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ABSTRACT

Dr. Chris Papadopoulos, (Department of Electrical and Computer Engineering)
Supervisor

Dr. Tao Lu, (Department of Electrical and Computer Engineering)

Single-walled carbon nanotubes (SWNTSs), with their superior combination of electrical
and mechanical properties, have drawn attention from many researchers for potential
applications in electronics. Many SWNT-based electronic device prototypes have been
developed including transistors, interconnects and flexible electronics. In this thesis, a
fabrication method for patterned SWNT networks and devices based on colloidal
lithography is presented. Patterned SWNT networks are for the first time formed via
solution deposition on a heterogeneous surface. This method demonstrates a simple and

straight-forward way to fabricate SWNT networks in a controllable manner.

Colloidal sphere monolayers were obtained by drop-casting from solution onto clean
substrates. The colloidal monolayer was utilized as a mask for the fabrication of patterned
SWNT networks. SWNT networks were shown to be patterned either by depositing SWNT
solutions on top of a colloidal monolayer or by depositing a mixed SWNT-colloidal sphere
aqueous suspension on the substrates. Colloidal monolayers were examined by optical
microscopy and it was found that the monolayer quality can be affected by the
concentration of colloids in solution. Polystyrene colloidal solution with concentration of
0.02 wt% ~ 0.04 wt % was found optimal for maximum coverage of colloidal monolayers
on SiO, substrates. After removing the colloidal spheres, the topology of the patterned
SWNT networks was characterized by atomic force microscopy and scanning electron
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microscopy. Two-dimensional ordered arrays of SWNT rings and SWNTSs interconnecting
the SWNT rings were observed in the resulting network structure. The height of the rings
was about 4-10 nm and the diameter was about 400 nm. In some samples, mesh-like
patterned SWNT networks are also observed. It is hypothesized that the capillary forces
induced by Van der Waals interaction at liquid/air/solid interfaces play an important role
during the formation of the patterned SWNT networks. Raman spectroscopy was also
employed to identify the chirality and diameter of the SWNTs in the networks. Both
metallic and semiconducting SWNTs were found in the networks and the diameter of the

SWNTs was about 1 to 2 nm.

The electrical properties of SWNT networks, including random SWNT networks, partially
patterned SWNT networks and fully patterned SWNT networks were characterized by a
probe station and a Keithley 4200 semiconductor measurement system. The random
SWNT networks had two-terminal resistance varying between several MQ to several
hundred MQ. Field effect behavior was observed in some devices with relatively high
resistance and nonlinear 1-V curves. Those devices had on/off ratio of less than 100. There
was significant leakage current in the “off” state likely due to metallic tube pathways in the
networks. The partially patterned SWNT networks had resistance that varied from 20 KQ

to 10 MQ, but did not display field effect behavior in our studies.

The resistance of the patterned SWNT networks was about 10 MQ - 100 MQ. The
electrical characteristics of the patterned SWNT networks as thin film transistors were
investigated, and the on/off ratio of the devices varied from 3 to 10°. The upper limit of
mobility in the devices was about ~ 0.71 — 5 cm?/V-s. The subthreshold slope of patterned

SWNT network FETSs can be as low as 210 meV/dec.
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1 INTRODUCTION

Carbon nanotubes (CNTSs) are allotropes of carbon with one-dimensional (1-D) cylindrical
structure. CNTs can be categorized into two groups — multi-walled carbon nanotubes
(MWNTSs) and single-walled carbon nanotubes (SWNTSs), as shown in Figure 1. Normally
MWNTSs comprise multiple concentric tubes with diameter of 2 ~ 50 nm and length of 5 ~
50 um. In contrast, SWNTs have single-layer tube structures with diameter of at most a

few nanometers and length of several hundred nanometers to several micrometers.

Figure 1: a) TEM (transmission electron microscopy) images of multi-walled carbon
nanotubes [1]; b) TEM image of SWNT bundles containing cobalt catalyst and
SWNTs; ¢) TEM image of an individual SWNT [2].



Since the discovery of CNTs in 1991 by lijima [1], many interesting properties of carbon
nanotubes have been revealed, including high strength and flexibility, large electronic and
thermal conductivity. MWNTSs have been commercially used in various structural materials
as additives for strength-enhancing purposes [3]. Besides their superior mechanical
properties, carbon nanotubes also show ultra-high thermal conductivity of > 3000

W/(m-K) which is five times higher than that of copper [4]. In addition, the electrical

conductivity of carbon nanotubes is comparable to copper. Therefore, the high thermal and
electrical conductivity makes CNTs promising candidates for electrical applications, such

as conducting wires, electrode materials and active electronic devices.

CNTs are also widely studied as active materials in energy storage applications due to their
chemical stability and high electrical conductivity. For example, CNTs as electrode
materials of supercapacitors and Li-ion batteries can significantly increase their energy
capacity [5, 6]. In organic solar cells, conjugated polymers with percolating CNT networks
can enhance the charge separation and electron conductivity [7]. In fuel cell systems, CNTs
replacing carbon blacks as supporting materials for Pt catalyst can achieve an increased

utilization efficiency of platinum catalyst and thus lead to cost reduction [8].

SWNTs are considered promising materials for electronic applications, due to their
nanoscale dimensions and exceptional electrical properties. Depending on their chirality,
SWNTSs can be either metallic or semiconducting. In metallic tubes, electrons can transport
ballistically at room temperature with minimal scattering [9, 10]. Metallic SWNTSs can
carry current of ~ 25 pA per tube that is comparable to the best conductors available.
Therefore, metallic tubes can replace copper as interconnects in integrated circuits in order

to improve current carrying capacity [11]. Semiconducting SWNTSs are attractive for

2



transistor applications because of their high carrier mobility exceeding 100000 cm?/V -s
and their compatibilities with silicon transistor architecture [12]. It is predicted that the
feature size of transistors with semiconducting SWNT channels can be scaled down to
several nanometers without any performance degradation [13]. Since silicon-based field
effect transistors (Si-FETs) face adverse short-channel effects when the channel length
shrinks to sub-10 nm, semiconducting SWNTs will be a promising alternative for
continuing miniaturization of transistor devices and Moore’s Law. Due to their superb
mechanical and optical properties, SWNTSs can also be promising materials for flexible and
transparent electronics which have wide applications in optical display as well as biological

industries [14].

The application of SWNTSs is currently limited by the difficulties of fabrication capability,
especially for devices based on individual SWNTs. Two-dimensional networks of single-
walled carbon nanotubes (SWNTSs), as an ensemble of individual SWNTSs, are however
relatively simple to fabricate. But it is very challenging to obtain a large quantity of
individual SWNTs with consistent properties. Therefore, the fabrication, properties and
applications of SWNT networks are being intensively investigated. A great deal of
electronic device prototypes based on SWNT networks have been demonstrated, such as
field effect transistors [15, 16], chemical and biological sensors [17, 18], flexible and

transparent electronics [19, 20].

SWNT networks can be fabricated either by depositing the SWNTs from solution or by
direct growth via chemical vapor deposition (CVD). Since the morphology of SWNT
networks determines its physical properties, it is important to fabricate SWNT networks

with well-defined structures.



In this work, a fabrication method of patterning nanotube networks is investigated. An
ordered SWNT structure can be realized by depositing carbon nanotubes on colloidal
sphere monolayer masks. This simple and straight-forward fabrication process can be done

readily at room temperature in an ambient environment.

1.1 The Structure of Single-Walled Carbon Nanotubes (SWNTSs)

A single-walled carbon nanotube (SWNT) is a unique one-dimensional nanomaterial,
which consists of a graphene sheet rolled up to a seamless hollow cylinder, as shown in
Figure 2. The diameter of a SWNT is about 0.7 to 2 nm, and its length is typically several

micrometres up to several centimetres long.

graphene sheet SWNT

Figure 2: A schematic view of the formation of a SWNT by rolling up a graphene
sheet [21].

The carbon atoms on a graphene sheet are arranged in a hexagonal lattice. Depending on
the direction that graphene is rolled, the SWNTSs are categorized into three groups: zigzag,
armchair and chiral. As shown in Figure 3, the atomic structure of SWNTSs is characterized

by the chiral vector C, =na,+ma, . The integers (n, m) are defined as their helicity. The

unit vector of SWNTSs is described as the translation vector T which is normal to the chiral

vector C,, . If n=m or C, =(n, n), the SWNTSs have so-called armchair structures. If m=0 or



n=0 or C, =(n,0), the SWNTSs have zigzag structures. All the rest of the nanotubes belong

to the chiral class. Examples of all three types of SWNTSs are shown in Figure 4. The

chirality of the SWNTs determines the diameter d, by the equation dt:E\/n2+m2+n-m
T

in which the lattice constanta=1.44 A x \/3 =2.49 A [22]. The structure of SWNTs

determines their fundamental electronic properties.

Figure 3: Schematic of unrolled nanotube lattice. & and &, are lattice vectors.

C,=nd,+ma, is the roll-up vector, in which the integers (n,m) define the helicity.



Armchair

Figure 4: Examples of the three types of SWNTSs: armchair, zigzag and chiral [23].

1.2 Electronic Structure of Graphene and SWNTSs

SWNTs can be either metallic or semiconducting depending on their chiral vector (n, m)
[24, 25]. SWNTs are metallic when n-m=3l and semiconducting when n-m=3l (I is
integer). Statistically, as-grown SWNTs have 1/3 metallic nanotubes and 2/3

semiconducting nanotubes.

To understand the electronic properties of SWNTSs, the bandstructure of z electrons in
graphene needs to be analyzed. One simple approach to calculate the bandstructure of =
electrons is using the tight binding model which considers only the nearest neighbor
interactions of the lattice. The energy dispersion of the ' -n band can be described in this

case as the following equation [26, 27]:
k,a k.a
otk utt o 552 o oo

where vy, is the nearest-neighbor transfer integral, ky and ky are the wave vectors along the

X, Yy direction and a is the length of the C-C bond.



