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Abstract

Nanoelectronic devices based on nanomaterials, sschcarbon
nanotubes (CNTs) have attracted remarkable attemasoa promising
building block for future nanoelectronic circuitsued to their
exceptional electrical, mechanical and chemicalrattaristics. The
electrical characteristics of CNTs, such as highbifitg, quasi-
ballistic conductance and resistance against el@ogration, allow to
surpass the properties of current Si based compiamemetal oxide
semiconductor (CMOS) devices. In particular, thigé surface area
and nanoscale structure makes SWCNTs promisingidated for
chemical and biological sensing applications ad.v@lrrent research
covers broad scientific fields, such as study ofemals properties at
nanoscale, development, fabrication and simulattdnnanoscale
structures, for electronics and biomedical applcet However, there
is ample space for advancements in both theorestadies and
practical applications for CNT-based systems.

This thesis addresses the design and manufacturéhiof film
transistor (TFT) based on randomized network aflsimvalled carbon
nanotubes (SWCNTs) that exploit the unique proegertof such
materials to create a label-free biosensor for dafiete of variety
biomolecules, particularly proteins. In additiom,arder to analyze the
electric transport of SWCNTSs network in the TFT mhal a numerical
3-dimensional (3D) model for the thin film layerdsveloped.

The SWCNTs-TFTs are fabricated by using microfaimon to
obtain a micro-interdigitated electrodau-IDE) as drain-source
electrode. The sizes vary between 2 tous@ Thin-film transistors
(TFTs) are fabricated by using SWCNTs thin film dke
semiconducting layer and SiGhin film as the dielectric layer. The
high purity semiconducting network of SWCNTs layerdeposited
with an effective technique that combines the siaion of the
substrate with vacuum filtration process from dispd SWCNTSs in
surfactant solution. . The adopted technique plexia low-cost, fast,
simple, and versatile approach to fabricate higtiepmance
SWCNTs-TFTs at room temperature. The morphologicangement
of SWCNTSs forming the active layer in the chanrfethe transistor is
checked with scanning electron microscopic (SEMhe TTFTs
obtained exhibit p-type transistor characteristemsd operate in



accumulation mode. The results are interpreted dnsidering the
percolation theory. The exponeatof the power law describing the
conductivity can be linked to the structural compleof the SWCNT
network. In particular an exponemt= 1.7 was found experimentally,
showing that the obtained thin film is relativelyerde and near
percolation. In addition, the experimental dataen&een compared
with the results of the 3D model simulating thergeatransport in the
SWCNT structures formed in the TFT channel. Theustion results
lead to an exponent = 1.8 that is in good agreement with the
experimental data. The proposed model seems tdleeta reliably
reproduce the transport characteristics of theidated devices and
could be an effective tool to improve the SWCNTSF$Fstructure.
Moreover, the fabricated SWCNTs-TFT devices provadesuitable
platform for high-performance biosensors in lalekf protein
detection. The sensing mechanism is demonstrate@ @noof of
principle level for the interaction of biotin andreptavidin on the
SWCNTs surface. It is used as a research modelbfosensor
application. The SWCNTSs thin-film biosensor hashhsgnsitivity and
it is capable of detecting streptavidin at concaran of 100 pM.



Motivation and Objective

Recently, low-dimensional materials have attragiezht attention in
the field of nanoelectronics for various applicaioe.g. integrated
circuits (ICs) and sensing systems. Particulaitygle walled carbon
nanotubes (SWCNTSs), due to exceptional electricgpgrties such as
high mobility at room temperature are used for diog
nanoelectronic devices. Moreover, the large suri@aea and nano
scale structure of SWCNTs makes them one of the mteresting
materials for chemical and biological application.

Although a single carbon nanotube exhibits vaghhmobility, the
fabrication of electronic devices such as fielceefftransistor (FET)
based on carbon nanotubes is highly challenging aud
technologically established for large area applicet and scalable
manufacturing devices. In addition, carbon nanatubghow
heterogeneous electrical features such as mixtbirenegallic and
semiconducting species. Moreover, they show diffedeameters and
lengths. Furthermore, the synthesis carbon nanstubguire a high
temperature environment which is not compatiblehwarbitrary
substrate materials. To overcome these problemsresahwhile take
advantage of such an exceptional nano-materialwibrk investigates
the fabrication and electrical properties of thimftransistors (TFTSs)
based on randomized network of single-walled carbanotubes at
room temperature. The devices are manufactured @sjpost-growth
deposition technique. The fabricated SWCNTs thiim firansistor is
used as a transducer for bio-molecules detectiartjcplarly as a
label-free bio-sensor. The advantage of label-figie-sensing
compared to the labelled one is the fact that amddit processes that
can degrade sensitivity and alter the system respa@me avoided.
Moreover, in order to investigate the electricansport of SWCNTs
network inside the channel of TFTs a 3D-numericaldsalling is
performed.

Bottom-gate TFTs were fabricated on a highly p-dbfé substrate
with a thermally grown Si®layer (100 nm) as a gate dielectric. The
bottom source/drain electrodes in the form of uitgitated electrodes
(IDEs) were fabricated by standard photolithograpmd lift-off
processes. The feature sizes of the microstructares varying
between 2 to 5Qum. Subsequently, the thin film of SWCNTs is
deposited with an effective technique that combthessilanization of



substrate with vacuum filtration process. High gusemiconducting
SWCNTs are dispersed in surfactant solution andlepesited on the
substrate with patterned electrodes. This technjgoeides a fast,
simple, and versatile approach for fabrication ghkperformance
SWCNTs-TFTs at room temperature. The spatial asaremt in

SWCNTs network was investigated by using a scanmlagtron

microscope (SEM). The SWCNTs-TFTs exhibits p-typansistor

characteristics. High purity semiconducting SWCNifFe used as an
active layer in the channel of TFTs. They providéable platforms
for high-performance biosensors. Particularly, fioralized

SWCNTs surface with biotin is used to detect thetgin, streptavidin
(SA). The high purity semiconducting SWCNTs netkvtias high

sensitivity and it is capable of detecting SA at altra-low

concentration of 100 pM.

In order to understand the transport propertieSWICNTs network, a
numerical simulation has been developed using an®idel. The

channel of TFT structure is modelled as a randomxture of

conducting cylinders. . The variation of electricahductivity of the

structure can be computed by implementing a 3Dst@sinetwork

which includes resistors associated to the intinssistance of
SWCNTSs and tunnelling effect between conductingtelts. By using
a Monte Carlo analysis the behaviour of the eleatrconductivity

and the dependence of the percolation thresholda asiction of

geometrical and physical influencing parameterskmanalyzed. The
results of numerical simulations are in good agenwith those
obtained from the experimental characterization.

The research project carried out during the Ph@gmam has been
focused on three main aspects:

» Fabrication and electrical characterization of SWGNFTSs.

* Development of an accurate numerical model whiah lca
used to obtain information on the transport propsrtof
randomized network of SWCNTs in the channel of TFT
structure based on geometrical and physical pr@serf
SWCNTs.

» Application of the SWCNTs-TFT as a transducer fdalael-
free biosensor for detection of a specific protein.



This thesis is organized as follows.

In the first chapter a general overview on carbanatubes,
properties, and the most promising applicationsCT is
given.

In the second chapter state of the art relatedechamisms of
growing carbon nanotubes, experimental procedures t
separate the semiconducting from metallic SWCNTs8 an
various deposition technique are described.

In the third chapter the fabrication procedure rftaking thin
film transistor using a wet chemical of SWCNTsusian, the
results concerning the electrical characterizatorSWCNTs-
TFTs containing different concentrations of semaarting
SWCNTs are described in detail. In addition, the
morphological arrangement of SWCNTs network is
investigated.

Chapter 4 provides an overview on the models aviailen the
literature and then presents the numerical modsl tias been
implemented. A detailed description of the modelliof
SWCNTs-TFT based on a 3-dimensional (3D) modelh hot
terms of geometric approach and the optimizatigorghm is
given. The simulation results obtained by such alehare
provided and compared with the obtained experinmeesalts.

In chapter 5, the characteristic of the fabricE8dCNTs-TFT
used as a transducer for high-performance label-fre
biosensors is presented. The biosensor is usdtidatetection

of a specific protein, streptavidin (SA). In additj the
interaction between streptavidin and biotinylated/GNTs
surface of TFT structures is described.

In chapter 6, conclusion and future work in thisldi are
discussed.



Chapter 1

Carbon nanotubes: Properties and
Structure

This chapter presents a general overview of caramotubes (CNTS)
and their unique characteristics which make theitalsle materials
for different applications and excellent candidate$orm the active
layer in the channel of a thin film transistor (TFThe main forms
and characteristics of CNTs, namely Single Wall8dVCNT) and
Multi Walled (MWCNT) are presented. In particuldahe electrical
properties of CNTs, are illustrated.

1.1 Carbon Nanotube
1.1.1 Overview

The molecular carbon structures called carbon ndoest (CNTswere
discovered by Japanese physicist Sumio lijima i©119while
performing transmission electron microscopy (TEMyp&imental
observation on fullerenes [1]. He produced carbbar$ by using an
arc-discharge evaporation method. Those fibers giethe negative
side of the electrode and he observed that eaeh ditntained coaxial
tubes of graphitic sheets in a helical fashion Wwhace called multi
walled carbon nanotubes (MWCNTS). In 1993, lijimaddchihashi
[2] and Bethunest al at IBM [3, 4] independently produced single
walled carbon nanotubes (SWCNTSs) based on gas ptetséytic
growth.

Because of their unique electrical, chemical and¢hagical features
[5-7], carbon nanotubes ,are highly required foasmproduction in
future applications. Nowadays, there are varioughous for the
synthesis of large quantities of carbon nanotubeh as laser ablation



[8], chemical vapor deposition (CVLC[9-11], gas phase catalyt
growth [12, 13], and arc discharge [LAmong thes methods the
CVD technique is preferred because it enaliles production of
aligned CNT bundles and setiriented CNT array[14].

1.1.2 Carbon nanotube structure: SWCNT & MWCNT

There are two types of carbon nanott because of their shape
called single-walled carbon nanotubesWENTs) and mul-walled
carbon nanotubes (MWNTS) [15] . The schematic of SWCNT ai
MWCNT is showrin Figure 1.

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

A single walled carbon nanotube (SWCNT) is considered as ava
cylindrical nanwstructurewhich is made by rolling oa graphene
sheet (one atomic layer of grapl) [16]. The schematic ohow a
graphene sheet wre to form SWCNT is shown inFigure 2.
SWCNTsexhibit high length-to-diameter ratith adiameter in the
range ofa few nanometers (0%-nm) and lengths in the order

micrometes [17]. MWCNTs have thesame structure as SWCN,

however, being made of multiple concentriaktes, they show a
diameterbigger than SWCNTsrénge of 10 to 30 n) [18]. The
offends o acarbon nanotube (either SWCNT or MWCNT) closed
with a hemisphere shape of buckyball structt



Roll-up

Graphene sheet

Figure 2. Wrapping of graphene sheet to form SWCN1

The physical featuresnd electronistructure of SWCNTSs are variable
and depend othe geometry and how is rolled up from graphene
sheet [19]. Theseharacteristics a important to know and enable
scientists to gain knowledge about properties aadopmance o
devices based on carbon nanos. The structure of SWCNT is
defined by considering how it fol. The folding is described by a
certain anglealong the graphene sh axis which is described by a
chiral vector,C, and achiral angl, 6 [20, 21]. As shown in Figure 3
the chiral vector is determined baseda, anda, as the unit vector
along theX andY direction of a two-dimensional (2D) graphene
lattice respectivelyMoreover,n andm are integers representing the
numbers of repeating uniédong the two directior of graphene sheet.
The chiral vecto(, is defined a[21] :

E = Tla1 + maz (1)
It is convenient to specify SCNT with numbers(n,m). These

integersuniquely determine the chiral angle and diametecarbon
nanotubes [21].
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Figure 3. The principle of CNT construction from graphenesheet along the chiral vectol
¢

The chiral angl is defined as the formation afcrew angldoetween
zigzag direction and the chiral vec [22]:

V3m ) 2)

0 = arctan| ———
2n+m

In addition, he diameter of the single wallezhrbon nanotul is
definec by:

ICl _V3avm? + mn + n? 3)
T T

where C is the circumference aralis the length of carbon-carbon
bond in graphee sheet whose value is equalltd2 A [23].

