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Abstract

Carbon nanotubes are an exciting new material with exemplary mechanical and
electronic properties. Carbon nanotubes can be either metallic or semiconducting; either
type has properties which rival conventional materials. The one-dimensional electronic
nature of these materials leads to extreme sensitivity to the local energy landscape, a
desirable property for a sensing element.

Production of carbon nanotubes currently has no method of growing nanotubes
with a specific electronic property, any differentiation occurs through processing a
heterogenous ensemble. Recently, networks of carbon nanotubes have shown attractive
properties for electronic applications. The self-selecting current path has properties
averaged from the ensemble of nanotubes providing repeatability in addition to flexibility
and transparency.

This thesis is a study of the transport properties of thin and thick networks of
single-walled carbon nanotubes and their electrical response to oxygen adsorption in
both a simple resistive geometry and as the gate layer in a nanotube-metal-oxide-silicon
capacitor. The thickness of network was found to determine the electrical characteristics
of the mnetwork ensemble, thin networks displaying semiconducting transport
characteristics, thick networks becoming more metallic. The response of the nanotube
networks to oxygen exposure was found to be dependent on UV treatment. UV-desorbed
networks exhibited an increased conductance upon oxygen-exposure, adsorbed networks
exhibited a decrease in conductance upon further oxygen-exposure. Thinner, more
semiconducting nanotube networks exhibited a greater change in conductance upon
oxygen exposure. The nanotube-metal-oxide-semiconductor capacitor also showed a
greater change in flat-band capacitance for thin nanotube networks. The capacitance of
the nanotube device at the nanotube network flat-band voltage is shown to be influenced
by both oxygen and nitrogen gases. The origin of the behaviour of the flat-band voltage

is attempted to be understood and future work is suggested.
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LHS (RHS) graph with 4 Hz FFT filtering. The standard deviation of
dC/dV (V) is displayed as error bars. . . . . ... ...
Transfer characteristics of device U2A in UV-desorbed state averaged over
three cycles. Standard deviation given as error bars. . . . . . . . . .. ..

Experimental setup for leakage current measurements. The reference
electrode consisted of a Ag/AgCl electrode the counter electrode consisted
of platinum foil and the working electrode was attached to the Ohmically
contacted Al face of the Si wafer which was in electrical contact with
the brass plate. The potentiostat controlled the potential of the working
electrode with respect to the reference electrode while simultaneously
measuring the current flowing between the working electrode and the
counter electrode. . . . . ...
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Chapter 1

Introduction and Background

1.1 Motivation and Objective

Carbon nanotubes possess many properties which are desirable characteristics of a
sensing medium; these include small size, high strength, high electrical and thermal
conductivity and high specific surface area.

The sensing response of carbon nanotubes has been demonstrated independently
in the literature in a resistive, capacitative and field-effect-transistor geometry. The
possibility exists for a sensor to combine all three sensing geometries in one device.

Metal-oxide-semiconductor (MOS) capacitors are an important sensor technology.
The advantages of the MOS structure include high sensitivity and selectivity, fast
response time, low cost and integrated small size. The most important advantage of
MOS sensors is that they can be fabricated using modified micro-electronic technology.
Sensitivity to gaseous species is determined by chemical reaction of the analyte at the
catalytic metallic surface. Diffusion of the reaction product through the metal catalyst
provides the sensing signal. The range of species to which the MOS sensor is sensitive
depends on the catalytic action of the metal gate electrode. Currently the most common
MOS sensor uses a Pd gate to catalytically decompose hydrogen allowing diffusion
through the metal gate. The limited range of sensitivity is the greatest disadvantage of
MOS sensors.

The objective of this thesis is to explore the suitability of single-walled nanotube
networks as a gate material in a metal-oxide-semiconductor based sensor and to evaluate
whether such a device geometry is suitable for operation as a MOS capacitor, field-effect

transistor and resistive based sensor simultaneously. The dependence of the device
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properties on nanotube network thickness will be determined. The role of Fermi level
pinning in top-contacted and bottom-contacted device geometries will be evaluated. To
our knowledge this area has not been explored before. In order for the implications of
the investigation to be as far reaching as possible an archetypal system consisting of a
network of single-walled carbon nanotubes interacting with oxygen will be considered.
Single-walled carbon nanotubes provide one-wall over which the adsorption event and
electrical conductance occurs. Oxygen is employed as an archetypal analyte due to the
existing body of work which considers the interaction of oxygen with carbon nanotubes
and the necessity of considering oxygen adsorption on the operation of sensors operating

in ambient conditions.

1.2 Summary

In the remainder of Chapter 1 the essential background of the thesis is covered. An
overview of the physical properties of carbon nanotubes is given in Section 1.3. Section
1.4 considers the dispersal and electronic transport of carbon nanotubes, nanotube /
metal contact, nanotube networks and nanotube based field-effect transistors. In Section
1.5 the sensitivity of carbon nanotubes is discussed and a review of previous work
concerning nanotube sensors is given with specific focus on nanotube gas sensors. It is
demonstrated that nanotubes have been used to detect a variety of analytes with some
ambiguity as to the origin of the observed signal. The basic principles of adsorption
on surfaces are considered in Section 1.6. The physical principles of traditional MOS
capacitors are discussed in Section 1.7. The predominant established micro-sensing
techniques are critically described in Section 1.8.

In Chapter 2 the experimental techniques required for the measurements presented
in thesis are given, the nanotube material is characterised and the quality and physical
properties discussed. Explanation is given of preparation and fabrication of the devices
and the methodology for performing the measurements is detailed.

The transport characteristics of thin and thick nanotube networks are presented
in Chapter 3. The temperature dependence of conductance is found to differ in
functional form between the thin and thick nanotube networks. Thin networks
display semiconducting transport characteristics whilst thicker networks display a
metallic component in the transport behaviour. UV-desorbed networks exhibit an

increased connectivity upon oxygen exposure whilst the transport characteristics remain
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determined by the probability of charge carrier hopping between localised states.