The band structure of = electrons in 2D graphene is shown in Figure 5a). The most
interesting finding of this bandstructure profile is that the = and = bands are degenerate at
six points, known as K points in the first Brillouin zone. Therefore, graphene is defined as a

zero-bandgap semiconductor.

Figure 5: a) Band structure of graphene =-band for the-first Brillouin zone [26]; b)

The first Brillouin zone showing high symmetry points I', M, K.

The bandstructure of SWNTSs can be derived from the bandstructure of graphene. Since
SWNTSs can be seen as a rolled-up graphene sheet, the wavefunction of the electrons in the
SWNTs is similar to the electrons in graphene but with periodic boundary conditions in the
circumferential direction. Given a SWNT with indices (n,m), it is rolled up by the chiral
vector C, =na,+ma,. According to Bloch’s theorem, the wavefunction of the electrons in
the graphene can be expressed as y(R)=e*?u(R), where U is a function with the lattice
periodicity. By applying periodic boundary conditions to this equation, the wavefunction of

the electrons in SWNTSs can be expressed as y(0)=y(na,+ma,). Thus the allowed wave

vector K in SWNTs is quantized and it can be derived from the following periodic

boundary condition Ch k= 27 ( ] is integer).

Therefore only a discrete number of the wave vectors along the circumferential direction

are allowed in SWNTSs. The bandstructure of SWNTs thus consists of a group of one-



dimensional sub-bands which can be seen as a series of cross-section profiles of the
bandstructure of graphene. As shown in Figure 6, if one of the sub-bands passes through a
K point (Figure 6a)), the SWNT is metallic tubes with zero-bandgap. If none of the sub-
bands come across the K point, the SWNTs are semiconducting with finite bandgap
(Figure 6b)). The chiral indices (n,m) of a SWNT determine whether the SWNTSs are
metallic or semiconducting: the SWNT is metallic if (n-m) is a multiple of 3, otherwise, the

tube is semiconducting [26].

Semiconducting tubes

B

N

[
<---t---» K

i

1

1

1

/TN

Figure 6: Band structure of metallic and semiconducting SWNTSs [28]. a): Metallic

tubes with zero-bandgap; b): Semiconducting tubes with finite bandgaps.

The electronic transport properties of individual SWNTs are of great interest to the
academic community and are being thoroughly investigated. Under ideal conditions,

metallic SWNTSs have been revealed to be ballistic conductors (no scattering) [10, 29]. The



conductance of semiconducting SWNTs is normally a few percent of the quantum ballistic
conductance limit 4e2/ h. The lower conductance of semiconducting SWNTSs is caused by

the Schottky barriers formed at metal-tube contacts. It is also found that semiconducting

SWNTs can form low resistive Ohmic contacts with certain metals, such as Pd and the

conductance of semiconducting SWNTSs can reach up to (0.4~0.5)x4e? /h [10].

However, structural disorders in the SWNTSs such as localized lattice defects, electrostatic
potential fluctuations and mechanical deformation can cause electron scattering in the
conductance channel and negatively affect the conductance of SWNTSs [30]. There are two
different types of backscattering in the electronic transport caused by structural disorders —
long-range disorders and short-range disorders. The metallic SWNTSs can be only affected
by short-range disorder because of the symmetries of electronic wave-function [31].
However, semiconducting SWNTSs are subject to both long-range and short-range disorders
[32, 33]. Therefore metallic SWNTs have long mean free path at micrometer scale,
whereas the mean free path of semiconducting SWNTSs is at the hundreds of nanometre

level [33].

Other than the structural disorder in SWNTSs, electron-phonon scattering is another
important process to be considered in the electronic transport of SWNTSs. It has been
observed that acoustic phonons are dominant at low bias voltage with the mean free path

ranging from several hundreds of nm to several pum [34].



1.3 Electrical Properties of Graphene/SWNT Field Effect Transistors

A field effect transistor (FET) is a type of device that uses electrical fields to control the
conductivity of semiconducting channels. A typical FET consists of a channel, a gate
electrode and source/drain electrodes (Figure 7). Currently, silicon-based FETs are the
standard, widely used for microprocessors and memory chips. The performance
enhancement of silicon-based devices are driven by the scaling of its physical dimensions,
as described by Moore’s Law stating that the density of transistors in integrated circuits is
doubled every 18 to 24 months. However, the minimum feature size of transistors is
currently approaching the regime of 10 nm where adverse short-channel effects can

negatively impact the performance improvement of nanoscale silicon devices [35].

Gate (G)

Source (S) Dram

Dielectric layer

_.(

channel length n-channel
MOSFET

p-doped Si substrate

Figure 7: Schematic of a typical n-channel MOSFET [36]

Because of the defect-free 2-D structure, the charge carriers in graphene can transport over
long distance (up to several micrometers) without significant scattering. The intrinsic

mobility of graphene can reach over 200000 cm?/V -s which is two orders of magnitude
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higher than the mobility of silicon [37, 38]. However, graphene has a gapless bandstructure
that causes on/off ratio of < 10 in graphene transistors. In order to create a bandgap in
graphene, various methods have been introduced. For example, bandgap can be introduced
in bilayer graphene by applying electric field upon the graphene layers. This is because of
the introduction of symmetry breaking in graphene layer by external electrical field [39, 40].
Applying an uniaxial strain on graphene can also create bandgaps [41, 42]. This is due to
the breaking of equivalence of sublattices. Similarly, the bandgap is also observed in
graphene sheet that is epitaxially grown on SiC substrates. In this case, the substrate

asymmetry causes the formation of a bandgap [43, 44].

The bandgap in graphene sheet can also be induced by reducing its width. The bandgap can
be created in graphene when the width of graphene sheet is reduced to 100 nm or narrower.
Graphene sheets with narrow width are often called graphene nanoribbon (GNRS). In
GNRs, the carriers are confined to a quasi-one-dimensional channel and thus a bandgap is
opened up near the Dirac points (Dirac points are the six corners of the Brillouin zone in
graphene bandstructure). The size of bandgap is found to be inversely proportional to the

width of GNRs.

GNRs can be obtained by various methods such as via lithography, unzipping CNTs, and
epitaxial growth. The width of GNRs obtained by e-beam lithography can be as narrow as
20 nm. However, structural defects and significant width variation introduced in the
fabrication process can deteriorate the electronic properties of GNRs via e-beam
lithography [45-47]. GNRs with width 2.5 nm can be fabricated by scanning tunneling
lithography (STL) [48]. The bandgap of ultra-narrov GNRs can be up to 0.5 eV. By

unzipping SWNTSs or directly growth, GNRs with width of a few nm can be obtained [49].
11



With the introduction of bandgap in GNRs, transistors using GNRs as channel materials
have been developed and extensively studied. For example, a lithographically patterned
GNR with width of 24 nm showed 100 meV bandgap and on/off ratio of 10 [50]. In one
report, a transistor based on a sub-10 nm GNR have achieved on/off ratio of 10° at room
temperature [51, 52]. However, the mobility of the device is ~100-200 cm?/V-s, which is
lower than that of graphene sheet. This is due to the introduction of defects and bandgap
causing mobility degradation. The effective mass of carriers increases when the bandgap of

the GNRs gets larger.

Compared to graphene, semiconducting SWNTs have an intrinsic bandgap making it
favorable for transistor applications. CNTFETs using semiconducting CNTs as conducting
channel can avoid short-channel effects, due to the efficient electrostatic control over the
ultrathin body of SWNT channel [13, 53]. The first CNTFETs were fabricated in 1998
independently by two groups --- IBM and TU Delft [54, 55]. The schematics of the first
two CNTFETSs and their output characteristics are shown in Figure 8. Both devices used
heavily doped silicon as backgate and thermally grown silicon oxide as the dielectric layer.
Gold and platinum were used as electrodes by IBM and TU Delft, respectively. Results of
electrical measurements showed that both CNTFETS were p-type transistors which can be
completely turned off at positive gate bias. The on/off ratio of both devices was more than

five orders of magnitude.
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Figure 8: Schematic of CNTFET developed by IBM (a) and its output characteristics
(b); Schematic of CNTFET developed by TU Delft (c) and its output characteristics

(d).

Similar to other kinds of transistor devices, the performance of CNTFETSs can be assessed
by a few key parameters including current carrying capability, on/off ratio, subthreshold
slope, transconductance and carrier mobility. The superior electrical properties of SWNTs

make CNTFETs outperform silicon transistors in many aspects [10].

CNTFETs show very high current-carrying capacity which originates from the near-

ballistic carrier transport in the SWNT conducting channels. Multiple parallel SWNTSs can
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be used in CNTFETSs to deliver higher current. A recent report from IBM has predicted that
sub-10 nm CNTFETSs can deliver current density of 2.41 mA/um which is at least four

times more than that of Si-FETs [13].

The on/off ratio measures the ratio between the drain current in the “ON” state and the
drain current in the “OFF” state. The on/off ratio of semiconducting CNTs with small
diameter is about 10° — 10” which satisfies the requirement for logic transistor applications.
However, for large-diameter semiconducting tubes and metallic tubes, the on/off ratio is
below 10° because of their small bandgap. Thus the elimination of metallic pathways in

CNTFETSs is highly desired.