In the rext section, it will bediscussed which parameters af the
electronic properties of carbon nanotubes.



1.2 Electronic Properties of Carbon Nanotubes

Carbon nanotubes (CNTs) can exhibit metallic @misonducting

behaviour depending on how the graphene sheetlésl o form the

cylinder of the nanotube because this modifiesithied diagram of
graphene (as explained in section 1.1.2). The stidje electronic

features of carbon nanotubes, i.e. either semicdimdy or metallic

gives the ability to us to control these promstand use them for
specific applications. In this section, the batrdcture of graphene
will be explained.

1.2.1 Band Structure of Graphene

The electronic properties of graphene is relatedstparticular band
structure. Figure 4 represents a schematic of laooananotube band
structure. Wallace introduced a tight-binding mod&l electronic
band structure of graphene [4, 24]. Based on thmdeh the
conduction(r*) and valance ban@dr) of graphene was formulated by
considering the low-energy bands of the band siractwhich are
approximated “as cones with apices at the K-painthe graphene
Brillouin zone”[4]. The band structure of carbon notube is
composed of two large “tent”. The conduction bartdis above and
valence banat is behind the K-point respectively [25]. The K-pbis
at the vertices of hexagon where the conductiordbeamd valence
band of graphene touch each other or degeneratellaié point is the
highest equilibrium occupied state which corresgotml the Fermi
energy. The Fermi level, in turn, correspondshzero level energy
and therefore it coincides with the six poikt$27] .
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E-E¢ (eV)

Figure 4. Grapheneelectronic band structure consists of two bandsUpper and Lower
part) that intersect only at a few points (k-point) at the corners of a hexagonal Brillouin
zone. Reproduced with permission from Ref.[25]. Copyright 2007 Nature publishing
Group.

These K points are responsible for the electronic properof
graphene and of its semimetallic behaviour. Theedemacy o
touching of the bands at ttK point is because of the @nce of a
bandgap which explains the metallic behaviour (-band gap
semiconductor) of graphel[16, 25] In fact, the electronic properti
of graphen are related to the energy states around the Fawei
where the electronic states are located on conessev centre
coincide with theK points [28] as Isown in Figure 4. Around th
point, the electron has not the typical paraboigpérsion as in fre
space or in a materiakE = h2k?/2m*, (h is the reduced Planck
constant,k is the wavevector aneh* is effective mass), but tt
dispersion becom E = vghk, wherevg is the Fermi velocity o
electrons in grapher[29]. This relation is similar to that of meless
particles like photons, for whi E = chk, where c is the light spet
[30, 31]. Therefore, in the band and n*, near theK points, the
electrons and holes in graphene become similara®-less quantum
particles. In this case “electrons and holes alled®irac fermions °
andK points are often called the Dirac points [36].

11



1.2.2 Metallic and Semiconducting SWCNTs

SWCNTSs can exhibit metallic or semiconducting betarvdepending
on the geometric structure of the SWCNT because rttodifies the
band diagram of graphene as discussed in sectih. The direction
of rolling and the diameter of the nanotube carobi&ined from the
pair of integers (n, m) which identify the metalbc semiconductor
type of tube. This is attributed to the quantumfic@ment effects
when a 2D graphene sheet rolls into the 1D singddled cabon
nanotube [4]. To determine the Brillouin zone irdrdrto the bi-
dimensional unit cell of the CNT, defined by therahvector Cy,

pointing along the circumference direction(andttiaaslation vectol

shown in Figure 5(a), the corresponding vectorsthef reciprocal

lattice,C* andT*, (parallel toC andT and having a Iengﬂfgﬂ—| and|2T—n|)

can be constructed [30]. The Brillouin zone of @NT is given by the

rectangle described by C* and T* [30]. When thaliohrensional unit

cell of the CNT is rolled, the electron is boundroving in a periodic

potential, with a period’ = |C|. This periodicity implies that, due to
the stationary condition, the wave associated &edlectron, should
satisfy the following “quantization condition” [185]

C -k =2mq or equivalently |C| = Aq 4)

where g is a not null integer and is the De Broglie wavelength
associated with the electron.

The quantization condition leads to a discretizatad the energy
levels along the circumference C, giving rise tgeaies of lines of
guantization corresponding to the allowable valfgesthe pairs (k
ky): the component of k perpendicular to the axishef CNT, k, can
take discrete values (red parallel line), while twmponent of k
parallel to axis of the CNT, /k remains a continuous variable, as
shown in Figure 5(b). Therefore, the electronsfege to roam in the
direction of the length of the CNT. The quantizatmondition can be
reformulated ast/C* = q. Therefore, to stay in the first Brillouin
zone it must bé < q < N. This means that there ake discrete
values ofk in the direction of the chiral vector.

12



@ ®)

E-E; (V)

Figure 5. “The structure of graphene and carbon nanotubes”(a) “The carbon atoms in
a single sheet of graphene are arranged in a honeb lattice”. “The insets show the
definitions of kL and k|| (left) and a scanning tunnellingmicroscope image (right) of &
singlewalled nanotube”. (b), “ The band structure (top) and Brillouin zone (bottom)of
graphene. The valence band (which is cr-character) and the conduction band =*-
character) touch at six points that lie at the Fermi engyy” . Reproduced with
permission from Ref. [25]. Copyright 2007Nature publishing Group.

The planes parallel to the-axis (energy axis) pass through
guantization lines cutting the dispersgraph of graphene in slices
shown ir Figure 5(b) where (E, i are the 1D subands in the scatter
plot of the CNT. In the space of reciprocal lattigeantization line
are spaced by an amount equ:

()

depending exclusively on the diameter of the ndm (d).

As anticipated, depending on the direction in wtileh graphene she

is wrapped,it is possible to identify CNT®f zig-zag, armchair or
chiral type [20]. The band structure aadcangemei of armchair and
zigzag nanotuts are shown in Figure 6(a) agfb) respectively. In
this case, the intersections between the lineshefallowedwave

vectork and cones of thdispersion diagram in thK points change.
For this reason, SWCPs may have different electrical characteris

[32]. In particula, if the CNT is wrapped around th-axis (ky) the

CNT is a zi-zag type and lines of quantized wave vector dopast
through anyK point and the cut does not intersect the conessgy

13



Therefore, in the dispersion diagr of CNT, there will be a gap
between the valence and conduction band and CNT padsent
semiconductor behaviour, Figure 6 Instead, if the CNT is wrapped
around the x axisk( ) it is anarmchair type. In this case, CNT present
a metallic behaviour, Figure().

(a) g

/\ SWCNT semiconductor
(b) g

Er + >< ~ = P
SWCNT metallic

Ky

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

For chiral carbon nanotube with specific (n, m)e thanotube i
metallic if n —m = 3i with i is an integer. [16]. All others are
semiconductors with a band gap inversely propoalitm the diamete
of the nanotube [4]Therefore, 1/3 of the carbon nanotubes
predicted to be metallic, and the other 2/3 naregubare
semiconducting.

As summary, the behaviowf carbon nanotubes depends on their
chirality and can beclassifiedinto three categories:

a) Zigzag if nxx0m=0

14



b) Armchair if n=m=#0
c) Chiral if nxm=*0

However, not any kind of CNTs is synthesized basethe rolling of

graphene sheet. In fact, CNTs are grown with wariohemical and
physical processes. These various methods leadrbmc nanotubes
having different electronic properties, differemirality and different

distribution of diameters [33, 34]. Statistical dies show that each
batch of carbon nonotubes contains 2/3 semiconuycind 1/3 of

metallic type [35] regardless of the specifics hdlae carbon

nanotubes are synthesized. Moreover, increasintayee thickness of
carbon nanotubes elevates the overall conductiMfading to a

metallic behaviour.

1.3 Fabrication and Modelling of Devices based
on Carbon Nanotubes

In this section, the application of carbon nanosybparticularly

semiconducting single walled carbon nanotubes asctve layer for

fabrication field effect transistor, will be dissesl. Furthermore the
use of this device for chemical/bio sensing will Bkso briefly

explained.

1.3.1 Carbon Nanotube Electronics Device

The invention of the Field Effect Transistor (FER) 1960 has
revolutionized the life style in communication, goming, medical
and digital systems. Nowadays, electronic devicesddamanded to be
smaller and faster. “According to Moore’s law thandnsions of
individual devices in an integrated circuit haveehalecreased by a
factor of approximately two every two years’[36,].3However,
challenges for fabrication of small dimension tiatmss still remain.
Therefore, in order to reduce the dimensions ofsistors, while
enhancing performance of the devices, another rmabtthat has
improved properties at molecular scale is neededeplacement of
silicon [38]. A great research activity is focuseavards substitution
of silicon with other materials. Among these matsii carbon
nanotubes, due to their exceptional electrical grigs such as high
mobility at room temperature, high current densltgllistic electron

15



transport and nano-structuf@89, 40] can be an alternative choice.
Field effect transistor based on SWCNT la structure similar to
Metal-oxidesemiconductor FET (MOSFET) [41]. The
semiconducting SWCNTs are used active channel material
allowing for conductivity modulation. Source (S) and drain
electrodes armetallic and gate electrode is ford either as back-gate
or top-gate [42], as shown Figure 7 .

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

The electriccurrent in SWCN-FET is based on the fundamental
operation principal of FETsthevertical electric field (gate voltage) is
responsible for control of the charge in the chaby inducing charge
carriers while thehorizontal electric field (dra-source voltage)
between the contacts imply the electric force thawes the charg
carrier from one contact to the otl[16, 43]. Therefore, drain current
(Ip ) modulated by gate volta (Vs ) is quantitatively explained by

16



the transconductancg,f) as fundamental parameter of FET which
correlated to the charge carrier mobility [44,:45]

_ 0 (6)
gm - a VGS

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

__Le gm (7)
HFET Vos Cg' W

whereL. andWW are channel length and width respectively, énis
capacitance of gate oxide.

Although single walled carbon nanotube thin filnarnsistor (CNT-
FET) and MOSFET based silicon have the same stejcthe first
works in accumulation mode due to the use of isicisemiconductor,
whereas the latter operates in inversion mode dlket use of doped
semiconductor [44].

The individual nanotube transistors show high eamnobility in the
range 3,000 cAiVs [47, 48]. However, the assembly method of
individual SWCNTs is highly challenging for techaogically
applicable solutions for large-scale applicatio®®, the complex
process for making individual SWCNT-FET preventse th
commercialization of this type of device [49]. Téfare, thin film
based on semiconducting SWCNTSs represents a proggnisack to
scalable device manufacturing since this approagbida the
cumbersome procedure for precise control over thsitipn of
individual carbon nanotube. SWCNTs -TFT structuesdal on the
spatial arrangement of SWCNTs in the channel offsTFare
categorized as aligned [47, 50] and random netwbik54] as
illustrated in Figure 8.
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Figure 8. Schematic illustration of a tof-gate SWCNT-TFT (a) aligned SWCNTSs.
Reproduced with permission from Rel [55]. Reproduced with permission from Ref. [55
]Copyright 2009 Nature Publishing Group. (b) random network SWCNTs [56].
Reproduced with permission from Re [56]. Copyright 2008, Tsinghua University Press
and Springer-Verlag Berlin Heidelberg.

Figure 8 shows a togate SVCNTs-TFT either with aligned or
random network of SWCNTs. The structure ancelectronic
characteristics of the bottogate SVCNTs TFT, which has been used
in our experiments, will behown inchapter 3.

Fabrication of transistorbased orrandomized SWCNTSs thin film,
compared to that based single CNT has a better reproducibility
over large area [57].