The conductance response of thin and thick nanotube networks to oxygen adsorption
is investigated in Chapter 4. Laboratory-air exposed nanotube networks exhibit a
decrease in conductance when exposed to oxygen. Vacuum pressure fails to recover
the original conductance. Strong absorption of UV-radiation by delocalised m-electrons
provides an efficient way to desorb surface impurities in vacuum. Desorbed networks
exhibit an increased conductance on exposure to oxygen due to p-doping of the carbon
nanotubes. The kinetics of oxygen adsorption are investigated and oxygen diffusion
through the nanotube network considered. The role of contaminants on the sensing
response of the SWNT network in the laboratory-air-exposed state is discussed.

In Chapter 5 carbon nanotubes are employed as the gate layer in a
nanotube-metal-oxide-silicon capacitor. The conductance and capacitance of both
thin and thick nanotube networks display an increase upon oxygen exposure from a
UV-desorbed state. The flat-band voltage of the nanotube-metal-oxide-silicon capacitor
is dependent on the difference in work-function between the silicon and nanotube.
When thick nanotube networks were used as the gate material of the capacitor a
positive shift of flat-band voltage occurred. Nanotube-metal-oxide capacitors with a
thin nanotube network gate displayed an additional flat-band voltage, due to a large
degree of adsorption occurring at the silicon / nanotube interface. The difference in
flat-band voltage between oxygen adsorbed nanotube and UV-desorbed nanotube is
large. The possible reasons for the observed results are discussed and future experiments
are described.

Chapter 6 summarises the results and conclusions presented in this thesis and the

future direction for the work is described.

1.3 Carbon nanotube properties

1.3.1 Historical overview

Carbon nanotubes are unique one dimensional m-conjugated nanoscale materials. Since
discovery, carbon nanotube based research has been intense partly due to the theoretical
interest in 1D-materials and also through the extraordinary mechanical, structural and
electronic properties of nanotubes themselves, Table 1.1.

Carbon nanotubes (CNT) are ideally suited to the electrical sensing of gases and
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biological species due to their large surface area, excellent electrical transport and
current carrying properties and facile charge transfer characteristics. In addition,
carbon nanotubes perform well as ionisation based gas sensors due to the large field
concentration induced by the high aspect ratio.

The carbon atom has six electrons which occupy 1s?, 2s? and 2p? atomic orbitals.
The core 1s? electrons are strongly bound whilst the remaining four valence electrons are
weakly bound and able to quantum mechanically ‘mix’ through orbital hybridisation.
The type of hybridisation determines the defining properties of carbon allotropes, Table
1.2. Until 1985 the only known crystalline forms of carbon were graphite and diamond.
Diamond is characterised by four sp® hybridised orbitals leading to a tetrahedral
structure. Graphite is characterised by three sp? hybridised orbitals which leads to
a planar trigonal structure. The fourth valence electron of carbon atoms in graphite
form a p, orbital which contribute to a delocalised 7 electronic system.

A new crystalline form of carbon was discovered in 1985 by Kroto et al. [6]; this
allotrope, which has stability due to its football-like structure, is termed a fullerene of
which Cgg (or Buckminsterfullerene) is the most widely known example. However, it was
not until 1990 that large quantities of purified fullerenes were available due to advances
in chemical separation and production via the arc discharge technique [7]. Fullerenes
were found in the soot generated from an electrical arc between two carbon electrodes in
an inert atmosphere of helium. In this process one of the electrodes is consumed whilst
a deposit may be formed on the other electrode. One year later lijima observed carbon
nanotubes [8] (1991) whilst analysing such an electrode deposit from an arc chamber by

transmission electron microscopy (TEM), Figure 1.1.

Property Comparison

Carrier mobility: 79000 cm?/Vs (at RT) [1] > Hole mobility in Si

Maximum electrical current density: > 10 A/cm? [2] 100 times greater than copper wires
Thermal conductivity: 6600 W m~! K~1 [3] > Diamond

Tensile strength: 150 GPa [4] 100 times the strength of steel
Youngs modulus: ~ 1 TPa [5] > Diamond

Table 1.1 Remarkable properties of carbon nanotubes.
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Dimension 0-D 1-D 2-D 3-D
Allotrope Ceo Carbon nanotube  Graphite Diamond
Hybridisation sp> sp? sp? (sp) sp®

Density (g/cm?) 1.72 1.2 2.0 2.26 3.515

Bond length (A) 1.4 1.44 1.42 1.54
Electronic Semiconductor Metal or Semi-metal Insulator
properties E, =19 eV semiconductor E, =5.47 eV

Table 1.2 Characteristic properties of carbon allotropes [9].

Figure 1.1 i)TEM images of MWNT as discovered by lijima. The cross section
of each tube is illustrated. Adapted from [8] ii) Chiral fibre with hemispherical

caps, adapted from [10].

Rather than being cylindrical graphitic tubes, which were previously known, these

tubes were perfectly graphitised with closed caps containing pentagonal rings, like the

fullerenes, and importantly, helicoidal with differing degrees of helicity [8]. Quantised

values of circumferential electron wavevector determine the electronic properties of such

tubes, and as shall be shown, result in both semiconducting and metallic behaviour,

depending geometrical considerations. The diameter of the nanotubes were similar

to that of fullerenes but with micrometer lengths. The carbon nanotubes discovered

by Tijima consisted of many walls, termed multiwalled carbon nanotubes (MWNT)!.

IThe first known application of MWNTs occurred not post 1991 but some 400 years prior, MWNTs

have been discovered in the blades of Damascus swords [11].
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The observation of distinct helicities or chiralities, dependent on how the atoms are
arranged around the tube, led to theoretical predictions about the electronic properties
of such tubes with respect to specific chiralities [10] which shall be discussed in detail in
Section 1.3.3. In 1993, Iijima was successful in isolating single-walled carbon nanotubes
(SWNT) [12] with the eventual isolation of large numbers being achieved by Thess in
1996 [13] using laser vaporisation techniques. This resulted in the commercial availability
of carbon nanotubes and an increase in both commercial and academic research interests.