Subthreshold slope (S) is a measure of how large a gate voltage is required to change the

drain current by a factor of ten in switching the transistor on. Subthreshold slope is

. _ dv, . . :
determined by equation S=——>*—, where V is gate voltage and 1 is drain current [56].

dlog(l)
A small subthreshold slope is desired for low-power operation of transistors. The theoretic
limit of subthreshold slope is 60 mV/dec at room temperature for a conventional FET [57].
The subthreshold slope can be lowered by using high-k (high dielectric constant) materials
as the gate dielectric layers. In addition, optimizing gate structures can improve
electrostatic control and therefore lower the subthreshold slope. For example, CNTFETSs
using top gate structures and ZrO, as dielectrics show subthreshold slope of ~70 mV/dec
[58]. CNTFETs with HfO, dielectrics and dual gate structures can obtain a subthreshold

slope of less than 80 mV/dec [59].
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Transconductance ( g, ) is a critical parameter of FETs. It can be described as
gm=dl 4 /dVgs , Where Iy is drain current and Vg is gate voltage. The transconductance of

CNTFETSs is determined by the gate capacitance as well as the electron scattering during
carrier transport in the channel. With optimal coaxially-gated structure and ballistic

conducting channel, the transconductance of CNTFETSs can be up to 60 uS [58, 60, 61].

The properties of metal-nanotube contact are another key factor of CNTFETSs, as it
determines the on-state resistance of CNTFETSs. The resistance of metal-nanotube contacts
depends on several parameters: the work function of metal, the diameter of SWNTSs and
contact length [62-64]. Recent experiments have shown that the metals with high
workfunction, such as Pd, can form p-type transistors with low contact resistance (Ohmic
contact) [10]. CNTFETSs using low workfunction metal contacts, such as Sc, Y, can be n-
type transistors [65, 66]. The contact resistance can also be lowered by using large diameter
SWNTs, as the small bandgap in the large diameter tube can reduce the height of Schottky
barrier at the contacts [67, 68]. In addition, the contact length is another parameter that
affects the contact resistance. Experiments have shown that contact resistance increases

dramatically with reduction of contact length [53, 69].

The gate structures of CNTFETs determine the effectiveness of the electrostatic control
over the conducting channel. Theoretical calculation indicates that wrap-around gates
(Figure 9a)) can offer the optimal electrostatics for CNTFETs [70, 71]. However, the

fabrication process of wrap-around gate structure can be very challenging.
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Figure 9: Schematics of wrap-around gate and top-gate CNTFET structures

The first CNTFETs were fabricated with highly doped silicon backgate and silicon oxide
dielectric layer [54, 55]. The backgate structure is simple to fabricate, but its electrostatic
control is poor. CNTFETs using top-gate (Figure 9b)) or dual gate structures can

significantly improve the electrostatics [58].

1.4 SWNT Networks and Their Electrical Properties

SWNT networks are two-dimensional materials comprised of single-walled carbon

nanotubes (Figure 10).
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Figure 10: AFM images of some SWNT networks [72].

SWNT networks can be fabricated in various ways and the fabrication methods can
strongly affect their electronic properties. A straightforward technique to fabricate SWNT
network is via direct solution deposition [73-75]. Nanotubes can be dropcasted on the
target substrate (Figure 11a)). The SWNT networks are formed after evaporation of the
solvent. SWNT networks can also be fabricated via other solution deposition methods, such

as spin coating (Figure 11b)) and Langmuir-Blodgett deposition [76].

Evaporation /

-

Nanotube solution

Figure 11: Schematics of SWNT network fabrication process as: a) direct solution

deposition; b) spin coating.

The vacuum filtration method (Figure 12) is another kind of solution deposition approach.
In this method, SWNTSs induced by vacuum are flowed through a porous membrane and
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the SWNTSs are trapped on the filter [77, 78]. In the following step, the SWNTSs covered on
membrane are transferred to the desired substrates by dissolving the membrane [78]. By
using the filtration method, the density of SWNT networks can be precisely controlled by
varying the volume of SWNT solution through the membrane. In addition, it is very simple
to obtain a uniform and dense SWNT network film. Therefore this method is widely used
for high density SWNT networks for applications such as transparent conductive coatings

[78].

CNT Solution

CNT Film

Figure 12: The illustrations of vacuum filtration process [79].

Controlled flocculation (cF) is another method used to fabricate SWNT networks [80, 81].
This approach introduces a SWNT surfactant suspension on the substrate surface with the
addition of a solvent, such as methanol (Figure 13). When these two solutions are mixed at
the surface of the spinning substrate, the SWNTSs are driven out of its stabilized suspension
and deposited on the substrate. In the cF method, the density of SWNT networks can be
controlled by altering the volume of SWNT suspension. This method is compatible with

many substrates without any chemical modification.
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Figure 13: Hlustration of the controlled flocculation process [82].

Beyond the solution deposition methods described above, SWNT networks can also be
fabricated by direct growth on substrates via chemical vapor deposition (CVD) processes
[83-85]. In the CVD process, SWNTs are grown on substrates via high temperature
reactions which decompose gas such as CO or hydrocarbons. The metal particles including
Fe, Ni, Co, Mo are used as catalysts for CNT growth [83, 86]. The SWNT networks
obtained by the CVD process have less bundles, compared to the ones obtained through

solution deposition [87].

These methods are simple, cost-effective and compatible with a variety of substrates.
However they have some common drawbacks: The SWNT network lacks homogeneity and
uniformity; the strong inter-tube interactions cause SWNTSs bundling; Surfactants added in
the SWNT dispersion can reduce tube bundling and thus improve the uniformity of the
SWNT networks, but the surfactants can also lead to adverse effects on the tube electronic

properties.

Thin film transistors based on carbon nanotube networks show promising electrical
properties. Compared to individual semiconducting SWNT-FETSs, the SWNT networks can

carry higher current due to the multiple conducting pathways in the networks with
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elimination of metallic SWNTSs, the transistors based on SWNT networks show current-
carrying density of > 40 pA/um, subthreshold slope of 70 mV/dec and on/off ratio of >

10° [88]. The on-state current can be elevated by increasing the tube density in thin film.
Current density of more than 100 pA/um has been realized in SWNT thin film with
hundreds of tubes per micrometre [89, 90]. However, SWNT networks contain many tube-
tube junctions which cause scattering and lower the carrier mobility [91, 92]. Therefore,
SWNT networks with well ordered structures are of importance, because it opens a
potential path to control the fabrication of the SWNT networks and make SWNT networks
viable for electronics and other applications. Patterned SWNT networks are seen as
promising materials for various electronic applications, such as thin film transistors, field-

emission displays (FEDs) and chemical sensors [16, 77, 93-95].

1.5 Thesis Summary

In this thesis, a simple and cost-effective method to fabricate patterned SWNT networks is
investigated. The detailed procedure of a SWNT network patterning process is discussed in
Chapter 2. Background information on colloidal lithography is introduced, and the
preparation of a colloidal mask is presented. In the following section, fabrication
procedures of the patterned SWNT networks are discussed in detail. In addition colloidal

mask removal techniques and device fabrication procedures are detailed.

The characterization of the patterned SWNT networks is presented in Chapter 3. The
colloidal masks are inspected by optical microscopy. The morphology of SWNT networks
are characterized by atomic force microscopy (AFM) and scanning electron microscopy

(SEM) after the removal of the colloidal mask. Electrical measurement shows 2-terminal
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and 3-terminal transport characteristics of the patterned SWNT networks and field effect
devices. Raman microscopy also provides additional information about the SWNT

networks, such as the diameter of SWNTSs and structural quality.

Electrical properties of the SWNT networks are discussed in Chapter 4. The electrical
transport characteristics of the patterned SWNT network FETs are compared to other FETS.
A performance matrix, including parameters such as on/off ratio, transconductance and
subthreshold slope is assessed. In addition, the formation mechanism of the patterned

SWNT networks is discussed

A conclusion and discussion of future work is contained in Chapter 5.

Some results of this thesis led to a conference paper [96] and a journal manuscript is under

preparation [97]
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2 FABRICATION OF PATTERNED SINGLE-WALLED CARBON
NANOTUBE NETWORKS

In this chapter, we briefly introduce the methodologies of colloidal lithography and its
applications in section 2.1. The fabrication process of the patterned single-walled carbon
nanotube networks developed in this work based on colloidal lithography is then discussed

in detail.

2.1 Introduction to Colloidal Lithography

Periodic nanoscale structures have potential application in bio-electronics, nanoelectronics
and nanophotonics. Nanofabrication is a process for fabricating nanoscale functional
structures used for manufacturing integrated circuits, biosensors, nanoelectromechanical
systems (NEMS) and other applications [98]. Photolithography is the most widely used
nanofabrication lithography technique, but it meets difficulties when fabricating sub-
wavelength patterns because of its diffraction-limited resolution that make it complex to
fabricate nanoscale structures [99, 100]. E-beam lithography as well as scanning probe
lithography are well developed to fabricate nanoscale features but low throughput of these
two methods has limited their application in industry [100, 101]. Though nano-imprint
lithography (NIL) and soft lithography can achieve sub-100 nm features sizes with high
throughput, the fabrication of the NIL template can be very challenging [102]. As another
alternative option for nanolithography, colloidal sphere lithography using two-dimensional
colloidal arrays as masks shows potential to fabricate nanostructures with high resolution

and low cost.
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Colloidal spheres such as polystyrenes or silica in solution can be self-assembled into a
colloidal monolayer which can act as lithographic mask for metal evaporation and etching
[100, 103, 104]. As shown in Figure 14a), metal deposition on a colloidal monolayer can
reach the substrate through the interstices between hexagonally closed packed colloidal
spheres and form an array of nanoscale features with triangle shape. For metal deposition
on colloidal double layer (as shown in Figure 14b)), hexagonal arrays of nanoparticles with
smaller size can be obtained. Since a colloidal solution is much cheaper than the mask or
mold used in other lithography techniques, the cost of colloidal lithography is low Also, the
shape and size of particles obtained by colloidal lithography can be modified by changing
the size of colloidal spheres [104], deformation of colloidal spheres [105] as well as

changing angle between surface of sample and metal source beam [106].