One of the most importargarametes for fabrication of SWCNTs-
TFT is how nuch percentage of semiconducting SWC are used in
the active layeiin the channe« In fact, synthesized SWCNTs are
generally amixture of semiconducting and metalnanotubes with
variable distribution of chiralites and diametersgsulting in
heterogneous electrical properti[58-62]. If the density of metallic
nanotubes is higher than the percolation thre, a shorted TFT is
obtained.

Figure 9 shows a plot of the gate voltage dependence e
conductance of either metallic or semiconductingobab¢ device at
room temperature.
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Figure 9. Examples of the gate-voltage dependencd 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 canb@notube at a
constant bias-voltage along it, while the gateag#tis changing. The
current is independent of gate voltage [4]. Ondtieer hand, Figure
9(b) shows the same plot for a device made froremaicnducting
carbon nanotube. This device is able to be turnedamd off by
applying negative and positive gate voltage respagt Moreover,
the conductance changes by order of magnitude ketwa and off
state. This is attributed to the utilization of affgiently high
percentage of semiconducting carbon nanotubesicinwwhen there is
no gate voltage, just metallic SWCNTs contributethte current of
transistor [,z ) while when voltage gate is applied, the trawosist
turns on and a combination of semiconducting andaliie of
SWCNTs are responsible for the curreiy,(). Hence, the ratio of on-
current to off-current related to the ratio of seemductingvs. metallic
SWCNTs.

In order to profitably employ semiconducting SWCNTgost-
synthesis fabrication furnishes a reliable alteweator separating the
semiconducting SWCNTSs from the metallic ones. Tnecess will be
discussed in chapter 2.

A next step for fabrication of SWCNTs-TFT is thgydsition process.
Researchers have developed various techniques gositlecarbon
nanotube thin films on substrates. These variocisnigques and their
detailed procedures for deposition of CNT thin fiwill be discussed
in chapter 2, while our technique with its advaetwill be discussed
in chapter 3.
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1.3.2 Carbon Nanotube Bid/chemical sensing

Since thediscovery of carbon nanotubes, great efforts haen lone

to explore this material for bio/chemical sen: due to the unique
electrical characteristics armo/chemical compatibilit [63-65]. The
response of SWCNT to biomolecules is ed to the nano-structure of
this material comparable to the dimensionbio-molecules such as
DNA or proteins [66, 67]Moreove, the shape of SWCNT shows
capillarity properties. Thehigh aspecratio (i.e. length to diameter
ratio) makes them one of the ideal materia the adsorption of gases
and chemical component8g]. In addition high surface area (~ 1300
m?/g) [69] of SWCNTcause more bio/chemical molecs to interact
with the carbon nanotube siace which leads to a high sensitivity
[70].

In order to use of SWCNT asbiosensor, it is needed to integrate
them with electronic devicesuch astransistors or chemo-resistors as
a transducer [48, 63T .he schematiof a biosensor based on SWCNT-
FET for DNA detectionis shown inFigure 10. The advantages of
these sensors, compared to the traditional onestharpossibility o
obtaining selective systems, reversible and ableperate aroom
temperature with very quick response tir

Si

Figure 10. Schematic of DN/-functionalized carbon nanotube biosensor

The bio-sensing function isased on thconductance variation when
bio-molecule interacts witthe surface of SWCNT due to change of
electrical properties of théevice [71]. Various biomolecules, for
instance DNAs and proteins, carinteract with the surface of
SWCNTSs, due to hydrophobim — m stacking interactions [60, 72],
and also amino-affinityof SWCNT: to change the conductance of
SWCNT thin films [73]. The mechanisnfor detection of specific
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protein, immobilization procedure and sensitivity thin film
SWCNTs based label-free bio-sensor will be explhime detail in
chapter 5.

1.3.3 Modelling of Carbon Nanotube Device

In order to improve the SWCNTs-TFTs performance,rtiodelling of
the charge transport on the SWCNTs network indmedhannel of
TFT devices is an important issue to investigathis Tmodelling
shows the relation between the physical charatitxisf SWCNTs
and the geometrical structure of TFTs. Several astihave studied
this problem by considering a physical arrangenoérithe SWCNT
network in a 2 dimensional (2D) model [74, 75]. &g 11 shows the
2D simulation of nanotube network inside the chanoe TFT
structure.

Source

urelq
] —— — —E— — — —

Figure 11. (a) “Atomic force microscope (AFM) imag of a CNT film where nanotubes
are randomly distributed”. (b) “A 2D nanotube network generated using Monte Carlo

simulations for a device. Semiconducting and metadl nanotubes are shown in light and
dark color (cyan and blue color), respectively. Thénset illustrates the alignment angle
6, , which defines the angle range within which nanobes can be generated to form
partially aligned CNT films in simulations”. Reprinted (Fig.1) from Ref. [75] .Copyright

(2008) by the American Physical Society PublishinGroup.

However, the use of a 2D model presents some itz due to the
impossibility to investigate change in the diametsfr carbon
nanotubes (represented as sticker rather thanirdey). Due to the
role assumed by the geometric characteristicsoBMWCNT and TFT
structure that affect on electrical response obaa®, a 3D study of
the problem by numerical simulations has been dgesl and it will
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be described in chapter 4. In addition, the resoltdained by
simulations are compared with experimental onasmtterstand which
parameters control the performance of device anihvtestigate the
correlation between the percolation condition ameldensity of CNT
network.
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Chapter 2

State-of-the-art

In order to optimize the performance of electrotdévices based on
carbon nanotubes, researchers have investigatedusaways to
effectively manipulate them. There are two fundataleprotocols for
the assembly of thin film carbon nanotubes on satest 1) direct
growth based on chemical vapour deposition (CVB) [77]; 2) post-
process deposition technique [54, 78].

This chapter is devoted to the illustration of botathods and reports
the advantages of the solution deposition compdcedhe CVD
technique. The solution deposition process not qodymits the
fabrication process of electronic devices at roemgerature but also
allows the control of electronic characteristics ddither
semiconducting or metallic SWCNTs. This technigegecompatible
for all patterning methods and it is also suitabbe all kind of
substrate and pre-existing circuit structures. Harrhore, various
techniques for solution process deposition wilekplained.

2.1 Synthesis of Single Walled Carbon
Nanotubes by Chemical Vapor Deposition

One of the most important techniques for the sysithef carbon
nanotubes is chemical vapor deposition (CVD). Thethod is based
on directly growing of CNTs on substrate. The prhoe is as
follows: the solid substrate is placed in a highperature furnace (i.e.
600 — 1000 °C) [79-81] and transition metallic tgdts such as Fe,
Co, Ni [81] in nano-scale size are inserted inftireace with ethanol
or ethylene as a feedstock for converting the cadmurce to form a
new nucleation site for CNT growth [82]. Carbon m&s,

hydrocarbons [83] or carbon monoxide at high terajpee are
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decomposed and absorbed on catalysts [84] andwaftrcarbon
nanotubes grow on the substrate. A scheme of teeps is shown in
Figure 12.

Furnace

Quartz tube

Gas outlet ‘—0 | — | .)

Thermocouple

Temperature Controller

Figure 12. Schematic of CVD for growing CNT

The advantage of this method, compared to othenadstfor growing
CNTs, is that by adjusting the size of catalyst aratying the

temperature it is possible to control the diametkirality and average
length of CNTs [81, 82]. However, with this methadmixture of

semiconducting and metallic nanotubes is produéditiough some
progress has been made to control the properti@NMENTS during
growth, none of these methods produce homogenetactrieal

properties of SWCNTs batches [85]. Therefore, kbeorto overcome
this problem, it is required to develop other roeth to select
features of CNTs with optimized properties for speapplication

[86, 87].

2.2 Single Walled Carbon Nanotubes Solution
and Preparation

As explained in section 2.1, the growth of SWCNssabstrates with
conventional CVD has to be performed in a high terapre
environment, i.e. 900 °C. As a consequence, thexea limited to
choice of substrates and pre-existing circuit citmes [88, 89].
Moreover, electrical characteristics of grown SWGNire difficult to
control. In fact, the synthesized SWCNTs are gdlyesamixture of
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semiconducting nanotubes and metallic ones witlabbe distribution
of chiralities and diameters, resulting in hetermgmus electrical
properties [48, 58, 59, 61]. Therefore, in orderdémploy SWCNTS,
post-synthesis deposition furnishes a reliable rrzdtéve by
overcoming the high temperature problem and thpemsive
procedure for growing semiconducting SWCNTs. Thigthod
enables to separate semiconductive from metallicC8U& and it is
useful for the optimal performance of devices. hies to deposit
SWCNTSs from solution, it is required to dispersenthin an aqueous
surfactant [59, 85, 90] or organic solvent [91-%Hcause of the
inherent insolubility of them in aqueous solutidimere are two main
methods to disperse SWCNTs in solution: 1) chemical
functionalization [95, 96] or covalent-functionaiion; 2) physical
interaction or non-covalent functionalization [998] . In both
methods, the batch of carbon nanotubes containfngnigture of
metallic and semiconducting entities (also withimas length and
diameters) needs to be dissolved in specific smiutin the covalent
process, SWCNTs are treated with strong acids amthiots and a
carboxylic acid (COOH) functionalization is proddd®9]. However,
the harsh conditions, alter the electronic propsrtof the SWCNTs
[96, 100]. An alternative approach to disperse SWEM the non-
covalent functionalization or physical interactiomhis technique
disperses SWCNTs in aqueous solution preserving eleetrical
properties of SWCNTSs.

Generally, grown carbon nanotubes are in bundlen fdue to the
strong Van der Waals interaction [101] and hends iteeded to de-
bundle and suspend them in aqueous solution. Mereazarbon
nanotubes are a non-polar material and have a plgdbic surface [6]
and they are not dissolvable in water. Hencerdeoto increase their
solubility it is needed to attach amphiphilic seténts to their surface
[102]. The amphiphilic surfactants have a hydropbotail and
hydrophilic head [6]. The hydrophobic tail intetsith hydrophobic
surface of SWCNT via hydrophobic/hydrophobic intti@, while
hydrophilic head facilitates the dispersion in amuge solution [97].
The wrapping of the surfactants around the SWCNTshown in
Figure 13. Then, by the help of sonication the dan Waals forces
between tubes are overcome and the conversionedbuhdle to the
individual SWCNTSs takes place [102, 103]. The actdints, in fact,
deposit on the surface of SWCNTs and being chargedyduce
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electrostatic repulsion and stabilizhe isolated single CNTs in
solution [96].

a) cylindrical micelle b) random adsorpion
% ??é??????é?? : ? e~

E :»ﬁi-.‘._ ‘-ﬁ-‘ ﬂi‘ -=.#.ﬂz-'_- s:-': =

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

After that, the centrifugation of the solution segias the SWCNT
from amorphous carbon and remove large bundlediiiatremain in
solution [85].

surfactants able to dispersSuccessfully SWCNTs in aqueous
solutions are:sodium dodecyl sulfate (SC[104, 105], sodium
dodecylbenzenesulfonate (SDB[106, 107], and Triton X [108,
109].

