Generally, pristine SWCNTs have some shortcoming such as low
sensitivity to analytes due to low absorption and non specific
adsorption; hence, functionalized CNTs are needed for selective
adsorption and to improve the sensing performance. In particular, to
improve the sensitivity and selectivity, the SWCNTs in the TFT
structure are non-covalently functionalized by submerging the device
into a 6mM solution of the linker (1-pyrenebutanoic acid,
succinimidyl ester, Eurogentec, Inc.) dissolved in dimethylformamide
(DMF) for 1 hour. Then the device is rinsed with DMF solvent.
In order to biotinylate the device, the biotin is immobilized on the
pyren-linker present on the SWCNTs surface by submerging it in a 50
mM concentration of EZ-Link Amine-PEG3-Biotin (Thermo Fischer
Scientific, Inc.) in aqueous solution for 18 hours at room temperature
and rinsed in pure water for 1 h in order to wash the excess of the
reagent. Subsequently, the biotinylated polymer coated device is
exposed to a 100 pM solution streptavidin (Omnilab.Inc.) in a 0.02 M
phosphate buffered saline solution (PBS) at pH=7.2 and at room
temperature for 15 min. Then, the device is rinsed copiously with
water to remove salt from saline buffer and dried with a flux of
nitrogen. The schematic of the immobilization procedure is shown in
Figure 41.
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Figure 41.
41 Schematic of immobilization procedures of protein. First deposition linker,
second biotin and finally protein (Streptavidin) with 100 pM concentration

5.3 Experimental result for biosensor
TFT with randomized network of 99% semiconducting
semicon
SWCNTs
having channel length, M3 8 J and width, O 3
on Si/SiO2
is employed. The biosensor operates in the triode regime of the
transistor where the conduction changes as a function of biomolecule
interaction. The detection of streptavidin in a concentration of 100
pM is targeted in the experiment.
Figure 42 shows the immobilization of biomolecules on the surface of
functionalized SWCNTs.
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Figure 42. Schematic of SWCNT with immobilization of 1-pyrenebutanoic acid
succinimidyl ester as a linker, Amin-PEG-Biotin for biotinylated the device and
streptavidin

The biosensor based on SWCNTs-TFT is operated
at room
temperature in four steps: 1) the bare SWCNTs; 2) SWCNTs with
linker; 3) SWCNTs with attached biotin; 4) SWCNTs with
streptavidin. The electrical conductance variation is reported in Figure
43.
The main advantage of the noncovalent functionalization is the
preservation of the sp2 carbons present in the nanotube structure. The
interaction between nanotube surface and tetracyclic pyrene is due to
the non-covalent π-stacking interaction [190]. It must be noted that the
observed reduction of the current is related to a partial depletion of
holes in p-type SWCNTs by the electron-donating DMF which cover
the surface of carbon nanotubes.
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The reactive succinimide portion of the pyrene linker adsorbed on the
nanotubes is able to induce the formation of a covalent bond with the
amine-PEG3-Biotin. In this way, the biotin is connected to the
SWCNTs through an amide bond. Because all the valence electrons
present in the atoms constituting the amide group
(amide=carboxyl+amino) are for covalent bonds, they cannot act as
electron donors. Therefore, the level of conductance of biotinylated
SWCNTs-TFT is almost back to the level of the bare SWCNTs in
TFT. The short polyethylene glycol (PEG) portion in EZ-Link aminePEG3-Biotin is highly hydrophilic, confers high water solubility and,
above all, is charge-neutral. All these characteristics eliminate nonspecific hydrophobic interaction and electrostatic binding with
proteins leading to high degree of detection [186].
As shown in Figure 43b, the current increases sharply upon interaction
of 100 pM concentration of streptavidin (target) with the receptor
which is biotinylated-SWCNTs-TFT, indicating that the target is
detected successfully. The 37% relative increase of the current (upon
addition of streptavidin) can be related to the binding of a negatively
charged species to the surface of a p-type SWCNTs network. This is
in full agreement with the streptavidin isoelectronic point (¨B of
about 5 VW 6 and the fact that the exposure the biotinylated-SWCNT
surface with streptavidin was done at pH=7.2 (at this pH the
streptavidin must have an excess of negative charges) [185, 199, 200].
Therefore, the result indicates that streptavidin is successfully bound
to the biotinylated-SWCNTs via biological recognition of the biotinstreptavidin pair. In principle SWCNTs surface in the channel of TFT
is a p-type semiconductor and it is expected to increase the current
when negative charges come close to its surface [200, 201] . Our
result is compatible with this consideration. In addition, our result
confirms previous investigations related to interaction between
biotinylated-SWCNTs and streptavidin [185, 200]. This high
sensitivity is due to the very high (99%) purity percentage of
semiconducting SWCNTs and large dimension of IDEs in TFT
structure that allow more efficient interaction between the analyte and
surface of SWCNTs.
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Figure 43. Output characteristics (Ids-Vds)
(Ids
of the SWCNTs-TFT at Vgs=-5 V for: (1)
bare SWCNTs-TFT ; ( 2) functionalized SWCNT with linker; (3) biotinylated SWCNTsTFT; (4) SWCNTs-TFT
TFT with streptavidin