Colloidal Crystal Mask
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Figure 14: Simplest examples of colloidal lithography. a) Schematic illustration (left
picture) and representative AFM image (right picture) for metal deposition on
colloidal monolayer; b) Schematic illustration (left picture) and AFM image (right

picture) for metal deposition on colloidal double layer [100]

Patterning nanoparticles from solution by colloidal masks is applicable by either
dropcasting nanoparticle solution on colloidal monolayer region or immersing colloidal
monolayer in nanoparticle solution [106-110]. For this method, patterned ring arrays of

nanoparticles are frequently observed. By modifying solution concentration and wettability
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of solvent and surface of substrate, two-dimensional nanoparticle mesh and network can be
also obtained. Some patterned nanostructures by solution evaporation are shown in Figure

15.

Figure 15: Some examples of patterned nanostructure by solution evaporation via

colloidal lithography: (a) Octadecyltrichlorosilane (OTS) nanoring arrays fabricated
using vapor deposition through colloidal particle masks; (b) TiO, ring arrays
synthesized by an annealed template induced sol-soaking strategy; (¢) SEM image of
CNT networks fabricated by convective assemble of colloidal spheres and micrometer

CNTs, and then selectively eliminating the colloidal particles [106].

Inspired by this solution-based colloidal lithography technique, we developed a method to
fabricate patterned single-walled carbon nanotube networks on electrode substrates via

CNT solution deposition on colloidal monolayers.

2.2 Preparation of Substrate with Patterned Electrodes

In our experiments, heavily-doped p-type silicon wafers (~ 525 nm thick) were used as
substrates and coated with a thermally-grown 100 nm thick silicon oxide layer on both
sides. On one side of wafer, patterned Ti/Au (1-2 nm/50-100 nm thick) electrodes were
fabricated by photolithography. A schematic of the patterned electrode substrates is shown

in Figure 16.
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Figure 16: Photo-lithographically patterned electrodes atop oxide-coated, heavily

doped silicon substrates.

Two types of patterned electrodes, 4-leg electrodes and interidigitated electrodes were used
in our experiment as shown in Figure 17. Before any further use, patterned electrode
substrates were all cleansed by bath sonication in acetone to remove residual photoresist
from the photolithography process. Thorough rinsing with acetone, isopropyl alcohol (IPA)
and deionized (DI) water in turn was followed after sonication. Patterned electrode
substrates were finally dried by blowing in nitrogen gas. This cleaning method applies to

all substrates used in this thesis.

50um

b)

Figure 17: Optical images of patterned electrodes: a) 4-leg electrode pattern; b) 100
pm long interdigitated electrode pattern. Spacing between adjacent electrodes varies

from~1pmto~ 3 pm.
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2.3 Preparation of Colloidal Sphere Solution

Two types of colloidal spheres were used in our experiments. One is polystyrene aqueous
suspensions (diameter of polystyrene spheres is 780 nm) purchased from Interfacial
Dynamics Corporation and the other one is silica aqueous suspensions (diameter of silica
spheres is 800 nm) purchased from Bangs Laboratory. Table 1 gives detailed information

of these two stock colloidal solutions.

For patterning masks in colloidal lithography, self-assembled colloidal sphere monolayers
with hexagonally close packed ordering is desired. Various ways to form monolayer from
solution have been developed, such as drop-casting [111], dip-coating [112] and spin-
coating [113]. Among those methods, solution drop-casting which simply drops colloidal
solution on substrates in ambient air is the easiest way for colloidal monolayer fabrication
since no special equipment or conditions are required. Experimental and theoretical studies
found that the quality of colloidal monolayers by drop-casting methods depends on
wettability of substrate, concentration of colloid spheres in solution and evaporation rate of

solution [114, 115].

Sphere | Solid Weight in

Sphere Type Size Stock Solution Purchase From | Dispersion
Polystyrene spheres with Interfacial
ysy P 780 nm ~ 4 wt% Dynamics Adqueous

carboxyl surface groups )
y grotp Corporation

Silica spheres with natural 800nMm 10 Wi% Bangs

hydroxyl surface groups Laboratory Aqueous

Table 1: Product information for stock colloidal sphere aqueous solutions
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In our experiments, we applied simple drop-casting for the fabrication of colloidal
monolayers on patterned electrode substrates. Polystyrene colloidal spheres with different
concentration (from 4 wt % to 0.02 wt %) were tested on 4-leg patterned electrode
substrates and results are shown in Figure 18. Colloidal solutions with higher concentration
tend to form multilayers of colloidal spheres after evaporation as shown in Figure 18a).
With further diluted colloidal sphere solutions, colloidal monolayers were formed on
substrates. It was observed that the colloidal spheres assembled on gold rather than the
silicon oxide surface. Well-ordered monolayers were also more likely to form on the gold
surface. This phenomenon can be explained by the different wettability of gold and silicon
oxide [116, 117]. Aqueous colloidal dispersion wets well on a clean gold surface [116]

rather than on silicon oxide surface [117].

As shown in Figure 18, the polystyrene colloidal solution with concentration of 0.02 wt% ~
0.04 wt% can obtain best monolayer formation on patterned 4-leg electrode substrates by
drop-casting and drying in ambient air. Silica colloidal monolayer formation from drop-
casting method were also tested in a similar way and results showed optimal concentration
of silica colloidal solution for monolayer formation is around 0.025 wt%-0.05 wt% for our

electrode substrates.
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Figure 18: Optical images of colloid deposition after evaporation of polystyrene
colloidal solutions with different concentration: a) 4 wt%; b-c) 0.4 wt%; d-e) 0.04
wt%o; f-g) 0.02 wt%o; h) Illustration of colloidal monolayer and multilayer
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2.4 Fabrication Procedure of Patterned Single-Walled Carbon Nanotube Structure

Using colloidal monolayer masks, nanoparticle patterning by solution deposition has been
extensively studied [107-110, 118-121]. It was observed that during solution evaporation
nanoparticles were attracted to the contact area of colloidal spheres and thus formed
patterned structures around the bottom of the spheres. By controlling the colloidal sphere
monolayer size or concentration of nanoparticle solution, various patterned structures, such

as ordered ring arrays, networks, and meshes can be obtained.

Two types of fabrication methods are generally used for nanoparticle patterning via
solution deposition by colloidal lithography. One method is nanoparticle solution
deposition on pre-existing colloidal monolayers: Colloidal monolayers are first prepared on
a substrate followed by drop-casting of nanoparticle solution. The other method is
deposition of a mixed nanoparticle and colloidal solution on substrates: Colloidal spheres
nucleate into two-dimensional monolayer during solution evaporation. At the same time,
nanoparticles self-assembled around colloidal monolayer and thus form patterned
structures. For the latter method, the colloidal solution and nanoparticle solution should be
homogenous (in most cases, both solutions are aqueous). In our experiments, both
fabrication methods were developed to pattern CNT networks on patterned electrode
substrates: CNTs in chloroform and methanol solutions were used for the former method
and CNTs in aqueous solution with SDS surfactant was used for the latter method. Detailed

fabrication procedures of both two methods are discussed below.
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2.4.1 CNT solution deposition on pre-patterned colloidal sphere monolayers

In this set of experiments, both polystyrene and silica colloidal solutions with concentration
of 0.02 wt% to 0.05 wt% were used. SWNTs with diameter of 1.2 - 1.5 nm and length of 2
- 5 um were purchased from Sigma-Aldrich. Chloroform and methanol were used as
solvent for CNTSs. The concentration of CNTSs in chloroform and methanol solution is about
0.3 mg/mL and < 0.1mg/mL, respectively [122, 123]. As shown in Figure 19, colloidal
sphere monolayers were first prepared by drop-casting 2.5 pL of colloidal solution on clean
patterned electrode substrates and drying in ambient air (Figure 19a) and b)). Next, well-
dispersed CNTs in organic solvent were applied on top of the colloidal monolayer regions.
During solvent evaporation, CNTs wrapped around at bottom of spheres and formed

connections between rings due to capillary force (Figure 19c) and d)). Patterned CNT

networks were thus obtained. After solvent evaporation, heat treatment at 95°C was done
on all samples to improve adhesion of CNT networks to the substrate. Lastly, the colloidal
spheres were removed as shown in Figure 19e) (sphere removal technique is discussed in

section 2.5).

In particular, CNTSs in chloroform solvent were applied on silica colloidal monolayers and
CNTs in methanol solvent were applied on polystyrene colloidal monolayer. Both
chloroform and methanol evaporated very quickly and this avoided disturbance of the

colloidal monolayer on the surface.
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Figure 19: Schematics of fabrication process - solution deposition on pre-patterned
colloidal monolayer method: a) Drop-casted colloidal monolayer on clean patterned
electrode substrate; b) Colloidal monolayer formed after solution evaporation; c)
CNTs in organic solution drop-casted on top of colloidal monolayer region; d) CNT
self-assembled at bottom of colloidal monolayer; e) SWNT networks after colloidal

spheres removal.

2.4.2 Drop-casting of mixed colloidal sphere and CNT solution on substrates.

In this set of experiments, the Sigma-Aldrich CNTs mentioned in section 2.4.1 were

dispersed in distilled water with sodium dodecyl sulfate (SDS) surfactant which
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dramatically improved solubility in aqueous solution [124]. The concentration of CNTs
was ~ 2 mg/200 mL (0.001 wt%). As shown in Figure 20, CNT aqueous solutions with
SDS surfactant were first mixed with polystyrene and silica colloidal solution, respectively.

50 pL 0.04 wt% polystyrene colloidal solution was mixed with 20 uL CNT aqueous
dispersion. 25 pL 0.08 wt% silica colloidal solution was mixed with 50 uL. CNT aqueous

dispersion. Both mixed solutions were sonicated to achieve good dispersion.