Recently, by using density gradient ultracentritiga (DGU) the
separation osemiconducting SWCNTs from metallic ones as repk

in Figure 14 [85] has been achieved. In this cition, low density
smallerdiameter semiconducting SWCNTs are found on thdaper
of the vial. On the other hand, high density meté&WCNTSs settle ¢
the bottom of the vialAs it can be seen frorFigure 14, observed
different bands verifyhe soring of SWCNTs based on their diameter
as identified by UWis spectroscop[85].
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Figure 14. Sorting SWNTSs using density gradient ultacentrifugation (DGU ). a, Small-
diameter (0.7-1.1 nm) SWNTs encapsulated with sodiucholate are sorted by diameter
following DGU. b, Optical absorbance spectra for dferent fractions, further confirm
sorting by diameter. ¢, Large-diameter SWNTs are saed according to electronic type
following DGU. Reproduced with permission from Ref.[85]. Copyright 2008 Nature
Publishing Group

2.3 Deposition Methods for SWCNTSs Solution

The assembly of SWCNTs from solution provides ratsgy for
construction of a thin film on a substrate thatteshnologically
applicable for large areas and gives the possilitr fabrication of
electronic devices at room temperature. Various hodg for
deposition SWCNTs in solution for assembly thinmfihave been
demonstrated such as spray coating [88], dip cgp§B8], spin coating
[90], dielectrophoresis deposition [89], and eleptroretic 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 fraolution i
spray-coatingThe schematic oa spray coating system is shown in
Figure 15. The system based ola pistol which is composed of three
main partsfor control the process ara hot plate for acceleration
drying process [111]. Theechanisn is as follows: 1) Vessel is used
for inserting SWCNTssolutior, 2) atomizer is utilized to form an
aerosol from the solution 3Yomizer controthe injection of solution
for transporting the droplet from nozzle to dediora substrate b
controlling gas fluxand position of pisto

Atomizer

Atomizer
control
mechanism Solution nozzle

ODrop\et transport solutlon

® Temperature

Heated surface

Figure 15. Schematic of spraycoating

M. Jeonget al. utilized spra-coating deposition to form SWCNTs
thin film from solution on shistrat« for transistor fabrication [112]. In
order to enhance the  deposition, they use@-
aminopropyltriethoxysilane (APTE for silanization of the substrate
and sprayedhe solution on the top of the hot plate at 100rf@rder

to accelerate the evaporation of the solvent. lgh this method i
simple and allows the control of the ttness of the thin film by
repeating the processpweve, due to the relatively high temperature
needed for coating, i$ not suitable fothermally sensitive substrates,
particularly for flexible substras..

2.3.2 Dip Coating
Another method to createthain film of SWCNTSs from solution is dip-
coating. In this method, a substrate is immersetputied up in batl
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solution with specific speed and continuously dejpegm on the
desired thickness of thin film [113, 114] . A scledio of the process
is shown in Figure 16.

=

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

X. Xiong et al. applied dip-coating method with photolithograploy f
selective assembly of SWCNTs network on the polysdostrate
(parylen-C) [114]. This process is based on a uffee in surface
energy. The micro-trenches which were patternedusing optical
lithography have a hydrophobic surface and SWCNTesewnot
absorbed on its surface. Therefore, it is neededddify the surface
to become hydrophilic. In this case, the surfaa®be hydrophilic by
utilizing O, plasma treatment and thus SWCNTs were attractédeo
modified hydrophilic surface. This method allowse ttsWCNTs
selectivity deposited on hydrophilic surface on thiero-trenches by
dip-coating method. This method is quite simple andt-effective.
However, this process not only need a specialunstnt to control
the deposition process and is difficult to hangliecess, but also the
surfactant-wrapped SWCNTs can degrade the electpmoperties of
device.

2.3.3 Spin Coating

Spin-coating is a process for assembly of thindilom a flat substrate.
A specific amount of solution is dispensed on thbstrate while
rotating at specific speed. Therefore, the solutspmeads on the
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substrate by shear forcedO[, 115]. In this manner, the solvent
evaporates andhé¢ SWCNTs remain on the substr A schematic of
spin-coating is shown iRigure 17.
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Figure 17. Spin-coating procesdJsed in pari of this figure is Reprinted with permission
from Ref. [116]. Copyright 2004American Chemical Society

LeMieux et al. have usedspir-coating for assembly of thin films of
SWCNTs in thefabrication of transistt based on the self sorted
technique [117] In order to overcome hydrophobic surface
SWCNTs for enhancing attachment the substrate, they used two
types of silang with amino and phenyl grou for the substrate
functionalization. The amin-terminated surface causes more
semiconducting SWCNTg0 be attracted on it while phenyl-
terminated surface leads ttee attachment cmore metallic ones. The
same authors showed laté¢hat, by controlling the volume of
SWCNTSs solutiorand rotatioal speed of the spin coating device, the
SWCNTs can bealigned in the channel of TFT structu [118].
However, thespin coating approach for the deposition of SWCIéI
suitable for device arrangement compatible withdimeension of the
rotating equipment and therefore limitecsmall scale arrays.

2.3.4 Dielectrophoresis Depositio
Another method for assembling SWCNTshin films is
dielectrophoresis. lthis methodcarbon nanotubes become polarized
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under an anisotropic electric field which aligtnem between two
electrode [119-121]. The schematic falielectrophoresis is shown
Figure 18. By applying an alternatinglectric field witt specific
frequency and volta( allows to align SWCNTSs by inducing dipole
onthe SWCNT patrticles in the solution. [122, 123

=
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Figure 18. Schematic arrangement for dielectrophoresidased alignment of CNT

There are various paramel affectingthis proces including strength
of electric field, electric permittivity of soluttoandthe properties of
SWCNTs particles[120]. J. Li et al. have #&bricated field effec
transistos based on this method and have ailgd the number c
carbon nanotubes othe basis ofconcentratio of SWCNTs in
solutior and deposition time. Althoughielectrophoresis approa
leads to align thecarbon nanotubes in channel (betwethe two
electrods), it acts more effectively on theetallic nanotube than on
semiconducting one

2.3.5 Electrophoretic Deposition
Electrophoresis is another kind of deposition of @W's solution ot

the desired substrate. Ttprocedure isas follows:the SWCNTs
solution is placed betweetwo electrodes subjected to an elec
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field. The SWCNT particles become polarized undier ion-uniform

electric field and are attracted towards the ebelds. Accumulated
SWCNTSs on the electrode are collected from thetelde and used
for formation of a thin film [82]. The schematic thfe electrophoresis
process is represented in Figure 19.

[\
\_/

Figure 19. Schematic of electrophoresis deposition

Lima et al. formed thin film carbon nanotubes onamn-conductive

substrate for making a transparent conductive reléet [110].

Although this method is simple and quick, it is nethnologically

applicable for large areas of deposition and itdsable to remove the
surfactant from SWCNTSs.
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Chapter 3
Experimental Process for
Fabrication of SWCNTs-TFT

In this chapter the fabrication of thin film trastgirs (TFTs) based on
high purity semiconducting SWCNTs will be describéa the first
part, the procedures for dispersing SWCNTSs in thréastant solution
will be explained. Afterwards, our effective methodthich is a
combination of substrate silanization and vacuultnafion method,
will be illustrated. Then, the electrical charaation of SWCNTs-
TFTs will be presented. Moreover, the advantagethisf technique
will be discussed.

The schematic of back-gate SWCNTs-TFT is showngaié 20.

Figure 20. Schematic of SWCNTs-TFT

All the SWCNTs-TFT structures were fabricated andasured at
room temperature. The electrode configuration, &rpd in

subsection 3.1.1 followed by a deposition procedwgported in

subsection 3.1.2 and 3.1.3, is chosen in orderdate the active layer
of the structure.
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3.1 Dispersion Process of Semiconducting
SWCNTs on Aqueous Solution

The 90% semiconducting SWCNTs powder synthesized
CoMoCAT®-CVD method is obtained from sigma-Aldrich Co.
(SWeNT® SG-65) [124].The average diameter of SWCNTSs in
powder form is between 009 nmwith chirality (6,5). The powder
was dispersed isurfactant bast aqueous solution. The surfactant
was sodium dodetybenzene sulphore (SDBS, chemical formula
C12H25CeHsSOsNa). This ionic surfactant was chosen in order to
improve the dispersion &@WCNTSs inthe aqueous solution [125]. The
schematic of th interaction between SDBS ¢ SWCNTSs surface is
shown in Figure 21.

NaDDBS

Figure 21.Schematic representation oSDBS and its interaction with SWCNT surface

The procedure for dispersing of SWCNTsaqueous solution is as
follows: 0.05 mg of SWCNTs we added to 1 wt% of SDBS in
agueous solutiorfdeionized wat¢, 10 mL). The SWCNTs powder
sedimentedn the bottom of via In order to disperse them well, i.e. to
overcome Van der Waals fos for converting bundle form to
individual separated CNTs the vial was sonicated for 3 hours in
ultrasonic bathln order to prevent thsolution from over-heating, ice
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was added in the sonicator bath. After that, trgpension was further
dispersed in a homogenizer for 15 minutes and thenvial was

shaked for 2 minutes. Figure 22(a) shows the désperof SWCNTs

in SDBS based aqueous solution after sonicationenThthe

suspension was centrifuged at 12.000 rpm for 30utesy The

supernatant consists of individual CNTs, while ls¢ bottom of the
vial there were mainly bundle forms of SWCNTs. Rbis reason,
after centrifugation, the supernatant of the \aénost 50% of top part
of the vial) was carefully transferred to a newl.vidne remaining part
of the solution was sonicated again for 1 hourltrasonic bath and
then centrifuged. The supernatant of SWCNTs salutiafter

centrifugation is shown in Figure 22(b).

Figure 22. SWCNTSs in SDBS solution (a) after sonica&n and before centrifugation; (b)
after centrifugation.

The dispersed SWCNTs solution (top part of the vadter

centrifugation) was subjected to UV-Visible spestmpy and

comparedto provided UV-Vis data. The UV-Vis spestapy of 90%

semiconducting SWCNTs, SG65, and our result of UY¥-V
spectroscopy is shown in Figures 23 and 24, resgct
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Figure 23. UV-Vis spectroscopy of SG65 (re-line) based on data sheet [124]
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Figure 24. UV-Vis spectroscopy SWCNTs in SDB aqueous solution.

Peaks from 850 nm to 11@0n and450 nm to 600 nm wavelength are
conform to first and second semiconducttransition [126], hamed
S and S, respectively. €aks inthe range between 600-850 nm are
corresponding tdhe first metallic transition (1) [116, 127]. The
result from Figure 24shows that SWCNTs powder dissol\
successfullyn SDBS aqueous solutio
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3.1.1 Experimental Process for Fabrication Drain-
Source Electrode in the form of Interdigitated
Electrode

n-type silicon wafers with a 100 nm thermally ozxet layer SiQ
were chosen as substrate. First, the surface ofstistrate was
cleaned to eliminate the inorganic and organic awmimtation of
surface. The procedure is as follows: immersing dleed wafer in
acetone followed by ultrasonic bath to remove iaoig
contaminations and then cleaning by piranha mettadh is a mix of
H,O, and HSQ, to remove organic contamination and to introduce
OH-groups to improve the wetting properties. Secstep, the
AZ1512 photo-resist was deposited on the surfatie sgin coating to
form a uniform ~1 pum thin film of resist on the fage. Third step, the
wafer is exposed to ultraviolet light (wavelengih= 0.2 to 0.4 um)
through a mask containing the desired pattern..using an optical
lithography system and alignment process, the espattern is
defined on the substrate. Here we have chosen éis& mamed mask-
@11 which includes the interdigitated electrode (IDEjh various
channel lengths and widths to form drain and so@lectrodes of a
thin film transistor (TFT). The channel lendth and widthW vary in
a 2-dimensional sample spae (L, ®W) € R%. Each point in this
domain refers to a particular sample. The resutiscerning five
samples of SWCNTs-TFTs will be discussed later.rfroatep, the
sample is subjected to a post-bake process aadédted up on a hot
plate at 100 °C to eliminate possible traces ofshlgent. Thereatfter,
the photo-resist is developed by 726-MIF develapet the irradiated
area was washed away by DI-water and dried wiatvibg nitrogen.
Then the substrates with defined structures weré ipto a
conventional e-beam evaporator (base pressurext@>Pa) to coat
titanium with a thickness of 3 nm for good adhedietween gold and
the substrate and later the gold with 25 nm thiskneThe resist was
deposited and then removed by a lift-off procedse $chematic of
photolithography and metallization steps is showRigure 25.
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Figure 25. Schematic process for photolithographyrad metallization

Five samples were considered according to thevimtip parameter
S={L; [um], W [mm]} [{(2,20),(4,60), (8,30), (20,8),(50,20)}.

3.1.2 Silanization of Substrate

Prior to the deposition of SWCNTSs solution on thbstrate, the Si9
layer was silanized by 3-aminopropyl triethoxy sdéa(APTES) in
order to create amine terminated self assembledolagers (SAM).
The presence of amine group or positive chargharStAM facilitates
the selective absorption of the semiconducting aarimanotubes
network [53, 117, 128]. The schematic illustratioh the wafer
silanization is shown in Figure 26.
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Figure 26. Schematic of silanization with APTES on th substrate.