Near perfect electron transmission of carbon nanotubes has been demonstrated
with electron interference effects [14]. Field effect transistors based on individual
SWNT exhibit properties greater than any known semiconductor [1]. The study of
the interaction of carbon nanotubes with gaseous species began in 2000 with the
publication of work highlighting the sensitivity of the resistance and thermoelectric
power of SWNTSs to gaseous species [15,16]. Since then work has focused on exploiting
the high surface-to-volume ratio and fast electron-transfer kinetics of CNT through a
variety of sensing geometries.

The lack of controllable synthesis for specific band-gap or band-gap range of carbon
nanotubes provides single nanotube devices with a range of transport properties. Recent
interest has turned to aligned arrays of nanotubes [17] and random networks [18] as

means to obtain controllable device performance.

1.3.2 Structure

A carbon nanotube can be thought of as a rolled up layer of graphene. The carbon atoms
will therefore be arranged in a hexagonal structure and the lattice may be described by

two lattice vectors

), ag = (—a,—=). (1.1)

BRTR) 2
where a = |a;| = |ag| = 1.42 x /3 = 2.46 A is the lattice constant of the graphene
sheet as a result of the C-C bond length of 1.42 A in graphene. These vectors span a 2D
Bravais lattice, with a basis of two atoms the lattice of graphene is obtained, as shown

in Figure 1.2.
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Figure 1.2 Unrolled hexagonal network of nanotube. If site O is connected
to A and B connected B’ a tube of chiral vector ¢, = (4,2) is constructed.
0 describes the chiral angle of the tube whilst the translational vector T is
perpendicular to to the tube axis. Reproduced from [9].

There is an infinite number of nanotube geometries, however they can all be described
with reference to the chiral vector ¢, = na; + mas therefore we can denote a given tube
by the indices (n,m). The chiral vector is also the circumference of the nanotube,
and the translation vector, T, is parallel to the tube axis. The rectangle formed by
these two vectors defines the unit cell of the nanotube. Alternatively nanotubes may be
characterised by the diameter, d, and the angle, 6, between ¢, and a;. Most nanotubes
have axial chiral symmetry however there are two special symmetry directions which
have non-chiral symmetry. These tubes are termed ‘zig-zag’ with indices (n,0) and thus
a chiral vector angle of § = 0° and ‘armchair’ with indices (n,n) and chiral vector angle
of & = 30° all other chiralities of nanotube are described by # in between that of the
armchair and zig-zag nanotube. Figure 1.3 gives a schematic diagram for a metallic
‘armchair’ nanotube and a semiconducting ‘zig-zag’ carbon nanotube. The geometrical
structure of a single-walled nanotube can now be readily defined leading to a unique
way of identifying tube types for SWNT. However for MWNT each layer will have its

own particular chirality defined by (n,m).

1.3.3 Electronic properties

As stated previously, a nanotube can be considered to be a rolled sheet of graphene
with closed caps. It is therefore pertinent to begin the treatment of the electronic band

structure of carbon nanotubes by modifying the band structure of graphene by adding
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in discrete values for the circumferential wavevector, which will appear mathematically
as periodic boundary conditions. The band structure of graphene was calculated by
Wallace [19] in 1947 by using a tight binding approximation, considering the 7 and
m*-bands only. In graphene the valence orbital is a 2p, or w-orbital, due to reasons of
symmetry this m-orbital cannot interact with the o orbital (composed of 2s and 2py )
and therefore simplifies the dispersion relation. The two-dimensional energy dispersion

relation for the 7-bands only in a graphene sheet may be expressed as [20]

1/2
3k, k. k
1+ 4cos <\/—2 a) cos (%a) + 4 cos® (%a)] (1.2)

where 7q is the nearest-neighbour transfer integral.

Eop(ks, ky) = £

The conduction and valence bands are degenerate at six points, known as K

points. Saito et al. introduced periodic boundary conditions for the nanotubes in a
circumferential direction [20] as the electrons are only free to move in the axial direction.
This leads to energy quantisation of k-c,= 2mq (¢ = 0,1,2...) and thus discrete values
of allowed wavevector, visualised as a series of parallel equidistant lines in reciprocal
space, Figure 1.3. The number of these one dimensional modes can be shown [20] to
correspond to the number of hexagons in the 1D unit cell mapped out by vectors cy,
and T. The number of circumferential k modes corresponds to a 1D conduction channel
along the nanotube axis. From this formalism it is easy to see that as we increase the
diameter of the nanotube, and therefore increase the size of the 1D unit cell the number
of 1D modes or sub-bands will increase.
The quantisation of allowed k vector, determined by the chiral vector, determines
whether a carbon nanotube is metallic or semiconducting. If the lines of allowed k
pass through one of the gapless K points then the tube will be metallic. If none of the
allowed lines of k or subbands pass through the zero gap Fermi point (K point) then
the tube will be semiconducting, Figure 1.3.

The 1D nature of carbon nanotubes has implications for the electronic density of
states (DOS). Figure 1.4 gives the energy dependence of the electronic DOS for a metallic
and semiconducting nanotube, as calculated by Saito et al. [20]. Note the van Hove
singularities (vHs) in Figure 1.4, these singularities occur at the band edges. The DOS
for a 1D material varies as %_1, at band edges % = 0 and a singularity is encountered.