2.5 uL of mixed colloid/CNT dispersion were then drop-casted on clean patterned electrode

substrates. It was observed that mixed colloidal and CNT solution wetted the patterned
electrode substrate better than pure colloidal solution. This is due to the existence of SDS
which greatly reduced the surface tension of aqueous solution [125]. Due to improved
wettability of aqueous solution, colloidal monolayer was formed over large area, which

was very different than that from colloidal solution without SDS surfactant.
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Figure 20: Schematics of fabrication process - mixed colloidal and CNTs aqueous
solution drop-casting on substrates: a) mixed colloidal and CNT solution drop-casted
on clean patterned electrode substrates; b) Colloidal self-assembled monolayer and
patterned CNT networks self-assembled at bottom of colloidal monolayer; ¢) SWNT

networks after colloidal sphere removal.
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2.5 Sphere Removal Techniques

In this section three sphere removal techniques are described:

1. Taping

2. Light Sonication in ethanol (typical condition is the lowest power level on VWR 75D

bath sonicator for 1 - 10 seconds)

3. Immersing in dichloromethane (DCM) solution

1. A piece of scotch tape was put on top of the colloidal monolayer region of the sample
with a little bit pressure. Then tape was peeled off to remove the colloidal spheres. With
gentle pressure, the tape was able to remove the colloidal spheres layer by layer. After
each taping, the sample was inspected under an optical microscope to check if the
colloidal sphere at desired regions were removed or not. Depending on the samples,
multiple taping could be done to remove the colloidal spheres.

2. Another option for sphere removal is to sonicate the sample in ethanol. A light
sonication in VWR75D sonicator with lowest power level was used. It was observed
under the microscope that both colloidal spheres and carbon nanotube were all removed
after sonication. Thus even the lightest sonication was too strong to effectively remove
the spheres and leave SWNTSs.

3. Since polystyrene can be dissolved in dichloromethane (DCM) solution, the samples
with polystyrene colloidal spheres were immersed into DCM to remove the polystyrene
colloidal spheres. Though polystyrene spheres were removed from the electrode surface,

in this case, we found many residues were left on the surface of samples. The residue
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caused problems for surface imaging of carbon nanotube networks. Thus DCM

dissolution was not deemed a good method for our application.

It was found that taping is the best available method we had to remove the spheres, since

no residue from tape was left on the sample.

2.6 Fabrication Process for CNTFET devices

To characterize the field effect behavior of patterned CNT networks, a back-gate contact
was fabricated on the substrates. Heavily doped silicon was used as the back-gate contact
because of its intrinsic low resistance. As shown in Figure 21, the backside of the substrate
was polished using sandpaper to remove the silicon oxide layer and subsequently cleansed
by acetone and IPA in turn using Kimwipe paper to remove residues from the sanding
process. Silver paint (SP1 Supplies) was then brushed on the backside of the substrate and
heated in a mechanical oven at 80°C for 60 minutes. A thin layer of indium for the probe
gate contact was put underneath substrates and followed by heat treatment at 170°C for 5
minutes to obtain good adhesion between indium paint and substrates. Since both silver
paint and indium have low resistance, back-gates with high conductivity were achieved.
One type of indium alloy (49% Bi, 21% In, 18% Pb, 12% Sn) with low melting
temperature of 58°C was also used to replace indium when low temperature heat treatment
was needed (for instance, samples with polystyrene which has glass transition temperature

~100°C).
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Figure 21: Schematics of back-gate fabrication process: a) Original patterned

electrode substrates; b) Silicon oxide layer removed by sanding; c) Silver paint and

indium layer was applied at bottom of substrates.
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3 CHARACTERIZATION OF PATTERNED SINGLE-WALLED CNTFETS

In this chapter, the morphology of the patterned SWNT networks is characterized and their
electrical properties are measured. Since the colloidal monolayer is of importance in the
SWNT network patterning process, the formation of self-assembled colloidal monolayer is

also examined.

Two different patterned SWNT networks fabrication methods are developed in Chapter 2.
In one method, carbon nanotube aqueous solution is dropcasted on the colloidal monolayer
on the substrates. In the other method, the colloid and carbon nanotube mixed aqueous
solution are dropcasted on the substrates. In our work, two different colloidal spheres, silica
and polystyrene are used as colloidal materials. Therefore, there are four independent
experimental set-ups, as shown in Table 2. Multiple samples were prepared and

characterized for each set-up.

1 Silica nanosphere aqueous solution dropcasted on patterned electrodes,

carbon nanotube solution dropcasted on colloidal monolayer

2 Polysterene nanosphere aqueous solution dropcasted on patterned

electrodes, carbon nanotube solution dropcasted on colloidal monolayer

3 | Mixed silica nanosphere/carbon nanotubes solution dropcasted on patterned

electrodes

4 | Mixed solution of polystyrene nanosphere and carbon nanotubes dropcasted

on patterend electrodes

Table 2: List of four methods proposed to fabricate patterned single walled carbon

nanotubes
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3.1 Optical Microscopy

The formation of colloidal monolayer was analyzed by optical microscopy. After droplets
of colloidal solution on the substrates were completely evaporated, optical images of silica
colloidal assemblies were taken by an Olympus optical microscope. As shown in Figure 22,
the colloids formed thick multilayers in the center of the colloidal droplets. Colloidal
monolayer was mostly observed at the edge of the droplets. It was found that colloids are
mostly deposited on the gold surface rather than the silicon oxide surface. Such an
interesting drying pattern can be explained by the difference of hydrophobicity of the gold

surface and silicon oxide surface [126, 127].

ES B2 m
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Figure 22: Optical images of the silica colloidal multilayer and monolayer on the

substrates.

After the colloidal aqueous solution was dropcasted on the substrates, it spread
anisotropically on the substrate surface due to the surface inhomogeneity. The gold surface
is more hydrophilic than the silicon oxide surface. Therefore, the droplet has a smaller
contact angle on the gold surface than that on the silicon oxide surface. When the solution

39



IS evaporating, the pinning effect occurs at the liquid/air/solid interface, and the colloids
start to stack multiple layers. The droplet will slowly move toward gold surface because of
imbalance of the surface tension at the droplet on the heterogeneous surface [128, 129].
After the solution was completely evaporated, the colloidal sphere layers were mostly

formed on gold surface.

In the other experimental set-up, the colloid and SWNT mixed aqueous solution were
dropcasted on the substrates. In this case, a ring-like colloidal pattern was formed on the
substrates, as shown in Figure 23. The colloidal multilayer ring formed at perimeter of the

ring and the colloidal monolayer formed inside the ring.
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Figure 23: Optical images of the colloidal assemblies formed by depositing mixed

carbon nanotube and polystyrene sphere aqueous solution with SDS surfactant.

The formation of the ring-shaped colloidal patterns on the substrates can be explained by
contact line pinning of the colloids [130]. The contact pinning effect is caused by capillary

forces due to surrounding liquids and by nanosphere-substrate interaction [131, 132].
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Because of the contact pinning effect, colloidal spheres were accumulated at the edge of the

droplet.

Inside the colloidal ring, the substrates were partially covered by colloidal monolayers. The
formation of colloidal monolayers includes to two consecutive steps during the evaporation
of solvent: nucleation and crystallization [133]. At the initial stage of solution evaporation,
the colloidal spheres are free to move as Brownian motion in the droplet. With further
evaporation of the solution, colloidal spheres in the solution became denser and the droplet
of colloidal solution becomes thinner. When the height of the colloidal solution became
smaller than the diameter of the colloidal particles, the colloidal spheres protrude from the
water layer. At this point, the capillary forces induced at the liquid-gas interface became the
dominant forces [134]. The colloidal spheres which protruded from the solution are pushed
together to form a nucleus by the capillary forces. Once the nucleus is formed, the rest of
the colloidal particles are pushed by a convective water flux toward the nucleus and form

hexagonal ordered monolayers [135].

In Figure 24, enlarged images of colloidal monolayer areas show that the colloids are
orderly arranged over tens of square micron. The left image of Figure 24 illustrates
colloidal monolayer with dot and line defects on gold surface. The right image of Figure 24
shows the monolayer colloidal monolayer overlapping both silicon oxide and gold surface.
In addition, the transition between the monolayer and the multilayer can be seen. The
monolayer regions that cover both electrodes and silicon oxide area are of our primary
interest. There are two reasons for this. First, the monolayer formed on the substrates is

useful for the carbon nanotube patterning. Carbon nanotube patterned under double or
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multiple colloidal layers was low. Second, the patterned carbon nanotube networks formed

in this area can be readily used for the measurement of electronic properties

Figure 24: Optical images of colloidal monolayer on the gold surface and on the

silicon oxide surface.

3.2 Atomic Force Microscopy

The morphology of the patterned SWNT networks was characterized by an atomic force
microscope (MultiView 1000 from Nanonics Imaging Ltd.) with pulled fiber tips after the

removal of the colloidal mask by taping.

It was observed that the SWNTs were patterned in ordered structures under the colloidal
monolayer. As shown in Figure 25, the patterned SWNT networks formed a ring hexagonal
ring array with some SWNTs connected between the rings. This kind of the patterned
network was observed in the sample fabricated by drop-casting carbon nanotube solution
on the pre-patterned silica microsphere monolayer. It is suspected that the SWNT networks
comprised of small SWNT bundles as the height of the patterned SWNT networks is about

4-10 nm (Figure 25b). The diameter of the rings is approximately 300 nm. The spacing

42



between the rings is about 800 nm which is close to the size of a single colloidal sphere.

The nanotubes which connected the rings had an average diameter of 3-5 nm.

Another type of patterned SWNT network is shown in Figure 26. This sample was
fabricated by drop-casting mixed carbon nanotube and silica microshpere aqueous solution
on the substrates. A ring-like mesh structure was observed. It is suspected that the carbon
nanotube mesh structure comprised a mixture of carbon nanotubes and residues. The

irregularity of the mesh patterns might be caused by disorder of the colloidal mask.
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Figure 25: a) AFM image of the patterned carbon nanotube networks (This sample
was fabricated by drop-casting chloroform-SWNT solution on the pre-patterned
silica microsphere monolayer. Heat treatment was done at 200°C for 200 minutes.
AFM was done after removing colloidal spheres by taping). b) Cross-section profile of

green line in left image.
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Figure 26: AFM images of patterned carbon nanotube networks near gold electrodes
(This sample was fabricated by drop-casting mixed carbon nanotube and silica
microsphere aqueous solution on the substrates. SDS (sodium dodecyl sulfate)
surfactant was used to improve the dispersion of the SWNTs in aqueous solution.