In order to obtain this SAM layer, substrates wins processed by
plasma treatment for 5 minutes, thus allowing tleemgation of
hydrophilic surface. Plasma-treated wafers werekesban a 1%
APTES solution in 2-isopropanol alcohol (IPA) fos Iminutes,
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afterwards washed copiously with IPA and dried cletgly by a
nitrogen gun to obtain a homogenous surface

3.1.3 Vacuum Filtration Deposition

The thin film was made by dispersing semiconduc8WCNTs with
an effective-deposition technique at room tempeegathat combines
vacuum filtration and silanization of substrate. tehf APTES
functionalization of substrate, the SWCNTSs soluticas deposited via
vacuum filtration technique.

The procedure consists of five steps as reporté&digure 27. A mixed
cellulose ester membrane, i.e. filter in Figure(@iameter= 47 mm
with pore size0.22 um), was placed on vacuum filtration apparatus
and 1 ml of 90% semiconducting SWCNTs solution with
concentration 0.05mg/ml was then quickly vacuurterfdd. As the
solvent passes through the filter, the carbon ndrest were entangled
with the surface of the filter, creating a carbcmotubes network
with wrapped surfactant, i.e. filter/SWCNTs/surtatdt in Figure 27
(Vacuum filtration, step 1). Afterwards, by rinsingff the filter
covered with SWCNTs/surfactant with 100 ml deiodizeater (DI-
water in Figure 27), it is possible to dissocidte surfactant from
SWCNTs network (Surfactant dissociation, step d)er the filter
covered by the SWCNTs network was placed onto itenized
substrate, i.e. the pink rectangle of Figure 2ailfer to destination,
step 3). A gentle press on the top was appliedrie hour by using
a glass sheet in order to obtain a good SWCNS3®8ilition with
applied force (Press, step 4). Finally the SWCNEwork was
transferred by dissolving the filter on the substraurface in an
acetone and methanol bath until the filter disapgee&rom the surface
(Filter dissolution, step 5) and a thin film of SWTs network
remained on the surface.
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Figure 27. Schematic of vacuum filtration steps

Vacuum filtration method has been found to be decéfe approach
for a reproducible process for fabrication of SWGNIfilms with
specific film density [129, 130]. The density ofrloan nanotubes
network can be specified by controlling the voluofeCNT solution
used to be filtered through the membrane. In alditihis method has
an advantage that the speed of vacuum filtraticeevemt the tubes
from flocculation [131]. Moreover, the dissociatiohsurfactant from
SWCNTs allows preserving the electrical charactdian of
SWCNTs which enhances the yield of the devicess T@position
process has advantages such as to be inexpencalable to large
areas and to be allow the transfer of the thin fimmall kind of
substrates and pre-structured circuits by membdas®lution.

3.1.4 Electrical Characterization of 90%
Semiconducting SWCNTs-TFT

SWCNTs-TFTs in a back gate and bottom contact gardition with
different channel lengths and widths.( W) in the sample spacg
were taken into account. In particular, 5 samples eonsidered
according to the following parameter spa& (L, [um], W

[mm]) [{(2,20), (4,60), (8,30), (20,8), (50,20)}. The nemk of

semiconducting SWCNT acts as the active layer him tfilm

transistors as shown in Figure 28.
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Figure 28. Schematic of SWCNTIFT as a back gate transistor build on thin film
SWCNTs on interdigiated electrodes (IDEs). Upper partshows the one period o
structure.

Spatia arrangement of SWCNTs network in the channea TFT
structure is assessed by scanning electron miqres(®EM) and i
shown in Figure 29. It can be observethat drain and source
electrods are connected by SWCNTs formitig thin layer on th
substrat.

Frgure 28. SEM image of SWCNTs network on TFT strcture
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The electrical characterizations are based on thevemtional |-V
equations for MOS devices in triode and saturatiegime. The
classical equations describe the current that flows from the drain to
the source in a p-type MOSFET [132]. In the triaggion, i.e.
Vps > (Vgs — Vi), Wherely, is the threshold voltage, the current is
given by:

I, = —uC w Vis
D= GZ (VGS_Vth)VDS_T (8)

where L. is the channel lengthy the channel width and; the
capacitance per unit area between the gate electnod the nanotube
network. If the saturation region is taken into aad, i.e. Vs <
(Vs — Vi), the drain current in a p-type MOSFET is goverhgdhe
following equation:

1 w (9)

Ip = _E.UCGE (VGS - Vth)z

where theC; is the capacitance per unit area between gate and
nanotube network used in equation (8) and (9) wiscbbtained by
considering a parallel plate arrangement:

Cp = Foér (10)

tOX

where g, = 8.854 x 10712 F/m is the vacuum electric permittivity,
& = 3.8 is the relative permittivity of the SiOsubstrate and,, =
100 nm is the thickness of the oxide.

In Figure 30 the measured electrical charactesistaf 90%
semiconducting SWCNTs-TFT for channel lendth= 50 um is
reported. In order to obtain the transfer and augharacteristics of
SWCNTs-TFT, a standard two probe measurement wase ni@
evaluate the drain current based on modulatiorhefdgate voltage.
The sample placed on a probe-station where needles used to
contact the drain and source electrode. The sodtveantrols the
applied voltages of the the device under the t@ste transfer
characteristics of device, shown in Figure 30(&),obtained by
varying V;s between—20V to 15V at Vps =—1V. In order to
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measurethe output characteristic of theansistor Vps is varied
betweer-20V to 0 V and \sbetween -17V toX V with a step size of
4V.

The outpuicharacteristic of device is shownHigures 30(b).

(a) Transfer characteristics
LE-08
) ——\DS$=1V
[=]
=
s 1L-10 S :
=20 -10 0 10 20
Vs [V]
(a)
(b) Output Characteristic
g
20
40 | ——VGEs=1V
? 1 ——VGS=5V
g 60
= ] VGS=-9V
-y -80 | —ves=13v
-100 4 —VGS=-17V
o 120 7
Vs [V]
(b)

Figure 3C. Transfer (a), and output (b)characteristics of 90% semiconducting SWCNT-
TFT at channel length , Lc= 50pm

The manufactured deviceL, = 50 um and W = 20 mm ) showed
output performances of typical SWCMTFT. The transfer curve |
Figure 30a shows the dependencecbfrge carrir concentration in
thin film of SWCNT:¢ based on electric field and gating effectthe
Schottky barriers at thSWCNTs and gold contac [133]. Also,
transfer curve shows the-type semiconducting thin filnbehaviour,
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consistent with prior work on nanotube netwo[134, 135]. Another
figure of merit for SWCNTFFT structure, itthe switching behaviour
of the device is considered,the I,y /Iyprrratio. Iy andlypr are the
values ofI, current when the SWCN-TFT is in on and off-state,
respectively. As shown iRigure 30(a), thelyy /Iorr Was 45 and quite
low. The reason is that wheie transistor is in the off-state, i.e. there
is no gate voltagapplied, the current should be z; however, due to
the existence of a metalloontributionof SWCNTSs (10%), the current
of transistor does not completebecome zero but has a small value.
On the other hand, the transistor is switched oervnegative gate
voltage and draiisource voltac are applied to the device at the same
time. The reason is thatvher the voltage is applied to the gate
electrode, chargearriers (hols) are induced in the semiconducting
SWCNTSs whichacilitate the current flow from drain source.

The Figure 30b showthe outputcharacteristicof the device. Under
more negative Y, the deviceexhibits saturation behaviour. However,
due to the existence of metalSWCNTSs, the device does not show a
pure saturation regime anlde currenistill increases while applying
more negative voltage.

The width-normalized electrical resistar in the on-stat€R,,, * W)
versus channel length is showrFigure 31.
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Figure 31.Measurement of widthnormalized resistance of 90% semiconductin
SWCNTs-TFTs response with different channel lengths. The channééngths are 2 4, 8,
20, 50 pm and channel width are 20, 60, 30, 8, 20 mm resprely. The resistance
measurement was made on atp4=-1V and gate bias -20 V (on-state of SWCNTs-TFTSs).
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As seen from Figure 31 the resistance increaseshasnel length
increases, since the average length of SWCNTsoidestthan channel
length and then more SWCNTs were required to foroorduction
path from drain to source electrode. Therefore, emiibe to tube
junctions are present in the conduction path and the resistance of
devices are limited by the percolative transporbulgh the carbon
nanotubes network.

Mostly in devices with shorter channel lengths, tloatput
characteristic shows the short circuit conditiondwese of the metallic
carbon nanotubes contribution in the network. Toisdition occurs if
the density surpasses the percolation thresholdth®mther hand, in
long channel transistors the metallic contributioauses a low
Ion/lorr ratio. Therefore, high percentage of semicondgctin
SWCNTSs solution is demanded to have higher yield@fices. In
next section, the fabricated devices with highercgeatage of
semiconducting SWCNTSs 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 SWCNFS-s based on
99% pure semiconducting SWCNTs solution and thectedal
characterizations will be discussed.

3.2.1 Deposition Process and surface characterization

In order to fabricate thin film transistors withghier semiconductor
purity, a 99% semiconducting SWCNTSs solution wascpased from
Nanolntegris Co. It is supplied with concentrati®r®l mg/ml in
surfactant solution, with average lendth,yr = 1 wm and average
radius rgyy eyt = 0.7 nm. [136]. A Si/SiQ with 100nm oxide layer
wafer was used as substrate where,$8@ised to act as the back gate
dielectric same as previous ones. The drain-soateetrodes as
explained in section 3.1.1 are interdigitated etet#s (IDEs) with
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channel length betweeaum to 50 um. Also an effective method
(which is a combination of a silanization processd avacuum
filtration) was used to deposit the SWCNTs solutionto the
substrate. The process is explained in detail¢ticge 3.1.4.

Figure 32 (right) shows the optical image of tloeirse and drain
electrodes obtained by IDE, whereas the networlSWICNTs by
scanning electron microscopy (SEM) image deposited is shown
on Figure 32 (left). The Figure 32 confirms conrwctof drain and
source by means of a quite uniform SWCNTs netwiirk-

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

The morphological arrangement of SWCNTs shown byl$Bnfirms
that drain-source electrode is joined by SWCNTssirgg associated
to the random network. This allows application bé tpercolation
theory of a random distribution of conducting stiattue to the fact
that nanotubes appear randomly oriented. The pdronltheory 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 performanceshe SWCNTs-

TFTs have been carried out. As many carbon nanstdbposited in
the channel of TFT structure were not involvedhe turrent carrying
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process, the classical equations describing theén dearrent, I,
(equation 8 and 9) modified by scaling léw) in all regimes (triode
and saturation) of transistor are used. This povesy (a) is
characterized by a unique constant which is basethe coverage
density of carbon nanotubes in the channel of tR€ Structure [137]
and gives the information about the morphology regesment of
carbon nanotubes network on the surface [138]. Mimtails about
this power law will be discussed in chapter 4.