The occurrence of vHs in SWNT was confirmed experimentally by Wildéer [23] through
locally probing the DOS through scanning tunnelling spectroscopy (STS). From these
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semiconducting metallic

Figure 1.3 Nanotube band structure. a) Schematic diagram showing
semiconducting nanotube band structure. b) Schematic diagram of metallic
nanotube band structure. Allowed electron states are determined by the
intersection of allowed wave vector (red / green lines) and graphene band
structure.  ¢) Schematic diagram showing metallic and semiconducting
dispersion relation, first (sub)bands shown. d) Schematic diagram showing
semiconducting ‘zig-zag’ nanotube structure. e) Schematic diagram showing
metallic ‘armchair’ nanotube structure. Adapted from [21].
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Figure 1.4 a) & b) Electronic density of states for two ‘zig-zag’ carbon
nanotubes [20]. (ny,n2) = (10,0) displays a zero density of states at the Fermi
level and is therefore semiconducting. (ni,n9) = (9,0) displays a non-zero
density of states at the Fermi level and is therefore metallic. ¢) & d) Interband
vHs transitions of metallic, EM, and semiconducting, E, carbon nanotubes.
Distinct features in Raman spectra for specific values of (n,m) couple to these
transitions when the laser excitation energy is in resonance with the interband

transition, adapted from [22].
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experiments it was possible to discern the band gap due to the first pair of vHs for
semiconducting, EP, and metallic, EM, carbon nanotubes. The band structure of CNTs
is also addressable optically. Resonant Raman spectroscopy on individual CNTs [24]
gives the resonant vHs transition energy and specific (n, m) indices maybe assigned. In
addition, spectrofluorimetric measurements on SWNTs have been mapped to specific
chiralities [25], facilitating the bulk determination of the composition of SWNT samples

through simple spectrofluorimetric means.

1.4 Nanotube devices

1.4.1 Dispersion of nanotubes

A dispersion of carbon nanotubes in a solvent forms a colloidal system?. Organic solvents
form a thermodynamically unstable colloid with nanotubes, the length of stability
depending on organic solvent used. Aggregation of colloidal particles eventually forms
due to van der Waals attraction between carbon nanotubes overcoming forces from the
solvent.

Surface active agents such as surfactant, polymers or other colloidal particles
can modify the interface of particle-suspending medium increasing the metastability
of the colloidal suspension. Amphiphilic molecules such as sodium dodecyl sulfate
(SDS), Figure 1.5, facilitate extremely stable (years) aqueous solutions of SWNT's [26].
Bundles of nanotubes are broken up through the dual action of micellar formation and
‘thinning’ of nanotube bundles through the impartation of mechanical energy through
ultrasonication. Once a micelle forms around a SWN'T the tube is in a pure hydrocarbon
environment. Colloidal stability results form electrostatic and/or steric repulsion. The
presence of individual nanotubes deposited from a SDS/nanotube colloidal solution has
been verified through TEM [27] measurements and fluorescence across the band gap of

semiconducting nanotubes [28].
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Figure 1.5 A molecule of anionic surfactant sodium dodecyl sulfate (SDS),
C12H95504Na, 12-carbon hydrophobic tail and a polar sulfate group.

2A dispersed phase evenly distributed through a dispersion medium.
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However, experiments have confirmed that SDS perturbs the electronic properties
of carbon nanotubes resulting in interfacial effects such as an increase in resistance
and degradation of transistor properties such as on-current [29] as well as doping like
effects manifest in asymmetry of G(V') traces [30]. Interestingly, side-wall protonation
of carbon nanotubes controlled through acidity of solution was detectable through the
destruction of photoluminescence spectral peaks of nanotubes. These peaks originating
from semiconductor transitions in the nanotubes could be restored by increasing the pH
to neutrality or through UV-radiation [28].

Complete removal of SDS from SWNT [29] can be achieved with immersion in
deionised water (DIW) for 30 minutes, confirmed through removal of sulphur 1s peaks
in XPS spectra. In addition, the removal of SDS through DIW immersion increased
the conductance, on-current and stability of SWNT-FET devices [29]. Photoemission
studies suggest that the use of Na-containing surfactant introduces residual Na which

is only removed after high temperature (~ 1300 K) annealing in vacuum [31].

1.4.2 Transport

Carbon nanotubes are ballistic conductors at room temperature [30]. An electronic
mean free path of the order of tens of microns provides a CNT conductance which is
independent of length, over lengths less than the mean free path. As discussed in Section
1.3.3 a nanotube has circumferentially quantised wavevector giving a 1D-electronic
character. The conductance of a 1D-channel is given by the Landauer formula:
2 2

G = (%) MT (1.3)
where ¢ is the charge of charge carriers, M is the number of modes and 7' the average
transmission probability per mode [32]. There are two conduction modes in carbon
nanotubes giving a maximum conductance for a single CNT of 4¢*/h. Conductance

near the maximum theoretical value have been recorded for both semiconducting [33]
and metallic [34] CNT.

1.4.3 Nanotube networks

A thin film of SWNT created from a single production source will consist of metallic and
semiconducting nanotubes of different diameter with a heterogenous mix of band-gaps.
Fuhrer et al. [35] have shown that the intersection of two s-SWNTs or m-SWNTSs form
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a good electrical contact with conductance ~ 0.1 e*/h whereas the intersection of a
metallic and a s-SWNT forms a Schottky barrier with a barrier height approximately
equal to 1/2 the band gap of the SWNT. A highly interconnected thin film is expected
to be electrically continuous with properties that depend on the interconnections and
the inherent properties of CNTs. The presence of impurities in the network may effect
both the nanotube interconnections and the properties of individual tubes themselves.
Doping of the nanotubes within the network can significantly alter the conductance of
the network [36-39] through a modulation of the charge carrier density and/or nanotube
interconnection barrier. The conductivity of carbon nanotube networks has been shown
by Hecht et al. [40] to have a power law dependence on CNT length and an inverse
power law dependence on the CNT diameter, thus highlighting the critical role of carbon
nanotube interconnections.

The conductivity of CNT networks is dependent on the concentration of conducting
channels within the system. Percolation theory describes the variation of conductivity

with the concentration of equivalent conducting channels (p) [41] as

oo (p—pc)” (1.4)
where p. is the percolation threshold and 7 is the critical exponent which depends
only on the dimensionality of the network. Theoretical calculations provide the critical
exponent for 2D and 3D systems as 1.3 and 1.94 respectively [41]. A system where
equivalent conductors form a network with a thickness less than the average conductor
length would be expected to show 2D behaviour, whilst a system where the thickness is
greater than the average length would be expected to show 3D behaviour. Experimental
determination of the critical exponent for thin (10 — 100 nm) nanotube systems where
the thickness is less than the average CNT length provides critical exponents both
below [42] and above [43] the theoretical 2D value, whilst thicker CNT systems provide
critical exponents below the 3D theoretical value [44,45]. The variation between the
experimental and theoretical value of 1 for carbon nanotube systems should not be
interpreted as a reduction/increase in the dimensionality of the network but is more
likely to be a result of the heterogeneity of electronic structure and bundle/nanotube
size within a nanotube sample and the resulting effect on the formation of percolating
metallic current paths. Bekyarova et al. [42] experimentally determined the critical
thickness for percolation to be t. = 3 nm, close to the average diameter of a nanotube

bundle, indicating that a single bundle/nanotube deposition layer is enough to provide
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a percolating network.