Heat treatment at 95°C for 10 minutes was done.

Other than the patterned SWNT networks described above, Figure 27 the residues were
patterned as an ordered array of rings and solid circles. Their diameter varies from 400 nm

to 600 nm and the height is over 10 nm.
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Figure 27: AFM images of patterned residues; solid circles and rings.
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3.3 Scanning Electron Microscopy

The morphology of the patterned SWNT networks was also characterized by scanning
electron microscopy (SEM). The sample was fabricated by the following procedure:
Firstly polystyrene colloidal solution was mixed with mixed with SWNT-SDS aqueous
solution; then the mixed solution was dropcasted on the substrates. SEM images were

taken after removal of colloidal spheres.

Figure 28 shows a sample that was the patterned SWNT networks on both silicon oxide

and gold surface. Some SWNT rings are connected by SWNTSs to form networks.

Figure 28: a) SEM images of patterned SWNT networks; b) Close-up image of the
patterned SWNT networks on silicon oxide; c¢) Close-up image of the patterned
SWNT networks on gold surface (The contrast and brightness of SEM images were
adjusted.
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In Figure 29, two patterned networks (in the red squares) between electrodes are shown.
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Figure 29: SEM images of patterned SWNT networks between electrodes.
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3.4 Electrical Characterization

In this section, the characteristics of electronic transport in the SWNT networks measured
using a Keithley 4200 semiconducting characterization system and Janis 4-probe station are
presented. The experimental set-up of the electrical measurement is shown in Figure 30.
Two tungsten probe tips were connected to drain and source electrodes, respectively. A
third probe was connected to the gate electrode. In this work, heavily doped silicon was

used as the back-gate contact. The thickness (d, ) of the SiO, dielectric layer was 100 nm.

The drain voltage was initially swept from -0.5 V to +0.5 V without applying gate bias. The

relatively low drain bias was applied to avoid damaging the patterned SWNT networks.

| L]

Probe 1 Probe 2

s

Patterned SWNT
networks Probe 3

Figure 30: The set-up of electrical measurement of patterned SWNT networks

Depending on the morphology of the SWNT networks, the samples measured were

categorized into three groups (Figure 31):
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1. Random SWNT networks
2. Partially patterned SWNT networks

3. Fully patterned SWNT networks

The random SWNT networks can be found on the substrate without any coverage of the
colloidal monolayer. The partially patterned SWNT networks can be found on areas
partially covered by colloidal monolayer. The fully patterned SWNT networks can be

found on areas fully covered by colloidal monolayer.

Electrodes
~
| Electrodes | |
Random SWNT Partially patterned Fully patterned
network network network
(Samples A and B) (Samples C and D) (Sample E)

Figure 31: Schematics of random SWNT networks, partially patterned SWNT
networks and fully patterned SWNT networks between electrodes.

3.4.1 Random SWNT networks

The results of two-terminal current-voltage characteristics are shown in Figure 32. The
three devices are from sample A in which random SWNT networks were fabricated by
dropcasting 5 pL of methanol-SWNT solution on the substrates. The sample was
subsequently heated on a hotplate at 170 °C for 200 minutes prior to electrical

measurement.
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The resistance of the random SWNT networks in sample A is between 3-10 MQ. The
results of three-terminal measurement showed no field effect behaviour in any devices,

which indicates that metallic pathways dominated these random SWNT network devices.
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Figure 32: a) Typical two-terminal I-V characteristics of random SWNT networks
(Sample A); b) Optical image of device 1.

Figure 33 shows I-V data for another random SWNT network sample (Sample B), which
was fabricated by dropcasting chloroform-SWNT solution on the substrate, followed by

heat treatment was done at 200 °C for 200 minutes.

I-V characteristics of the random SWNT networks in sample B varied from device to
devices. Some devices (for instance, device 1 and 3) showed resistance of hundreds of MQ.

However, the resistance of device 2 is less than 1 MQ.
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Figure 33: a-c) typical two-terminal 1-V characteristics of the random SWNT

networks in sample B; d) Optical image of device 3.

Three-terminal measurement showed that the conductance of some devices (for instance,

device 1 and 3) can be modulated by gate bias (Figure 34). The nonlinearity of 1-V curves

may be due to Schottky metal-SWNT contacts. The on/off ratio of both devices is above

100.
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Figure 34: Output characteristics of the random SWNT networks from sample B for

different gate voltages.

3.4.2 Partially patterned SWNT networks

The results of two-terminal current-voltage characteristics of the partially patterned
networks are shown in Figure 35. Sample C and sample D were fabricated by the following
procedure: 2.5 pL of silica colloidal sphere solution was dropcasted on this sample.
Subsequently 5 pL of chloroform-CNT solution was dropcasted on the substrate. Heat

treatment was done at 200 °C for 200 minutes before electrical measurement.

The resistance of the partially patterned SWNT networks in sample C was about 3-10 MQ,
while in sample D it was about 20-50 kQ. The results of three-terminal measurement
showed no field effect behavior in any devices. This likely indicates that metallic pathways

dominated electronic transport in the partially patterned SWNT network devices.
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Figure 35: a) Typical two-terminal I-V characteristics of the partially patterned
SWNT networks in sample C; b) Optical image of device 1 in sample C; c) Two-

terminal 1-V characteristics of the partially patterned networks in sample D; d)
Optical image of device 1 in sample D.

3.4.3 Fully patterned SWNT networks

The results of two-terminal current-voltage characteristics are shown in Figure 36. Sample
E was fabricated by following procedure: 2.5 uL silica colloidal sphere solution was
dropcasted on the substrate with prepatterned gold electrodes. After drying of the colloidal
solution, 5 pL of chloroform-CNT solution was deposited on top of the colloids. Heat
treatment at 200 °C for 200 minutes was done after the evaporation of the solution. The

back-gate was fabricated after heat treatment.
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The patterned networks have resistance of tens of MQ, as shown in Table 3. It is assumed

that the high resistance is because of the high contact resistance and/or low conducting

paths in the SWNT networks.
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Figure 36: Typical two-terminal 1-V characteristics of fully patterned SWNT

networks (Sample E).

Conductance (nS) Resistance (MQ)
Device 1 5.07 197
Device 2 43.9 22.8
Device 3 135 74.3

Table 3: Zero bias conductance and resistance of fully patterned SWNT networks
(derived from Figure 36)
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In addition, the field effect characteristics of the patterned SWNT networks were measured.
The transfer characteristics and output characteristics of the patterned SWNT networks are

shown in Figure 37. The gate voltage was varied from -2.5 V to 2.5 V with steps of 0.5 V.
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Figure 37: Transfer and output characteristics of the fully patterned SWNT networks
(Sample E)
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The patterned SWNT networks behave like p-type FETs. The drain current can be lowered
with the increase of gate voltage. One exception is device 1, the drain current of which
reached a minimum at Vg = 1.5 V and then increased for larger gate bias. Such an
ambipolar behavior may be due to the presence of large-diameter, narrow band-gap
semiconducting tubes in the conducting path and has been previously observed in field-

effect measurements on individual SWNTSs [136, 137].

Electrical measurement was also done on the fully patterned devices in sample E after
removal of the colloidal spheres. The conductance of the fully patterned SWNT networks
was significantly reduced after sphere removal. In many devices, their conductance reduced
to zero after removal of the colloidal spheres. This observation indicates that some SWNTSs

in the networks could be removed during the sphere removal process (by taping).

For the samples fabricated by drop-casting mixed carbon nanotube and silica/polystyrene
microsphere aqueous solution on the substrates, their electrical conductance is not available

due to lack of experimental data.

3.5 Raman Microscopy

Raman spectroscopy is a spectroscopic tool based on inelastic phonon scattering of
monochromatic light. A laser is typically used as the light source. The vibrational,
rotational and other low-frequency modes in the sample will interact with photons of the
laser source and cause the shift of photon energy [138]. The shift in the photon energy can
provide information about molecular structure. A schematic of a Raman spectroscopy setup

is shown in Figure 38.
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Figure 38: Schematic of Raman spectroscopy measurement

There are three main types of interactions between the photons and the sample: Stokes
scattering process, anti-Stokes scattering process and Rayleigh scattering process. If the
photon emitted from the sample has lower energy than the photon adsorbed, this outcome is
Stokes scattering. If the emitted photon has higher energy than the absorbed photon, the
process is anti-Stokes scattering. If there is no energy exchange during the scattering
process, it is called Rayleigh scattering. The schematics of the three scattering processes are

included in Figure 39.
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Figure 39: Schematics of three kinds of scattering processes.
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Raman spectroscopy is able to probe the differences in the composition of nanotubes. For
instance, amorphous carbons, carbon nanotube and graphite in the carbon composite can be
distinguished by the difference of their Raman spectra. A laser with wavelength of 633 nm

was used in the Raman spectroscopy experiment at ambient room temperature.