In the triode regionW,s = (Vzs — Vi) the I-V curve should scale as
[74, 137]:

. 1 Lswent “ VgS
Ip = uWcg (Ves = Ven)Vps ——— (11)
Lswenr L¢ 2

where(C; is the gate capacitance per unit algg, is the gate-source
voltage, V;;, is the threshold voltage, and is the mobility. The
mobility can be obtained from the transfer chandstie by the

derivative of (11), i.e. from the variation of tligain current with

respect to the gate-source voltage in the triodmne

o, (12)
=Ygy

where the coefficient takes into account all the constant terms of the
equation 11. Therefore, the mobility of the thilmfitransistor based
on SWCNTs network can be obtained by using measuattes of
transconductance of the obtained devigg, = dlps/dV,s and
considering its geometry. The gate capacitariizg is calculated by
taking into account the electrostatic coupling lesw carbon
nanotubes and oxide where the nanotube is condi@srequipotential
[139]:

1 A 21t \T)
G = {cg" o[ sinn (S )|
¢ { o F 2TEYE oy ! TSwWcNT - Ag fo (13)

£,=8.854x10" F/cm is the electric permittivity of vacuumy,, = 3.8
the relative permittivity of the SiDsubstrate with thickness,, =
100 nm, ay? is the linear tube density. Particularty, from equation
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13 is used for aligned SWCNTSs and gives a quaivitandex [53, 54,
140]. However, when the distance between carborotobas is
similar to the dielectric thickness, the use of glage capacitance from
equation 13 instead of that corresponding to paradlectrodes
(equation 10) can be adequate [54]. The linear igemd carbon
nanotubes is about betwe&fi — 100 tube/um from SEM image; it
has been assumed to W tube/um in this case with radius of
SWCNT equal t00.7 nm. C, is the quantum capacitance which is
equal to 4 x 10712 F/cm [141]. Therefore the mobility of the
SWCNTs-TFT is a function of the SWCNTs network tigh
C; =21x10"° F/cm? (expression (13)) and the measured
gmVvalue. In fact, the oxide capacitance based onptmallel plate
model (equation 10) is used for a uniform film; lewsr, the
nanotubes network is not completely uniform ang ftepresented by
a sparse network. Therefore, the oxide capacitamcasquation 10,
underestimates the mobility of SWCNTs network oeregtimates the
oxide capacitance. Hence, equation 13 is necessacpmpute the
real mobility of the device.

A standard two probe measurement was made to eégatha DC
resistance of the channel between the gold contddise fabricated
devices. The software controls the voltage of ttaa under test. By
varying V;s between —15V to 15V at Vps =1V, transfer
characteristics of a device is obtained which isvshin Figure 33a.
Also, by performing a sweep ofp¥ between -16V to 0 V and 34
between -10V to 10 V with a step size of 2V thepoticharacteristics
of device are evaluated and shown in Figures 33wear and
saturation response of the transistor are obtamesgectively).
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(a ) Transfer characteristics (‘b ) Output characteristics in triode region
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Figure 33. Electrical measurement of a SWCNTs-TFT withchannel length Lc=8 pm: a)
Transfer characteristics b, Output characteristics in triode region c¢) Output
characteristics in saturation regior

The manufactured deviceL, =8 um and W =30mm) shows
output performances of typical SWCMTFT. The transfer curve |
Figure 33ashows the dependence of charge carrier concemtratia

thin film of SWCNTs based on electric field andiggteffect of the
Schottky barriers at the SWCNTs gold cont. Alsg, the transfer
curve shows the-type semiconducting thin filhehaviou, consistent
with prior work on nanotube netwol [53, 54] The experimente
transfer curve is used to extracVy, on<urrent density J,, =

I,n/W), loNlore ratio and mobility. The obtained device

characterized b V,, = 4.8V, lo/lof ratio as high a1.8x1d, and sub-
thresholdS = d(V;s)/d(logIps) equal to1.8 V /dec at Vps=1 V. In

additior, the on-current at y5=1 V is 190 uA which, to the best of th
authors’ knowledge, is the highest-current for fabricated devict
based on high purity semiconducticarbonnanotubs network. This
high or-current is due not only to thagh purity of semiconducting
SWCNTg, but also to the electrode desigrthermore the mobility
of device p) is equal to 40.75 cm?/Vs at Vps=1 V. As shown ir
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Figure 33b, theg-Vp curves appear to be linear fop Yyetween -1 and
1 V, stating that good ohmic contacts are formedwben the
interdigitated electrodes and the carbon nanotdiesfilm. In this
region the TFT behaves like a voltage controllesister similarly to
the classic MOSFET devices. Under more negatiyethese devices
exhibit complete saturation behaviour, as showfigure 33c.

The mobility of 99% semiconducting random netw@MT-TFT, is
much higher than the typical mobilities of orgafETs0.98 ¢m?/Vs
[142], amorphous Si cm?/Vs [143], and those reported until now
around1 cm?/Vs for random network of carbon nanotubes [48, 55,
144]. Moreover, the mobility foL. = 8 um TFT structure is 40.75
cm?/Vs which, to the best of the authors’ knowledge,riong the
highest mobility in short channel structures fobrfeated devices
based on high purity carbon nanotube network. Hamevt is
significantly lower than those of a single carb@notube CNT-FET
(u~1—2x 103 cm?/Vs) [144]. The reason for this difference is the
high tube-tube coupling resistance in the films5J14rhis intertube
coupling resistance is deemed to be as high asvi®(146], which
overcomes the resistance of nanotub®((k(2). In addition, as it can
be seen from the SEM image in Figure 32, curling cafbon
nanotubes appears and this phenomenon reduce$fébive length
of SWCNTs in the direction of the current flow fraginain to source
electrode, thus increasing the resistance of tBpedsion of carbon
nanotube network and reducing the overall devicbility

3.2.3 Effect of Channel Length of 99% semiconducting
SWCNTs-TFTs

To get a more comprehensive understanding of deliaeacteristics,

the measured normalized on-current density, /W) scaled with

various channel length betwe@mum and50 um is shown in Figure

34.
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Figure 34. Average values and error bars of the cuent density (l,,/W) versus various
channel length (2,4,8,20,54m) for TFT fabricated with SWCNTSs .

Figure 34 shows the average normalized on-curremsitdes(/,, /W)
evaluated atVps =1V and V;s =—15V concerning electrical
measurements performed on a set of 15 transistersacterized by
different channel lengths and widths. The on-currdensity is
approximately inversely proportional to the chaneelgth, indicating
that/,, decreases as channel length increases because eflarged
intertube junction resistance. For this reason, Highest on-current
density is detected in correspondence of the dewitte the smallest
channel length. Furthermore, as the authors of [6ef7] suggest,
higher  purity  semiconducting  nanotubes  require  more
ultracentrifugation which gives rise to shorter oiabe lengths. This
effect causes more tube-tube junction in the patwol path and
adversely affects the overall on-current density.

Another important figure of merit for SWCNT-TFTdet average
mobility of devices with various channel lengths plotted in Figure
35.
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Figure 35. Plot of average mobility versus channdéngth for TFT fabricated on carbon
nanotubes.

The mobility of devices should be related to thé&lproperty of the

device (independent of TFT channel length and Wjdtlue to the
presence of metallic nanotubes and percolatiorciefiel]. However,

it has been usually observed that the mobility dodsict depend on
channel length in as-grown nanotube networks, oong 1/3

metallic and 2/3 semiconducting nanotubes [48, 3#]s behaviour
has been detected also for networks containing pmicentages of
enriched semiconducting nanotubes [53, 148] as a®lfor those
investigated in the present study (99%). In factisialso found a
dependence on channel length of the current deasidymobility, as
shown in Figures 34 and 35 respectively. The ewdethat also
mobility is inversely proportional to the channehgth indicates that
mobility decreases as channel length increases sine average
length of SWCNT in separated nanotubes is shon@n the channel
length. Therefore the device mobility is affectegl the percolative
transport through the carbon nanotube network h&sdevice channel
length increases compared to the carbon nanotuigghlethere are
significantly more tube-to-tube junctions introddaa the conduction
path, causing the device mobility to decrease.
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Figure 36. Measurement of width-normalized resistace of 99% semiconducting
SWCNTs-TFT response with different channel lengths. Thehannel lengths are 2, 4, 8,
20, 50 pm and channel width are 20, 60, 30, 8, 20 mm respirely. The resistance
measurement was made at =1V a gate bias -15 V (on-state of SWCNTs-TFTs)

The width—normalized electrical resistances of w@es(R,, * W)
devices versus channel length are shown in FigGreA8 seen from
Figure 36, the resistance increases as channdhlémgeases, since
the average length of SWCNT is shorter that chaneelgth.
Therefore the device resistance is governed by phecolative
transport through carbon nanotubes network inrdneststor channel.
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Chapter 4

Numerical modelling of SWCNTs-
TFTs

In order to understand the relation linking thectrieal properties of
fabricated SWOCNTs-TFTs with the corresponding geoos
structure and physical characteristics of the naved, a numerical
model of the system has been developed. For thisopa, a model
simulating a channel of TFT structure with SWCNTetwork has
been carried out by considering, in a three-dinerai (3D) space, a
random distribution of impenetrable conducting rg8rs inside the
channel. The characteristics of the fabricated a#svihave been
compared with the 3D model and the results areyaedl

4.1 3-D Modelling of SWCNTs-TFTs

The physical representation of the device givefrigure 20 can be
described by considering each periodic part redarie~igure 37. In

this figure the SWCNTs network acts like an eleetriequivalent

medium with electronic characteristics dependenttlom physical

interactions at the interface between nanotub#ésemercolation-path,
if it exists, that are influenced by external efeal field. In particular,

the electrical percolation path connecting draid aaurce electrodes
highlighted by red-sticks involves not all the SWCNdeposit in the
TFT channel. In order to reproduce the transpooperties of the

SWCNTs network formed in the channel of the TFg tandomly-

generated 3D SWCNTSs structure between the tworebkes shown in

the schematic zoom of Figure 37 is considered.
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Figure 37. Schematic of SWCNTSs dispersion in the channel of TFTsaparallelepiped
volume form

The conduction mechanisms occurring between the SVé(forming
the network are evaluated by using an equivalergistance
representation of the selected |, as shown irFigure 38, capable to
furnish theelectric equialent medium of the systke.

Rtunnel
1 path W\

n path m

Figure 38. 2D view of the conductie paths inside the channel of TFT and the associat:
resistor network

Several authors have proposed the study of thislgmo by
considering a physical arrangement of the SWs network in 2-
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dimensional (2D) model [74, 149]. Due to the rotswmed by the
geometric characteristics of the SWCNT and thdeatfon the device
behaviour, a 3D study of the problem is adoptedsedaon the
previous work [150, 151]. In particular, a MATLABbased procedure
has been developed to generate the random depositiothe

nanotubes inside the TFT channel represented wvatiallplepiped

shape with fixed volume. The aggregation of SWCNhakes place in
this volume. From the information about the relatposition of the

SWCNTs inside the volume, an equivalent electrinatwork is

constructed, modelling the conduction mechanisnd@the paths that
occur in this volume. By using the assumption that current flows

from the source to drain, the equivalent total stasice can be
computed by considering the equivalent network esfistances that
concurs to form the total path between the drachsource electrodes
(sect. 4.1.2). Crucial point will bé&/,, the minimum number of
SWCNTs connections allowing the formation of cortéuc path

[152]. For the random distribution of the nanotubetwork, this

critical surface density is given by [138, 153]:

Lewent/TNg = 4.236 (14)
Based on thd.g, -y value obtained from data sheet, the computed
critical density isN: = 5.71 um~2. It is found that a nanotube density
in the TFT channelN = 10 um~2 is sufficient to achieve a numerical
convergence and therefore it is adopted in thisilsition approach.

4.1.1 Representation of the SWCNTs aggregation

In order to reproduce the electrical resistivity thie randomized
network representing the thin layer in the struetof Figure 37, a
representative volume with a parallelepiped sh#pg, named cell, is
considered. The dimensions of the cell are choseording to the
TFT structure shown in Figure 37:

Vox = Lc *t - Whox (15)
whereL. andt are the channel length and minimum thickness ef th
channel in the device, whereds,,,. is fixed to 10um. In this way the
total volume of the TFT structurdy, is given by subdividing the
channel width W (and hence the volume) inte =W /Wy,
elementary parts, as shown in the zoom report&igure 37:

Ve=Let W =Le tWyox " W/Wpox = Viox * W/Wpox = nVpox (16)
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Therefore, by assuming periodic boundary conditiothe
computational effort can be reduced.