The thickness of CNT networks has been shown to determine the transport
characteristics, thicker films approaching more metallic type conduction through a
weaker temperature dependence and non-zero conductance in the zero-temperature
limit [46,47]. This behaviour is likely caused by the increasing fraction of low resistance
intertube junctions and metallic current pathways as the thickness is increased. A model
in which metallic regions interrupted by thin barriers through which charge carriers
must tunnel has been successful in describing the conducting behaviour of nanotube
networks [46,48, 49]

Ry + Ry
= bT (1.5)
where R}, is the mean resistance arising from tunnelling through barriers, R, is the mean
resistance arising from metallic conduction and a is the mean number of metallic SWNT's
per unit cross sectional area. The thermally assisted conduction process is derived from
Sheng’s model of fluctuation induced tunnelling (FIT) [50] and takes the following form

for thermally assisted conduction arising from thin barriers in CNT networks [46]

Re T,
— =B L.
a P <T+Ts) (1.6)

where B is a temperature independent constant and kg7 indicates the order of

magnitude of the typical barrier energies and the magnitude of 7T/T}, indicates the

extent of quantum tunnelling resistivity. The metallic conductivity is described by [46]

Ry T

— = Aexp (T) (1.7)
where A is a temperature independent constant and phonons of energy kg1, that have
wave vectors 2kp spanning the Fermi surface are required to backscatter the charge
carriers [51]. The thickness of the nanotube network determines to what extent metallic
nanotubes dominate the transport characteristics of the network. As film thickness
increases there is a greater quantity of good quality percolating metallic paths and
the contribution of the metallic component of Equation 1.5 increases, occasionally a
positive dR/dT occurring in a broad temperature region [47,52] is observed. Thin films
have reported a complete absence of the metallic conduction as described in Equation

1.5 with the conduction described through the entire temperature range by tunnelling

through thin barriers (~ 7 meV) between conductive islands [42]. The electrical barriers
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postulated to interrupt conductive islands in Equation 1.5 could arise from intertube
junctions as a result of differing electrical structure of the tubes as discussed or could
possibly be due to localisation near defects or at tube junctions.

Variable range hopping in which tunnelling between localised states is assisted by
absorption of phonons has been observed in a number of CNT systems [37,46, 52-55],
described by [56]

o - |- ()] 0s)

g

Ty=—F
0 ksg(Er)a’

(1.9)

where v = 1/(d+1) with d indicating the dimensionality of hopping, « is the localisation
length of electronic wavefunction, 3 is a numerical constant and G ~ 7935 [56].

In very thin CNT films where the number of percolating metallic paths is reduced the
localisation of charge carriers dominates conduction. As the temperature tends towards
zero so does the conductance. Localised states are found in the band gap of disordered
semiconductors. Conduction occurs by hopping (phonon assisted tunnelling) between
electronic localised states. As the temperature decreases the number of states within
an accessible energy decreases and the mean hopping range increases. An indication of
the origin of the localised states can be determined from the localisation length o and
the dimensionality d.

Well connected nanotube networks would be expected to have a higher
dimensionality than sparsely connected networks. Experimentally the dimensionality of
nanotube networks has been increased by the removal of amorphous carbon and metallic
impurities by acid treatment [38] and decreased through the reduction of nanotube filler
concentration [55]. The dimensionality of nanotube networks is also dependent on the
charge carrier density, Vavro et al. observed a reduction in the VRH dimensionality of
nanotube networks with reduced p-doping [37], indicating the dependence of network
transport characteristics on tube-tube coupling. The value of Ty is dependent on the
localisation length a and the density of states at the Fermi energy g(Eg). The value
of Ty is inversely dependent on the cube of the localisation length « and is therefore
very sensitive to changes in this length, Tj is also inversely dependent on the density
of states at the Fermi energy g(Er). It has been suggested that as the thickness of

nanotube networks is reduced the overlap of electronic wavefunctions decreases and the
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localisation length is reduced [46]. However, as the fraction of metal/semiconducting
nanotubes is changed the density of states at the Fermi energy is also modulated. Benoit
et al. [55] observed that by scaling g(Er) (the density of states of a thick SWNT network)
with respect to the loading fraction of carbon nanotubes within a polymer matrix then
equivalent localisation lengths (o ~ 8 nm) were obtained indicating that localisation
occurs not through bundle-bundle hopping (as this would be expected to scale with
the loading fraction) but either through on bundle/tube localisation or localisation
occurring at the bundle/tube interconnects. A similar localisation length (o = 17 nm)
was calculated by Yosida et al. [164] through low-field transverse magneto-resistance
measurements and the origin of the localisation by consideration of the length scale
is attributed to hopping between the nanotubes within bundles or between bundles
themselves at the nanotube/bundle junctions. Localisation lengths as high as 700 nm
have been observed by Fuhrer et al. [52] for 3D-VRH, which is similar to theoretical
calculations which find the mean free path of a (5,5) CNT to be 1.6 um at 250 K,
whilst experimental mean free paths of 1.6 um [57] and 0.8 pm [58] have been recorded
at room temperature within single SWNT. The mean free path must be greater than
the localisation length in order to maintain wavefunction coherence. Such a large
localisation length and the fact that the localised states must extend across many tube
crossings in order to provide 3D-VRH implies a well connected nanotube network and
also that bundle junctions are not the source of localisation. Fuhrer et al. postulates
that the wavefunction decays along the nanotube themselves and that the 3D radius of
localisation can be interpreted as a 1D localisation length.