This investigation is a proof of principle to detect the interaction of
biotin and streptavidin on SWCNTs surface.
surface It is used as a research
model for biosensor application. In order to use this biosensor for

70

commercial application, it is required more control tests on it such as
directly interaction between protein and SWCNTs-surface without
biotinylated the device, different concentration of protein, the role of
solvents in the analyte medium and utilization of microfluidic channel
on top of the device. These control tests are required to completely
investigate the comprehensive mechanisms of interaction between
SWCNTs-surface and bimolecular systems.
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6 Chapter 6
Conclusion and future work
6.1 Conclusion
In this work the characteristics of SWCNTs-TFTs fabricated by means
of an effective deposition technique from a solution of dispersed preseparated semiconducting SWCNTs on a Si/SiO2 wafer have been
presented. The deposition technique consists of silanization in
combination with the vacuum filtration method. The surface
treatment used APTES prior to the nanotube deposition in order to
facilitate selective deposition of SWCNTs on the substrate. The
vacuum filtration gives an opportunity to deposit thin films on a
substrate with control of the density of nanotubes in the TFT channel.
Moreover, this technique gives an opportunity to fabricate devices at
room temperature which is suitable also for temperature sensitive
substrates and pre-existing circuit structures. The proposed approach
can be easily transformed to large areas leading to a suitable use in
industrial applications. The fabricated TFT based on 99% pure
semiconducting SWCNTs solution shows a Vth=4.8V, a maximum
transconductance of 91µS, a current density of 0.06 J‰/J , a large
value of mobility of J = 40.75 ƒ ⁄DŠ and a Ion/Ioff ratio as high as
1.8 × 10› for a channel length equal to 8 J . According to
percolation theory, an exponent of the power law = 1.7 was found
experimentally, showing that the obtained thin film is “quite” dense
and near the percolation threshold. Furthermore the experimental data
have been compared to the results of a 3D model simulating the
charge transport in the SWCNT structures formed in the TFT channel.
The simulation results are in very good agreement with the
experimental data. The model seems to be able to reproduce the
transport characteristics of the fabricated devices and could be an
effective tool to improve the SWCNTs-TFTs structure. Furthermore,
the manufactured device has been characterized as a transducer in a
label-free biosensor. The results demonstrated the high sensitivity of
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the fabricated TFT biosensor based on high purity semiconducting
SWCNTs network. The SWCNTs are functionalized via non covalent
process to preserve the electronic characteristic of SWCNTs. The
conductance of the label-free biosensor increases upon interaction of
streptavidin with biotinylated SWCNTs on the channel of TFT
structure. This effect can be attributed to the negatively charged
biotin-streptavidin combination via electrostatic interaction. This
biosensor shows the successful immobilization of streptavidin and
highly sensitive detection of streptavidin with concentration as low as
100 ¨¶. Due to the high-sensitivity and nanoscale size of SWCNTs,
this new biosensor provides great potential for label-free detection of a
wide range of bio molecules in applications, such as array based
screening.

6.2 Future work
Since the first fabrication of FETs based on SWCNTs, significant
progresses has been made. However, many challenges remain for
bringing them from prototype to practical application in massproduction with high efficiency in the nanoelectronics industrial
sectors. In order to achieve this aim, it is required to address strategies
to assemble SWCNTs thin film on substrates for specific application.
In fact, carbon nanotubes are produced as a mixture of metallic and
semiconductive CNTs with different diameters and lengths [202].
Therefore, in order to use them for practical application, it is needed to
sort them based on their electrical characteristics, e.g. semiconducting
ones for transistors and sensors and metallic ones for transparent
electrodes and interconnection systems. Although, as explained in this
thesis, it is possible to sort them in solution by sonication and
centrifugation, shortening the carbon nanotubes lengths, causes a
reduction of the current density and mobility of the devices. Other
issues to be considered are that advanced film-preparation methods
are required in order to achieve improved control of density and
orientation, as these parameters strongly influence the properties of
SWCNT thin films and therefore the output performances of
electronic devices. Additionally, specific techniques are required for
controlled doping of SWCNTs, for increasing their conductivity, and
reducing parasitic contact resistances [60]. Other problems to be
addressed, before routine fabrication of electronic devices based on
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CNTs, concern the selection of the most appropriate characteristics
with reference to the specific application e.g., higher mobility of
devices for sensing application and higher on/off ratio of devices for
switching blocks for integrated circuits. In fact, trade-off must always
be considered between mobility and on/off ratio for the output
performance of TFTs based on CNTs, due to the metallic contribution
in SWCNTs. Higher density of metallic CNTs cause higher mobility
but reduce the on/off ratio and vice versa. Moreover, in order to
increase the sensitivity of carbon nanotubes for bio/chemical sensor
application, it is demanded to comprehensively investigate the
mechanism for interaction between bio/chemical molecules with the
carbon nanotubes surface.
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