In the V,,, a distribution with uniform probability of cylinde
modeling SWCNTs is considered by the adogiedh particular, each
cylinder has a lengtligy, cyr and diametedgy, cyr. Moreover, in
order to ensure that the dispersed SWCNTs ardldisgd uniformly
inside the volume, the initial and final coordiratéx;,y;,z;) and
(xr,¥r,2¢) respectively are used by considering the follgwin
analytical relations [150, 151]:

x; = rand, - L, yi =randy, Wy, z;=rand; -t, (17)

Xp = X; + Lewent @1 cos(uy), yr = ¥i + Lewenr @1 sin(uy), zr = z; + Lewenrds (18)
In the above equations the paramet®ysu,,9, are related to the
angular distribution defined as follows:

Y9, =1-2 rand,, 9, = /1 —9,° py =2m -rands  (19)

whererand;, for i=1,..., 5 are uniformly distributed random nioens
in the interval Y =[0,1]. In this way each Monte Carlo trial
corresponds to the generation of 5 uniformly disited parameters
that have to respect some constraints. In factnguhe generation
process for inserting the cylinders, a rigorousc&hegarding contact
is performed. In particular, the position or ovpriaf each SWCNT is
essential for the correct determination of the pletoon paths.
Therefore, at each time, before inserting the ngmaer, a control is
made to satisfy the physical feasibility, i.e. ttia new cylinder does
not penetrate inside others. A further check i aisade on the
minimum distance between two SWCNTSs, by considettiegVan der
Waals separation (0.34 nm). If this two constra@iresnot satisfied, the
cylindre is automatically removed from volume anchew one is
generated again until the conditions are satisfiltis generation
procedure is finished when the SWCNTs have reachetumber
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 dillgith a network of
semiconducting SWCNTs, the presence of one or rdoest paths
between source and drain electrode can be evaludieen the
resistance of a nanotubes network in the on-statlede calculated by
using a 3D resistor network. It leads to evaluhteresistance of Yy,
Rhox, @nd to derive the equivalent electrical properté the medium
in the channel direction. Each branch in the edaia circuit
represents a single percolation path including types of resistors.
The first one, “tube segmemnk,,,,, takes into account the conductive
mechanism in the segment, defined franto m, of the SWCNTs
involved in the path:

_ lmn (20)
Rpmn = Pswent Sswent

where psiwent @nd Sgy oy are the electrical resistivity and cross-
sectional area of the SWCNTs respectively, whjlg is the distance
between two generic pointg andn. It corresponds to assume that the
scattering dominated drift-diffusion theory appliegith negligible
effect of the diffusive term, and that the contaesistance is
unimportant [154]. In particular, the resistivity the semiconducting
SWCNTs is computed, according to the experimeratd,ds:

pswent = 1/ (npep) (21)
wheren, =n, =7 x 10'® cm™3 is the charge density of graphene
[155],e = 1.6 X 1071° C is the electric charge of electron gnés the
mobility of charges in TFT structures, obtained emmpentally as
described in the section 3.2.2. For the minimum trdoution of
metallic nanotubes (1%) in the network, the registiof them, in on-
state, is adopted equal to that of the semiconuyicBNTs [53].
Moreover, in the proposed electrical network a sddype of resistor,
Riunnet» 1S introduced at each “tube-tube” junction in@rtb take into
account electron tunneling effect between suffityeclose carbon
nanotubes [156-158]:

h?d and e (22)

R =
tunnel SSWCNTGZ ,—Zme 1
whereh is the Plank’s constand ,the distance between SWCNTs,
the mass of electron ardrepresents the height of energy barrier. As a
first approximation, it is assumed that the barnieight approximately
equal to 1/2 band gap of the semiconducting SWCIbB].
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From the above expression, it can be noted thamnelling
conductance decays exponentially as a functionisthice with a
characteristic decay length in the order of a famameters, typically
not larger tham2nm [157]. Finally the equivalent resistance of all
paths in paralleR,,, associated with the conduction mechanisms is

given by:
-1

_ (23)
Rbox <Z Z mnl + Z] 1 Rtunnel])

where index of summatloln is the number of the parallel percolation
paths detected in the thin filR,andM are respectively the number of
SWCNTs and tunnelling occurrence in each branchhef resistor
network.

The on-state resistanc®,(,) indicates the total resistanc®,f =
Ry ,x/n) of the transistor when it is in the conductioatst

In classical 2D conducting film, th®,,, is proportional to channel
length,L.. In a system close to percolation threshold, tlaeeemany
nanotubes that are not involved in the currentygagrprocess [137].
These tubes lead to form new percolation pathd.aslecreases.
Therefore, the on-resistance can be expresseditgtiaety according
to [74]

L¢ (24)

R on ~LSWCNT ( I )a
SWCNT

a is universal constant which depends only on thenabzed density
(NLswenr?) of SWCNT in the transistor channel and descrithes
spatial distribution of SWCNTs network in the sture. In addition,
this power law gives the information about dimensid morphology
arrangement of carbon nanotubes network on thasi37, 138].

4.1.3 Simulation result of electrical properties of
SWCNTs-TFTs

For a better understanding of the relation linkitige electrical
properties with the geometrical and physical char&tic of the
SWCNTs-TFT, a comparison between the charactesistit the
fabricated device with a 3D model of the structuobtained by
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randomly distributed carbon nanotubes inside a @f@nnel length, is
performed.

The transport properties of the SWCNTs networkhem TFT channel
are modelled in terms of stick percolation on tBesBuctures leading
to the formation of conduction paths between sowed drain as
discussed in section 4.1. In Figure 39 the box esgmtative of a
random arrangement obtained in the case of a phpilbed volume
with L, = 8 um, Wy, = 10 um andt = 3.14 nm is reported.

0 0
Wyox [M] L, [m]

Figure 39. 3D simulated box representing the randometwork of 800 SWCNTSs inside
the TFT channel Lc

The thickness value is adopted in order to condidar two carbon
nanotubes can overlap each other according to diegineter and Van
der Waals distance. In all TFT structures, the ayernanotubes
lengthLgy cnr 1S Shorter than the channel length, which means that
source to drain current has to flow through a seoieinter-nanotubes
contacts. The SWCNT geometric characteristics acdopiad
according to the data sheet (lengilyycyr =1 um and radius
rent = 0.7nm ) and they are randomly inserted in the box, one at
time, until the desired density is reached. A tesimetwork is
associated to the “tube segment” and “tube-tubectjom’, as
explained in section 4.1.2. The resistivity of SWIK3\hetwork based
on the variation of devices mobility are obtaingdelxperimental data
and varying betweei x 1072 Qcm to 4 X 1072 cm according to
eqg. (21). These ranges of resistivities are cagsiswith those
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obtained from recent publication [160, 161]. Fipalthe total
resistance of the box®,,, of device is derived by means of the
Equation (23). The simulated values of the georatyi-scaled
devices resistance in on-state of transisRy, (x W) are compared

with the measurement data in Figure 40.
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Figure 40.. Comparison between measurement and simulation of wdth-normalized
resistance of semiconducting devices response withifferent channel lengths.
The channel lengths are 2, 4, 8, 20, 50m and channel width are 20, 60, 30, 8, 20 mm
respectively. The resistance measurement was made \§s=1V a gate bias -15 V (on-
state of SWCNTs-TFTs) that was applied to ensure thasemiconducting nanotubes in
the network were conducting. Inset plot shows logfavidth-normalized resistance [log
(R*W)] versus log channel length [lod(.)]

The inset of Figure 40 shows also the plots of ldgarithm of the
width-normalized electrical resistance of semicantithg response of
TFTs log(R,, W) vs. log(L;) at the fixed V; ;s of -15V,
corresponding to an on-state value. From this pla$ possible to
extract the exponent power lafe) as the slope of the interpolating
line for fabricated and simulated devices. By obisgy the equations
it is evident thatR,, « (L;)'7 (red data) andR,, < (L-)'® (blue
data) respectively.

For high density network, the carbon nanotube netvbehave like a
classical 2D conducting film and correspondingly: 1. On the other
hand, for densities near the percolation thresholdpproaches 2 and
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then diverges as the density approaches zero B, 164]. In these
structures, the detected exponent of the powerdaw1.7 — 1.8 €
[1,2] puts in evidence that the obtained thin film isitg” dense, with
a density higher than the percolation thresholdievddut still not so
high to induce a linear behaviour between resigtasmed channel
length. It means that an intermediate SWCNTs a@gi@y structure
between 2-D and 3-D is achieved and therefore tioptéon of 3D
model appears to be useful for the numerical ingasbn of the thin-
film structure.

Good agreement between measured and simulatedisiatkearly
visible thus confirming the effectiveness of thedwmlofor the design
phase of optimized SWCNTs-TFT structures.
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Chapter 5

Fabrication label-free biosensor
based SWCNTs-TFT

Detection of biomolecules by fast, sensitive andst ceffective
methods is an important issue for several sectach as healthcare,
food, water, environmental monitoring and elimioatiof bio-security
threat [56, 162]. Various detection methods randiog conventional
approaches such as optical detection by utilizatbrfluorescent-
labeled biomolecules with dyes [163-165] or quantots [166-168]
to the sophisticated optical fiber based evanescevee biosensor
and polymerized chain reaction (PCR) based methade Hbeen
developed so far[56, 148, 169, 170]. Although thabelled
biomolecule approach has an accurate detectiomegrades the
interaction between receptor and target [171]. biditeon, the
preparation of labelled materials is time consumamgl expensive
[171, 172]. Therefore, the development of a fullgceonic label-free
biosensor is highly demanded. Label-free biosenssith high
miniaturization, high sensitivity and low power somption have
drawn interest into the field of nanoscience aadatechnology [62,
173, 174]. The integration of nanotechnology andtdahnology
provides new routes for the detection of speciftrimlecules through
detection of electrical signals [175].

Among nanomaterials, single walled carbon nanot(®@¢CNTs) are
promising candidates for nanobiosensing due to eRkeeptional
electrical properties such as high mobility [17Bige surface area
[177], and their nanoscale structure [178]. Thehhigobility of
SWCNTs represents a major advantage for high $ahsit
applications [178]. Moreover, in the SWCNTs eveiygke carbon
atom on the surface is in direct contact with thei@nment, allowing
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increase of the sensitivity [179]. In addition, thanoscale size of
SWCNTs (with diameter ~1 nm), is directly compédealbo the
dimension of single biomolecules such as DNA, erggnantibodies
proteins [67, 179, 180] and enables easy intemactth such
biomolecules. Moreover, the low charge carrier dgref SWCNTS,
~1 electron per nanometer, is similar to the s@rfeltarge density of
proteins, allowing optimal electrostatic interaotibetween SWCNTs
and analyte biomolecules [179]. These attractivatuies of such
devices can approach the realization of an ultfahsgnsitivity
biosensor capable of single-molecule detection.[66¢ translation of
the interaction of biomolecules and surface of SWENo an
electrical signal is the base of performance ofléhel-free biosensor.
This makes SWCNTs excellent candidates for apjpdicaas
transducers based on chem-resistor or transistatstes [48].

Since the fabrication of field effect transistosbd CNTs [181] there
has been great deal of effort devoted to the agpdic of this device
for various sensing areas from chemical sensor2][l§as sensors
[183] DNA sensing [184], and protein sensors [1855].

Proteins can strongly attach to the nanotube seir@& nonspecific
binding due to the affinity to attached amino gre(187, 188]. There
are also various reports that demonstrate the fapgcand selectivity
control for chemically covalent [189] or non-covale [190]
functionalized CNTs [191]. Biosensors based on h#es have
shown detection range between picomolar to micramol
concentration [185, 192, 193] and potential appiidg for large-
scale array [192-194].

Hu et al. have been utilized 60% semiconducting SWJFT for
detection of 50 nM concentration of streptavidir83l However,
they used break-down electrical procedure for rangvmetallic
contribution of SWCNTs network in the system. Tladditional
process is not suitable for large-scale array{gbilor biosensors
fabrication and reducing the reliability of devic&ecause of high
bias voltage is required to break-down the metalhecies. Chen et al.
have been used mixtures of SWCNTs network on mekhggids for
detection of various biomolecules [190]. They d&tdc100 nM of
streptavidin based on gold labelled particle dlyeonh the surface of
SWCNTs network. The streptavidin is binding witre teurface of
SWCNTs with non-specific binding. Furthermore, lédx
biomolecules have the disadvantage to degrade mieraction
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between target and receptors. Therefore, a fultgtednic-label-free
biosensor is demanded. In this work, TFTs basedSWICNTSs
networks with the highest purity semiconducting%®99is used for
detection of streptavidin at concentration as losv 10 pM via
specific binding to biotin.