The quality of bundle/nanotube junctions in nanotube networks drastically affect the
transport properties and also of great importance are the quality of nanotubes within
the network. Kaiser et al. [59] observed an increase in the T parameter through the
ion irradiation of thin SWNT networks with a 3D-VRH functional form. Ion irradiation
created defects in the nanotubes however the dimensionality of VRH remained the same.
The increase in T was attributed to a decrease in the localisation length as a result of
increased disorder in the network. As stated previously Ty is proportional to g(Er)~!
and o3 and therefore highly sensitive to changes in the localisation length a.

Conduction in nanotube networks features functional forms which are similar to
conducting polymers [60] indicting that some features of SWNT network conduction are
a feature of fibrillar 1D systems. However, observation of extremely long localisation

lengths [52] indicates that properties of the individual components of the system are
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available to the macroscopic CNT network. Field-effect mobilities about an order of
magnitude larger than that of materials typically used in thin-film transistors have been

reported [18].

1.4.4 Nanotube / metal contact

Metal contacted nanotubes show excellent transport properties approaching the
theoretical limit [14]. Early doped semiconducting SWNT transport experiments
exhibited very low conductances, partially due to an un-optimised metal /semiconductor
interface. A difference in work-function at a metal/semiconductor interface leads to
an exchange of charge and a resulting dipole which produces a Schottky barrier. In
traditional contacts between metals and bulk semiconductors a planar dipole sheet
forms at the interface inducing long range Fermi level pinning. Charge transfer between
a metal contact and end-bonded CNT forms a dipole ring. This has profound effects
on the resultant band-bending at the interface [61]. The electrostatic potential can be
considered constant far from a dipole sheet, far from a dipole ring the potential decays as
the third power of distance. Any potential shift at the metal-carbon nanotube interface
will decay rapidly, therefore the Schottky barrier is only a few nanometres wide and
carriers may efficiently tunnel through the barrier in addition to being thermionically
emitted, Figure 1.6. The tunnel barrier may be thinned electrostatically, increasing the
tunnel current. Scanning gate microscopy has confirmed the increased field dependence
at certain metal/semiconducting SWNT (s-SWNT) interfaces [62].

As a consequence of the reduced spatial extent of induced band bending the
metal workfunction plays a crucial role in charge carrier injection into CNT. Low
work-function metals frequently make non-Ohmic contacts with p-type nanotubes
leading to CNT-FETs whose operation is dominated by gate induced modulation of
the Schottky barrier [63,64]. High work function metals, such as Pd, frequently make
Ohmic contacts to CNT [65], with conductances close to the ballistic transport limit
of 4¢?/h [33]. Scanning probe techniques have been employed to directly measure the
contact resistance of a Cr/Au contacted s-SWNT [65] showing that Schottky barriers

are not formed at the contacts and that the transmissivity approaches theoretical limits.
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Figure 1.6 Schematic band diagrams showing hole injection from a metal
into the valence band of a p-doped SWNT at various gate voltages. Negative
gate voltages induce upward band bending, shifting the Fermi level into the
valence band. The Schottky barrier at the metal /nanotube interface is thinned
increasing the tunnelling probability. Positive gate voltages induce a downward
bending of the valence band and an effectively higher barrier must be overcome
by the holes injected from the left metal contact.

1.4.5 Field Effect Transistors

The first CNT-FETs were fabricated in 1998 [66, 67]. The exceptional electronic
properties of CNT such as ballisticity [33] and high mobilities [1] combined with the
excellent coupling to the gate electrode as a result of the dimensions of the nanotube
make CNTs a very attractive electronic material.

The conductance of a CNT-FET depends on the Fermi level energy in the bulk and
the Fermi level energy at the contacts, Figure 1.6. As mentioned previously, the position
of the Fermi level at the contacts is determined by charge transfer at the interface causing
Fermi level pinning and a resulting Schottky barrier. The position of the Fermi level
in the bulk of the CNT is determined by the gate voltage, V. Positive gate voltages
electrostatically decrease the energy of conduction band states reducing the barrier for
electron transport. Negative gate voltages increase the energy of valence band states
reducing the barrier for hole transport. The efficiency of this process is determined by
the capacitance between the nanotube and gate. This capacitance has two contributions,
CE, the electrostatic capacitance which is determined by the geometry between nanotube
and gate and the properties of the insulating dielectric, and a quantum capacitance Cq
which depends on the density of states in the channel [32]. Conventional Schottky
barrier transistors have a temperature dependance due to thermionic emission over the

barrier. This property is manifest in the inverse sub-threshold slope [68]
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The temperature dependence of S in a conventional MOSFET is S ~ kgT/q,

approximately 60 meV/dec at room temperature. In a CNT Schottky barrier FET,
S was found to be independent of temperature [63, 64] due to tunnelling through
the Schottky barrier. As discussed previously the height of the Schottky barrier is
controllable by the metal work-function. However, Schottky barriers can be thin enough
to allow ambipolar CNT-FET operation [69,70]. The width of the Schottky barrier may
be thinned electrostatically. Double-gated CNT have been demonstrated [71] in which
gates near the contact selectively thinned the Schottky barrier whilst an independent
gate modulated the bulk. In this configuration values of S approaching 60 meV have
been reported [71].

Another measure of CNT-FET performance is the transconductance

I
Jm = Ve

Im = H (g—z) (VL—ZS> (1.12)

where p is the carrier mobility, C'q is the gate capacitance and Lg is the gate length and

(1.11)

Vps is the source drain voltage. The highest reported transconductance in a back gated
nanotube transistor is ~ 30 pA/V, achieved through the use of a a high-k dielectric
material [72].