A typical Raman spectrum measurement is shown in Figure 40. The two main peaks of the
Raman spectrum of the SWNTSs (Sigma Aldrich) are the radial breathing mode (RBM) and
G-band [139]. The RBM peak in the Raman spectrum is a low-energy phonon mode which
represents the vibration of carbon atoms in the radial direction. The diameter of a SWNT is
inversely proportional to the RBM frequency, expressed as d,=Clwogg,
(C=248cm™-nm). For instance, the RBM peak is at 203.6 cm™in Figure 40. This

indicates that there are carbon nanotubes with diameter of 1.2 nm in the SWNT networks.
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Figure 40: Raman spectroscopy of the SWNTs (RBM, G-band and D-band).
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The G-band involves an optical phonon mode between carbon atoms. There are two main
components of the G-band, G* band and G™band. The G band is associated with carbon
atom vibration along the nanotube axis and it features a peak at 1590 cm™. The G band is
associated with the vibrations of carbon atoms long the circumferential direction. The
profile of G band can be used to distinguish metallic and semiconducting tubes. As shown
in Figure 41, metallic SWNTs have more broaden lineshape of the G™ band than that of
semiconducting SWNTSs. The broaden G™ band lineshape of metallic tubes can be related to
the presence of free electrons in metallic tubes [140]. The D-band (feature peak is ~ 1350
cm™) involves second-order Raman scattering of which phonon frequencies change with
changing laser excitation energy. The D-band originates usually associated with disorder in

carbon structures [139].

semiconducting 1592(10)
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1568(8)

Intensity
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Figure 41: Examples of Raman spectroscopy of metallic and semiconducting SWNTs
[139]
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3.6 Summary

In summary, the properties of the patterned SWNT networks are characterized by various
tools. Optical microscopy was used to examine the morphology of the colloidal sphere
monolayers. It was observed that the colloidal aqueous solution (without SWNTs and
surfactants) formed colloidal multilayers in the centre of the droplet and monolayers at the
edge (Figure 22). Most of the colloids were deposited on the gold surface instead of silicon
oxide after the evaporation of solution, due to the hydrophilic nature of the gold surface.
The colloidal solutions mixed with SDS/SWNTs formed a different pattern on the
substrates after its deposition (Figure 23). The colloids formed ring-like patterns with

multilayer at the perimeter of the ring and colloidal monolayers formed inside the ring.

Atomic force microscopy and scanning electron microscopy were used to characterize the
nanoscale structure of the patterned SWNT networks after the removal of colloidal masks.
AFM images (Figure 25 and Figure 26) confirmed the formation of the ordered ring arrays.
The height of the rings is about 4-10 nm and their diameter is about 400 nm. SWNTSs
connected between the rings were also observed. The average diameter of SWNTSs bundles
is 3-5 nm. In another sample, SWNT networks with mesh-like structures were observed, as
shown in Figure 26. The irregularity of the ring arrays may be caused by disorder in the

colloidal mask.

Two-terminal electrical conductance measurement showed that the resistance of random
SWNT networks varies from device to device. Devices from sample A (dropcasting
methanol-CNT solution on substrates) had resistance of 3-10 MQ. However, no field effect

behavior was observed in this sample. In contrast some random networks in sample B
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(dropcasting chloroform-CNT solution on substrate) showed field effect behavior with
on/off ratio of > 100. Those devices had resistance of hundreds MQ with nonlinear 1-V
curve. This may be explained by the non-ideal Schottky contacts formation with the CNT

channel.

The partially patterned SWNT networks (sample C, D) had resistance from ~ 20 kQ to 10
MQ. No field effect behavior was observed in any of these devices and likely metallic

pathways are dominant in the partially patterned SWNT networks.

The two-terminal measurement (Figure 36) showed that the resistance of the fully patterned
SWNT networks (sample E) is about tens of MQ. All three devices measured showed
nonlinear 1-V curves. This indicated that the metal-nanotube contact was not Ohmic. The
conductance of the patterned SWNT network could be modulated as a p-type transistor by

varying gate voltage from -2.5V to 2.5V.

The results of Raman spectroscopy provided further information about the SWNTS in the
patterned networks. The radial breathing mode peak identified the presence of SWNTs

with diameter of 1.2 nm.
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4 DISCUSSION AND ANALYSIS

4.1 Performance Evaluation of the Patterned SWNT Networks

In this section, the performance of the patterned SWNT networks FETS is evaluated. For a
field-effect transistor, its performance can be determined by several key parameters, such

as on/off ratio, carrier mobility, subthreshold slope and transconductance.

The on/off ratio of a FET device is defined as the ratio of on-state current versus off-state
current. The on/off ratio of the patterned SWNT networks is summarized in Table 4. The
results show that the on/off ratio of the patterned SWNT networks varies: Device 1 has
highest on/off ratio (~ 10°). However the on/off ratio of device 2 and 3 are both lower than
10. The variation of the on/off ratio in the samples is likely due to the existence of metallic
SWNTSs in the patterned SWNT networks, as the metallic SWNTSs cannot be turned off by

gate bias.

The average length of tubes (L) is 2 — 5 um and the channel length of the devices (L) is
about 2 — 7 um. Since the L is comparable to L, there is high probability that individual
tubes can bridge between the source and drain contacts. Therefore the off-state current
could be significantly increased if there is metallic tube directly bridging between the

contacts and would negatively affect on/off ratio.
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on/off ratio

Sample E Device 1 ~10°

(patterned Device 2 ~10

networks) Device 3 ~3

%ampdle B Device 1 ~200
Random .

networks) Device 3 ~2000

Table 4: The on/off ratio of the patterned SWNT networks and random SWNT

networks

Another important parameter of a FET device is channel carrier mobility p. The mobility
represents how fast the carriers (electrons or holes) can be transported in the transistors. A
generic equation to calculate the effective carrier mobility of a FET device is shown below
[16]:
L dl,
ot~ Co AV,
D™~ 0X g
Where L is channel length, W is channel width, Vp is drain voltage, |4 is drain current, Vg

is gate voltage and Cox Is gate capacitance.

The parallel plate model can be used to calculate the gate capacitance by using the equation

Cox= o where €,, and t,, are the dielectric constant of silicon oxide and the thickness

t

oxX

of gate dielectric, respectively [141, 142]. In this case, C_, is about 6.9x10°F/m?, given

€0 =3.45%10™ F/mand t_ = 0.5x10°m.
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Figure 42: lllustration of the parameters of the SWNT networks

The channel width W of the patterned SWNT networks is about 28 um, as illustrated in .
The carrier mobility of the patterned SWNT networks ranges from 0.11 — 0.71 cm*/V-s, as
shown in Table 5. In this case, the mobility results are device-specific by considering the
width of the monolayer as the width of the FET channel. However, there is an
overestimation of the channel width when estimating the SWNT material-specific mobility,
as the area underneath colloidal monolayer is the SWNT networks with considerable
spacing among the SWNT networks structures. The filling factor of the patterned SWNT
networks can be calculated as

Area covered by SWNTSs
Total area

Filling factor =

According to AFM/SEM images, the filling factor F of the patterned SWNT networks is

0.132. The material-specific channel width W is W_=W x (filling factor) =3.7. The

material-specific mobility is calculated accordingly.
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The mobility of the patterned SWNT networks is comparable to amorphous Si which is a
commonly used semiconductor in thin film transistors [16]. In addition, the mobility of the

patterned SWNT networks is higher than that of the organic thin film FET devices listed in

Table 5.
Mobility (cm?/V-s)
Device- Material-
specific specific
Patterned SWNT Device 1 0.23 1.74
network Device 2 0.71 5.38
(Sample E) Device 3 0.11 0.83
Random SWNT Device 1 0.014
network
(Sample B) Device 3 0.032
Inorganic thin film Amorphous silicon ~1
Poly-thiophene FET 9.4x10°
Organic thin film Org_anic blend FET 0.01
Conjugated polymer
FET 0.1

Table 5: Calculated carrier mobility of the patterned SWNT networks [16, 73]. The
parameter for mobility calculation of random and patterned SWNT networks are:

channel length L of 2.5 — 7 pum, device channel width W of 28 um, drain voltage V, of

0.5V, dielectric layer thickness of 500 nm.

The density of SWNT in the networks can be increased in order to increase its carrier
mobility. There is a trade-off between the carrier mobility and the on/off ratio. With higher
tube density, the carrier mobility is increased because of the increasing percolating path and
less scattering. However the metallic percolating path can be increased at the same time
and cause high off-state current and low on/off ratio. In order to achieve higher carrier
mobility with good off state characteristics, the elimination of metallic pathway in the
SWNT networks desired. For the SWNT networks made of as-grown SWNTSs, the metallic
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pathway in the SWNT networks can be eliminated by electrical burnout [143]. This process
can be achieved by applying large source-drain voltage when turning off the
semiconducting tubes with sufficient gate bias [137, 144]. By this means, the on-off ratio
can be improved by five orders of magnitudes without significant loss of on-current

carrying capability.

It has been observed that SWNTs form bundles in the SWNT networks, because of the
strong Coulomb interaction between the tubes. Due to screening effects between the tubes,
the gate modulation is less effective and device performance is degraded [145, 146]. In
order to improve the patterned SWNT device performance, well-dispersed tubes in the

SWNT networks are desirable.

The device performance of the patterned SWNT networks is also compared with other

transistor devices made of random SWNT networks as aligned SWNT networks in Table 6.

Device 1 from sample E has on/off ratio of 10° which is among the best switching
performance in FETs based on the SWNT networks. It indicates that there is no metallic
pathway in the network of device A. The mobility of the patterned SWNT networks is
about 1~2 orders of magnitude lower than typical values for FETs based on SWNT
networks. This can be explained by several reasons: 1): low density of conducting pathway.
2) Low quality of SWNTs due to structural defects. 3) High resistance metal-SWNT
contacts. SWNTs with enriched semiconducting tubes up to 99.5% have been used for
fabricating networks to minimize the metallic path ways. Experimental results summarized
in Table 6 show that enriched semiconducting SWNTSs can obtain high mobility in SWNT

networks while maintaining the on/off ratio.
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Transconductance of the patterned SWNT networks are lower than most of the transistors
based on SWNT networks, as shown in Table 6. The transconductance can be improved by

optimizing the metal-tube contacts and capacitance.
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Trans- Tube

Network on/off ~ Mobility Subthreshold :
Gate type  Type of SWNTSs : ™ conductance density
type ratio  (cm?/V-s) (uS) slope (mV) (um?)
: ~10°
Device 1 0.23 0.009 ~210 Sl
Sample E I;Zi\t/?/:)r;ig backgate As-grown
Device 2 ~10 0.71 0.018 n/a ~1
Device 3 ~3 0.11 0.005 n/a ~1
Sample  Device 1 ~ 200 0.014 5.4x10"* ~150 n/a
B Device 3 backgate As-grown = 20050 0.032 0.001 ~210 n/a
Ref [16] ~10 7 <0.05 >500 il
Random Enriched
Ref [91] networks Electrolyte semiconducting  ~ 10° 7.5 ~50 <100 ~20
tubes
Ref [141] backgate As-grown ~10° >20 =7 ~200 ~1
Enriched
Ref [88] backgate  semiconducting  ~ 10° ~6 =l 70 3
Aligned tubes
networks Enriched
Ref [89] backgate  semiconducting  ~10° 20 40 400 500
tubes

Table 6: Parameters of patterned SWNT network FETs. Some typical FETs based on SWNT networks in literature are also

included for comparison.