In this chapter, a label-free biosensor based enfabricated high
purity SWCNTs-TFT is considered as a transducer o-
interactions. The TFT structure with SWCNTs netwaskan active
layer is used as a platform of sensing mechanishe @lectrical
conductivity of this device is modulated by theenaiction of the
functionalized surface of SWCNTs with specific mios. In
particular, the object of this chapter is the dgson of the
fabrication of a high sensitivity (100 pM) biosengor the detection
of streptavidin. The principle used for this dei@ctin based on the
well-known biotin-streptavidin interaction. The uimated process for
immobilization of biomolecules is inspired by Chenal. [190] and
developed for our application.

5.1 Interaction between biotin-streptavidin

Among the many non-covalent interactions betweeoteprs and
receptors present in nature, the streptavidin{biotteraction is the
strongest(K; = 1071* - 107> M) where K, is the dissociation
constant [195]. Streptavidin is a tetrameric pmot¢t X 13 kDa)
which binds to the vitamin biotin [196]. In facthg mass of
streptavidin is 52000 daltorDg) or as a short 5ZDa . In other
words, streptavidin constructed from four identisabunits and it is
represented agt x 13 kDa) and one molecule of streptavidin binds
with four molecules of biotin

The bond between that pair is very stable and eotftl by pH,
temperature, organic solvents and other denat@ayamts [195, 196].
These features make the biotin/streptavidin systerbasis of many
biochemical and biosensor applications and inwlusk we have used
this pair as a research model for development ofatzel-free
biosensor.
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5.2 Immobilization procedure for deposition of
biomolecules on SWCNTS-TFT

The fabricated 99% pure semiconducting SWCNTs-Td€Bcribed in
section 3.2, is used as a transducer acting asetiteal element of a
biosensor.

Generally, pristine SWCNTs have some shortcomingchsas low

sensitivity to analytes due to low absorption anon nspecific

adsorption; hence, functionalized CNTs are needmd sklective

adsorption and to improve the sensing performalmcearticular, to

improve the sensitivity and selectivity, the SWCNifs the TFT

structure are non-covalently functionalized by sehying the device
into a 6mM solution of the linker (1-pyrenebutanoiacid,

succinimidyl ester, Eurogentec, Inc.) dissolvedlimethylformamide
(DMF) for 1 hour. Then the device is rinsed with BMolvent.

In order to biotinylate the device, the biotin lenmobilized on the
pyren-linker present on the SWCNTSs surface by subime it in a 50

mM concentration of EZ-Link Amine-PE&Biotin (Thermo Fischer
Scientific, Inc.) in aqueous solution for 18 hoatsoom temperature
and rinsed in pure water for 1 h in order to wash ¢xcess of the
reagent. Subsequently, the biotinylated polymertembadevice is
exposed to a 100 pM solution streptavidin (Omnlfab) in a 0.02 M

phosphate buffered saline solution (PBS) at pH=ah@ at room
temperature for 15 min. Then, the device is rinsegdiously with

water to remove salt from saline buffer and driethwa flux of

nitrogen. The schematic of the immobilization pihoe is shown in
Figure 41.
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1-pyrenebutancate PEG-Biotin 1-pyrenebutanoate-PEG-Biolin SA

Figure 41. Schematicof immobilization procedures of protein. First depaition linker,
second biotin and finally protein (Streptavidin) with 100 pM concentration

5.3 Experimental result for biosenso

TFT with randomized networlof 99% semicoiducting SWCNTs
havin¢ channel lengthl,. = 8 ym and width,W = 3 mm on Si/SiQ

is employed. The biosensor operates in theode regime of the
transistor where the conduction changes as a timcii biomolecule
interaction The detection of streptavidin in @ncentratiorof 100
pM istargetec in the experiment.

Figure 42 showghe immobilization of biomolecules on the surfaée
functionalized SWCNTs
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succinimidyl ester as a linker, Amin-PEG-Biotin for biotinylated the device and
streptavidin

The biosensor based on SWCNTs-TFT is operated oamr
temperature in four steps: 1) the bare SWCNTSs; \B)CS8ITs with
linker; 3) SWCNTs with attached biotin; 4) SWCNTsittw
streptavidin. The electrical conductance variatgreported in Figure
43.

The main advantage of the noncovalent functionatinais the
preservation of the $garbons present in tm@anotube structure. The
interaction between nanotube surface and tetracpgiiene is due to
the non-covalent-stacking interaction [190]. It must be noted thnat
observed reduction of the current is related toadigd depletion of
holes in p-type SWCNTs by the electron-donating Divtkich cover
the surface of carbon nanotubes.
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The reactive succinimide portion of the pyrene éinkdsorbed on the
nanotubes is able to induce the formation of a lemwadond with the
amine-PEGBiotin. In this way, the biotin is connected toeth
SWCNTs through an amide bond. Because all the galetectrons
present in the atoms constituting the amide group
(amide=carboxyl+amino) are for covalent bonds, tbagnot act as
electron donors. Therefore, the level of conduaaat biotinylated
SWCNTs-TFT is almost back to the level of the b&WWCNTS in
TFT. The short polyethylene glycol (PEG) portionH&-Link amine-
PEG-Biotin is highly hydrophilic, confers high wateolsbility and,
above all, is charge-neutral. All these charadiedsseliminate non-
specific hydrophobic interaction and electrostabinding with
proteins leading to high degree of detection [186].

As shown in Figure 43b, the current increases $yhagon interaction
of 100 pM concentration of streptavidin (target)trwihe receptor
which is biotinylated-SWCNTs-TFT, indicating thahet target is
detected successfully. The 37% relative increasdefcurrent (upon
addition of streptavidin) can be related to thedbig of a negatively
charged species to the surface of a p-type SWCNtwank. This is
in full agreement with the streptavidin isoelectoopoint (pI) of
about5 to 6 and the fact that the exposure the biotinylatéd=sIT
surface with streptavidin was done at pH=7.2 (@s tpH the
streptavidin must have an excess of negative chaf$85, 199, 200].
Therefore, the result indicates that streptavisisuccessfully bound
to the biotinylated-SWCNTSs via biological recogoitiof the biotin-
streptavidin pair. In principle SWCNTSs surface lre tthannel of TFT
is a p-type semiconductor and it is expected toesmwe the current
when negative charges come close to its surface, [201] . Our
result is compatible with this consideration. Indéidn, our result
confirms previous investigations related to intécac between
biotinylated-SWCNTs and streptavidin [185, 200]. isThhigh
sensitivity is due to the very high (99%) purity rgentage of
semiconducting SWCNTs and large dimension of IDBSTFT
structure that allow more efficient interactionweén the analyte and
surface of SWCNTSs.
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Figure 43. Output characteristics (Ids-Vds) of the SWCNTs-TFT at Vgs=-5 V for: (1)
bare SWCNTs-TFT ; ( 2)functionalized SWCNT with linker; (3) biotinylated SWCNTs-
TFT; (4) SWCNTs-TFT with streptavidin

This investigation is aproof of principleto detect the interaction of
biotin and streptavidimn SWCNTs surfac. It is used as a research
model for biosensor application. In order use this biosensor for
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commercial application, it is required more contesdts on it such as
directly interaction between protein and SWCNTdae without
biotinylated the device, different concentrationpobtein, the role of
solvents in the analyte medium and utilization a¢nofluidic channel
on top of the device. These control tests are requio completely
investigate the comprehensive mechanisms of irtteradetween
SWCNTs-surface and bimolecular systems.
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Chapter 6

Conclusion and future work

6.1 Conclusion

In this work the characteristics of SWCNTs-TFTsriedited by means
of an effective deposition technique from a solutad dispersed pre-
separated semiconducting SWCNTs on a SySMafer have been
presented. The deposition technique consists dnigation in
combination with the vacuum filtration method. Tlerface
treatment used APTES prior to the nanotube depositi order to
facilitate selective deposition of SWCNTs on thebdtate. The
vacuum filtration gives an opportunity to depodiint films on a
substrate with control of the density of nanotuipethe TFT channel.
Moreover, this technique gives an opportunity toriizate devices at
room temperaturevhich is suitable also for temperature sensitive
substrates and pre-existing circuit structures. piloposed approach
can be easily transformed to large areas leading saitable use in
industrial applications. The fabricated TFT based @0% pure
semiconducting SWCNTs solution showsVa=4.8V, a maximum
transconductance of A$, a current density 00.06 uA/um, a large
value of mobility ofu = 40.75 ¢m?/Vs and a {/lo ratio as high as
1.8x 10* for a channel length equal t8 um. According to
percolation theory, an exponent of the power taw 1.7 was found
experimentally, showing that the obtained thin filsn“quite” dense
and near the percolation threshold. Furthermoreeperimental data
have been compared to the results of a 3D modellaimg the
charge transport in the SWCNT structures formeithénTFT channel.
The simulation results are in very good agreemerh vthe
experimental data. The model seems to be able gmdace the
transport characteristics of the fabricated deviaed could be an
effective tool to improve the SWCNTs-TFTs structur@rthermore,
the manufactured device has been characterized ansducer in a
label-free biosensor. The results demonstratechidjie sensitivity of
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the fabricated TFT biosensor based on high pumiyisonducting
SWCNTSs network. The SWCNTs are functionalized oa govalent
process to preserve the electronic characteristiSWCNTs. The
conductance of the label-free biosensor increapes interaction of
streptavidin with biotinylated SWCNTs on the chdnmé TFT
structure. This effect can be attributed to the atiggly charged
biotin-streptavidin combination via electrostatiateraction. This
biosensor shows the successful immobilization oépsavidin and
highly sensitive detection of streptavidin with centration as low as
100 pM. Due to the high-sensitivity and nanoscale siz&WCNTS,
this new biosensor provides great potential foeldiee detection of a
wide range of bio molecules in applications, sushaaray based
screening.

6.2 Future work

Since the first fabrication of FETs based on SWCNSignificant
progresses has been made. However, many challeegesn for
bringing them from prototype to practical applicati in mass-
production with high efficiency in the nanoelecties industrial
sectors. In order to achieve this aim, it is reggiito address strategies
to assemble SWCNTSs thin film on substrates for i§peapplication.
In fact, carbon nanotubes are produced as a mixturaetallic and
semiconductive CNTs with different diameters andgtas [202].
Therefore, in order to use them for practical aggtlon, it is needed to
sort them based on their electrical characteriséigs semiconducting
ones for transistors and sensors and metallic dmegransparent
electrodes and interconnection systems. Althouglexalained in this
thesis, it is possible to sort them in solution bsonication and
centrifugation, shortening the carbon nanotubegthey causes a
reduction of the current density and mobility o€ thevices. Other
issues to be considered are that advanced filpapagon methods
are required in order to achieve improved contrbldensity and
orientation, as these parameters strongly influgheeproperties of
SWCNT thin films and therefore the output perforices of
electronic devices. Additionally, specific technéguare required for
controlled doping of SWCNTSs, for increasing theanductivity, and
reducing parasitic contact resistances [60]. Otheblems to be
addressed, before routine fabrication of electratewices based on
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CNTs, concern the selection of the most approprifit@racteristics
with reference to the specific application e.g.ghler mobility of

devices for sensing application and higher on/afiorof devices for
switching blocks for integrated circuits. In fatde-off must always
be considered between mobility and on/off ratio fbe output
performance of TFTs based on CNTs, due to the teetaintribution

in SWCNTSs. Higher density of metallic CNTs causghier mobility

but reduce the on/off ratio and vice versa. Morepwe order to

increase the sensitivity of carbon nanotubes fofchiemical sensor
application, it is demanded to comprehensively stigate the
mechanism for interaction between bio/chemical ks with the
carbon nanotubes surface.
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