Until CNT synthesis methods are of sufficient sophistication to grow specific
chiralities of nanotube, eliminating the heterogenous spread of SWNT band-gap, a
promising route for reproducible electronics are aligned arrays [17] and random networks
of CNT [18]. The metallic nanotube content within the network critically determines
the transistor performance [73]. Various techniques to decrease the metallic fraction,
such as growth methods which preferentially produce semiconducting nanotubes [74],
elimination of metallic tubes thermally [75] and chemically [76] hold promise to improve
CNT network FET performance. In 2007 Bae et al. reported SWNT network FET
devices with a current on/off ratio of ~ 10* [77] achieved with novel growth techniques

[74].
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1.5 Nanotube sensors and their sensitivity

A carbon nanotube FET may exhibit an electrical response to a species through the

following mechanisms:

1. change in metal work-function at metal/CNT interface
2. capacitative gating of nanotube

3. charge transfer between nanotube and analyte

The response of a semiconducting SWNT-FET to gaseous species was first reported
by Kong et al. in 2000 [16]. It was found that exposure of a SWNT-FET to NO,
increased the threshold voltage whilst exposure to NH3 decreased the threshold voltage.
The SWNT-FET in its un-adsorbed state behaved as a p-doped semiconductor, the
un-adsorbed threshold voltage could be returned after exposure to a flow of argon for
12 hours. The origin of the chemical gating effect for each molecule was investigated
through first-principles calculations, NOy was found to have a binding affinity with
SWNT with an associated charge transfer. Calculations found no binding affinity for
NHj3, the chemical gating effect was attributed to interactions with SiO, or adsorbed
Oy on the SWNT surface. In later work Kong passivated part of a SWNT [78],
demonstrating the ability to create a rectifying p-n junction through partial doping.
The question of where the dominant sensing response occurs has been investigated with
passivated contacts [79,80]. A chemical gating effect induced by oxidising or reducing
molecules perturbed the SWNT band structure, inducing changes in conductance, whilst
any effect from the contacts was eliminated. In addition Liu et al. [80] showed that bulk
passivated devices exhibited a local change in the band structure at the contacts which
increased or decreased the inverse sub-threshold slope, S, depending on whether contact
transparency was decreased or increased respectively.

The inherent p-type effects displayed by devices in ambient conditions have been
attributed to oxygen doping [15,69]. Differentiation between the observed p-type doping
induced by oxygen exposure of SWNT-FET devices constructed from a single nanotube
and potassium n-type doping [81] has been addressed by Heinze et al. [70]. Heinze
found that oxygen adsorption at the metal/CNT interface increases the work function
and reduced the Schottky barrier for hole transmission, the transparency of the contacts

is improved for hole conduction, therefore no shift in threshold voltage. Charge transfer
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Figure 1.7 The experimentally measured effect of a) oxygen adsorption from
an annealed state (red line) with increasing pressures of oxygen (orange, light
green, dark green and light blue) and ambient conditions (blue); b) potassium
doping on SWNT-FETSs, curves right to left correspond to increasing deposited
amounts of potassium [70].

between nanotube and analyte, such as in the case of potassium doping lead to a
shift in the threshold voltage, Vry. Using the above qualitative theorems to construct
quantitative models Heinze et al. theoretically reproduced the transfer characteristics,
given experimentally in Figure 1.7.

However, there is significant debate as to the precise influence of oxygen on the
electronic properties of CNTs. In addition to the work reported above in which oxygen
is found to modify the Schottky barrier, numerous works reporting p-type doping of
the SWNT bulk by oxygen adsorption are found [15,82,83]. Kang et al. reports
p-doping and associated threshold voltage shifts upon oxygen molecule adsorption on
a long SWNT [83], providing evidence for doping within the frame-work described by
Heinze. There is also strong theoretical evidence for charge transfer induced by O,
physisorption on SWNT [83-86], with a charge of 0.1e transferred from the nanotube
to the Oy molecule suggested [84,86]. Networks and bundles of SWNT have shown
reversible doping effects of oxygen atmospheres through thermoelectric power (TEP)
measurements [15,82], however the TEP has also found to be enhanced by Schottky
barriers [87] by providing an electron-hole asymmetry.

Oxygen physisorbs onto the basal planes of graphite and then migrates to defect sites
where it is possible for O, to dissociate and chemisorb without any energy barrier [88].
Defects on CNT consist of topological defects, defects caused through rehybridisation

and defects caused by incomplete bonding. The presence of defects increase CNT
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resistivity [89] whilst providing tangled and non-uniform morphologies. Nanotube
defects also provide sensitivity to some species, for example pristine SWNT display
no sensitivity to ammonia whilst HNOs-treated nanotubes with a high defect density
are sensitive to ammonia [90]. Defects on SWNT have been shown to provide a route
for chemisorption of oxygen [91-93]. Whilst Chan et al. suggests that singlet Oy may
be chemisorbed at room temperature on a pristine SWNT [92]. The electronic effect of
chemisorbed oxygen is debated. Valentini et al. proposes that chemisorption of oxygen
changes the conductivity of MWNTSs from p-type to n-type through electron donation
by the oxygen molecule [93]. Theoretical studies by Grujicic et al. indicate that oxygen
chemisorption occurs at defect sites with the result that the electrical effect of the
defect is practically annulled [91]. Nanotube defects with chemisorbed oxygen increase
the SWNT workfunction, the C-O bond produces a surface dipole with a significant
transfer of electron density from the carbon to the oxygen [94] which suggests a p-type
doping mechanism [95].