67



4.2 Mechanism of carbon nanotube patterned network formation

In this section, the mechanism of the SWNT network formation is discussed. Colloidal
lithography has been widely used as a simple and effective method for nanostructure
patterning [147]. During the evaporation of the solution, the spacing between colloidal
particles is decreased and a curved meniscus starts to form around the colloids [148]. Under
the colloidal monolayer, the capillary forces at the solid/liquid/air interface is the driving

force that push the nanoparticles to self-assemble into patterned structures [149].

Similarly, the formation of the patterned SWNT networks can be divided into several

independent phases, as illustrated in Figure 43.

During the initial solution evaporation, the colloids self-assemble together due to the
convective forces. Menisci start to form around the colloidal spheres due to capillary forces
[147]. The SWNTSs are then constrained to the area around the colloidal spheres. Since the
SWNTs are flexible, the capillary force at the meniscus can push SWNTSs into winding
around the base of the colloids to form ring-like structures. Since the average length of
SWNTs is larger than the diameter of colloids, the SWNTs can wrap between multiple
colloids or form connections between SWNT rings. After the evaporation of the solution,
the colloidal spheres formed closed-packed arrays and the patterned SWNT networks form

ordered structures under the colloidal monolayer.
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(XX

Figure 43: Schematic view of formation of the patterned SWNT networks. a) The

initial stage of solution evaporation. The colloids move toward each other due to the
convective forces; b) with further solution evaporation, the colloids on the substrates
were move closer. The SWNTs wind around the base of the colloids due to the
capillary forces; c) after the solution evaporation, the colloids form closed packed
monolayer. The SWNTSs formed patterned structures under the colloidal monolayer.

In this work, patterned SWNT networks are for the first time formed via solution
deposition on a heterogeneous surface. The hydrophobic SiO,/Si substrates are partially
covered by gold pads and electrodes. According to the SEM and AFM results, the SWNT
rings formed on SiO, and gold surface have no qualitative significant morphology
difference. Not all the SWNT rings are interconnected by SWNT to form conducting
networks. In Table 7, the percentage of SWNT rings which has interconnects with at least
one connection with other rings is counted, based on SEM results in 6 different locations.
On average, 13% of SWNT rings on SiO, surface have connections with other rings, while
40% of SWNT rings on gold interconnect with other rings. This statistical result indicates
that the throughput of SWNT ring interconnections on a gold surface is higher than that on

a SiO, surface.
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location | #ofrings  # of rings on percentage | # ofrings  # of rings on percentage
on silicon SiO, has on gold gold has
oxide interconnection interconnection
03 468 49 10% 227 73 32%
04 492 66 13% 91 42 46%
05 91 13 14% 53 33 62%
11 49 2 4% 92 22 24%
12 54 21 39% 109 59 54%
14 171 27 16% N/A N/A N/A
Total 1325 178 Avg. 13% 572 229 Avg. 40%

Table 7: Percentage of SWNT rings forming networks is summarized. Data from six

different locations of the SEM images is included, according to SEM result (Figure 28

and Figure 29). Note: location 14 include SiO, surface only.
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5 CONCLUSION AND FUTURE WORK

5.1 Summary

In this thesis, the fabrication process of patterned SWNT networks has been investigated
along with its structural and electrical properties. For the first time, the patterned SWNT
networks were fabricated on a heterogeneous surface and the field effect characteristic as
FET devices were measured. A simple and straight-forward method of patterning SWNT
networks is developed by depositing SWNTSs from solution onto a self-assembled colloidal
mask. The colloidal masks were composed of colloidal monolayer sphere monolayer,
which can be obtained by depositing aqueous colloidal solution on substrates. Two kinds of
colloids (polystyrene spheres with diameter of 780 nm and silica spheres with diameter of
800 nm) were used to fabricate the masks. It was found that there is an optimal
concentration of colloidal solution (0.02 wt% ~ 0.04 wt% for polystyrene spheres and
0.025 wt% ~ 0.05 wt% for silica spheres) in order to maximize the creation of colloidal
monolayers. Colloidal solution with higher concentration will increase the output of
colloidal multilayer, as the excessive colloids stack up. More diluted colloidal solutions

however have insufficient colloids to form a monolayer.

The morphology of the patterned SWNT networks was characterized by AFM and SEM
after the removal of the colloidal mask. It was found that SWNTs can form an ordered
array of interconnected SWNT rings. The diameter of the rings is about 400 nm and its

height is about 4-10 nm. Mesh-like structures of SWNT networks were also observed.

The electrical properties of the patterned SWNT networks were characterized under

ambient condition. Two terminal measurements showed that the resistance of the patterned
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SWNT networks is about tens of MQ. It is assumed that the non-ideal Schottky barrier at
gold-nanotube contact caused high contact resistance. By applying a back-gate bias, the
field-effect characteristics of the patterned networks were measured. The patterned SWNT
networks behaved as p-type field effect transistors. The highest on/off ratio obtained is
about 10° which satisfy the requirements for transistor logic application. Some samples
have on/off less than 10. The lower on/off ratio is likely caused by the metallic pathway in
the SWNT networks. The highest mobility of the devices achieved in this work is 0.71

cm?/V -s, which outperformed most organic thin film transistors (Table 5).

5.2 Future Work

Future work should include the optimization of the fabrication process to improve the yield
of the patterned SWNT networks and performance enhancement of the patterned SWNT
networks as FET devices. In addition, different device structures and application based on

patterned SWNT networks can be explored
5.2.1 Optimizing fabrication process of the patterned SWNT networks

Experimental results in this work have shown that the throughput of the patterned SWNT
networks is relatively low. Though SWNT rings can be patterned over a large area in an
ordered fashion, not all rings are interconnected. It is observed that more SWNT rings on a
gold surface are interconnected than that on silicon oxide. This implies that the output of
the patterned SWNT networks can be increased by using substrates with a hydrophilic
surface. For example, mica or polymer (for example, poly(ethylene terephthalate)) can be
used in order to increase the throughput of the patterned SWNT networks [150]. When the

colloidal monolayer is removed, SWNTSs in the patterned networks underneath the colloids
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could be also removed. This may be because SWNTs are more adhesive to colloids rather
than the surface of the substrates. Therefore, if SWNTs can be modified (for instance,
surface modification) to be more sticky to the substrate, the output of the patterned SWNT
networks can be significantly increased. The same process can also be applied to the

substrate (i.e., surface modified).

In this work, only the patterned SWNT networks lying across two pre-defined gold
electrodes are measured. Thus, few SWNT networks qualify for electrical measurement. In
order to measure more patterned SWNT networks, one method is proposed as shown in
Figure 44. Firstly, the SEM and AFM tools are used to locate the patterned SWNT
networks on the substrates. Subsequently, the source/drain contacts and top-gates can be

fabricated on the patterned SWNT network via lithography technique.

0000QO0O0O0
0QO0 00

o o
o
00 0000

The patterned SWNT networks

0000QO000 000(({000
Dielectric
Gate ; layer
vu 00 &% ouvodoo0Ce

Figure 44: Schematic of measuring the patterned SWNT networks without predefined
electrodes: a) Locate the patterned SWNT networks by AFM/SEM; b) Fabrication of
drain and source electrodes; c) Fabrication of dielectric layer on top of the patterned

SWNT networks; d) Fabrication of top-gate electrode
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5.2.2 Device performance enhancement and future applications

Future work can also include improving the device performance of the patterned SWNT
networks. Metallic pathways seem to exist in some of the devices measured in this work.
As a result, the FET device performance, especially the on/off ratio is deteriorated. It is
hypothesized that the on/off ratio of the patterned SWNT networks can be significantly
improved by using the highly purified semiconducting tubes instead of the as-grown ones.
In order to reduce the resistance of SWNT-tube contacts, metals with proper work function
(such as palladium) can be used as electrodes instead of gold. The backgate used in this
work provides relatively weak electrostatic control over the channel of the FET devices.
Top-gate or dual gate configuration with high-k dielectrics can be used to enhance the

switching performance of the FET devices.

The potential applications of the patterned SWNT networks include transparent electronics,
flexible electronics and sensor applications. The transparency of SWNT networks can
reach up to 90% [77, 151]. Highly transparent SWNT networks could be widely used in
transparent electrode applications. If the patterned SWNT networks can be fabricated on a
large scale, it may outperform the conductive thin film made of random SWNT networks
assessed in previous work [77, 151]. Electronics on mechanically flexible substrates are
also very promising for potential applications in consumer electronics and medical devices
[152, 153]. By properly modifying the sidewall of SWNT, the patterned SWNT networks

can be useful for sensing applications, due to their large active surface area.
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Figure 45: Schematics of some potential device structures based on patterned SWNT

networks: a) transparent and flexible electronics [154]; b) sensor applications

Colloidal lithography is a simple and versatile tool for nanostructure patterning, not only
for SWNTSs, but also for other nanoparticles. The experiments described in this thesis could
be a valuable platform for studying general nanostructure patterning as well as in the

electrical characterization.
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