The presence of residual impurities could also play a role in nanotube sensitivity
[31,96]. The presence of residual metal catalyst in SWNT networks could affect the
CNT sensitivity, the activation energy for oxidation is reduced by the presence of
residual metal catalyst [96]. Photoemission studies performed by Goldoni et al. [31] on
SWNT networks confirmed the presence of residual Na, present as a result of dispersion
in surfactant. The photoemission spectra of the Na containing network confirmed
an electronic response to oxygen - the Ols core level spectra was detected. Upon
temperature annealing at 1270 K for 2 hours Na was removed and any response to
oxygen (pressure 10~% mbar) was eliminated. Goldoni attributed the response to oxygen
of the Na containing SWNT network to charge transfer between a Na-O complex and the
nanotube [31]. The temperature at which the Goldoni samples are annealed is close to
the graphitisation temperature of graphite (2070 K [97]) whilst MWNT of diameter 10
nm have been reported to sublime at 2500 K [98], the increased strain present in SWNT
is likely to reduce this temperature. Therefore it is possible that the high temperature
annealing performed by Goldoni et al. removes Na and graphitises the SWNT. The
removal of defects from CNT samples through high temperature annealing at ~ 1500 K
has been reported by reference to HR-TEM images [99] and Raman spectra [100], current
induced graphitisation of nanotubes has also been reported [101]. Goldoni presents clear
evidence for the effect of residual Na on the electronic properties of the nanotubes but

there is no discussion of the defect density present within the sample [31]. Indeed
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theoretical calculations predict no charge transfer for physisorbed oxygen on pristine
SWNT [102]. Ulbricht [103] finds experimentally that O, weakly physisorbs on SWNT.
In addition experimental data presented by Robinson et al. indicates that the degree
of oxidation of the SWNT determine the response to analytes, oxidation occurring on
~ 2% of the SWNT provides ~ 1000% increase in the amount of charge transfer [104].
Similar studies by Valentini [105] indicate that the response of SWNT resistive sensors
to NOs is mediated by the presence of defects - defective tubes providing a greater AG.
The reported p-type behaviour of SWNT is possibly a result of deeply adsorbed minority
oxygen species occurring at defect sites.

A consideration of device operation in the ambient atmosphere must also include the
effect of water vapour. Water is physisorbed on CNT [106] and can form a complete
hydrogen bonded monolayer [107]. Watts et al. observed an increase in resistance of a
p-doped nanotube network upon exposure to humid air [95]. The magnitude of resistance
increase was dependent on the number of chemisorbed oxygen species on the CNT
surface as a result of a reduced effective electronegativity of the bonded oxygen due to
hydrogen bonds [95]. Theoretical calculations demonstrate that water is a weak n-type
dopant on SWNT [106,107], Pati et al. predict 0.03e~ transferred from single HyO to a
CNT [106]. Nanotubes with low heat treatment and confirmed p-type behaviour show
an increase in R at low water vapour concentrations whilst at higher concentrations
R decreases [107]. Zahab et al. attributed the dependence of sign of AR on water
vapour concentration to a compensation effect due to n-type water doping of p-type
semiconducting SWNT network [108]. Maniwa et al. [109] observed the temperature
dependence of SWNT networks change upon exposure to water vapour saturated air at
room temperature from a purely semiconducting dependence (dR/dT > 0) to include a
metallic region (dR/dT" < 0) with a crossover temperature 7% = 200 — 250 K. However,
SWNT networks annealed at high temperature (500 K) show an increased resistance
upon water vapour exposure with no observable reduction in the resistance [110],
although it cannot be ascertained as to whether this is due to an insufficient water
vapour concentration or to the initial state of the SWNT network (previous reports of a
compensating effect were concerning SWNT networks with p-type behaviour or oxygen
exposed and therefore p-doped to some extent).

Hysteresis in SWNT-FET has been attributed to charge trapping caused by the
presence of water vapour [107,111,112]. Detailed studies investigating the effect of

water vapour concentration on the characteristics of SWNT-FET have shown that at
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low humidities the threshold voltage (V tg) moves to more negative voltages as expected
from a charge trapping mechanism. In addition the conductance also decreases with
humidity attributed to compensation of hole charge carriers by electrons donated by
H>0 molecules. As the humidity increases the conductance increases due to an excess
of electrons.

Carbon nanotubes exhibit sensitivity to a wide range of molecules. The sensitivity of
conductiometric SWNT sensors have been increased by coating with a polymer amine,
increasing the number of binding sites and reducing the binding energy with the effect
of producing reversible adsorption and sensitivity at the parts-per-trillion level [113].
Selectivity may be controlled by coating with chemoselective layers [113,114]. The
response of single-strand DNA coated SWNT-FET devices may be tuned to various
analytes through the DNA nucleotide sequence, although the mechanism remains
unclear [115].

Most CNT sensors are irreversible [16,79,116-118]. Reversibility of SWNT gas
sensors may be manually achieved through UV irradiation [118], thermal annealing
[16], application of an electric field [116] or hydrolysis [117]. Occasionally CNT sensors
show reversible characteristics [115,119,120] due to highly graphitised structure and
low levels of impurities. Adsorbate induced perturbations of the dielectric properties of
SWNT have been exploited in a number of sensing geometries [114,121]. Capacitors
detect polarisation of the surface adsorbates. Faster response times are achieved in
chemicapacitors rather than chemiresistors [114]. The sensing response of defective
SWNT networks was analysed in terms of capacitance and conductance. It was observed
that defects increase the response of both capacitance and conductance and that the
conductance of the device saturates whilst the capacitance appears to carry on increasing
as a function of partial pressure of analyte [104]. This was interpreted as charge transfer
occurring at defect sites which also serves as nucleation sites for additional condensation
of the analyte. The finite density of defect sites leads to a saturation in conductance,
whilst the capacitance continues to increase as more condensation occurs and electric
field induced polarisation of the analyte molecules contributes to additional capacitance.

Chemicapacitative SWNT sensors already rival the sensitivity and response time of
commercial products [122] and at low vapour concentrations AG/AC was shown to be

a constant for specific analytes [122] which could be used to identify chemical species.
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1.6 Adsorption

1.6.1 Mechanism

There are two types of adsorption that can occur on a surface, physisorption and
chemisorption. Physisorbed species interact weakly via the van der Waals force with
the adsorbent, the adsorption energy, F.q4, defined as the average binding energy per
mole between adsorbate and surface atoms, is typically small E.,qs = 2 kcal/mole.
Chemisorbed species possess a surface chemical bond with the surface atoms providing
a strong interaction, typically E,qs > 15 kcal/mole.

In 1932 Lennard-Jones [123] described qualitatively the adsorbate/substrate complex
in terms of a one dimensional potential energy surface, V(z), shown for a molecule
and its atomic constituents in Figure 1.8. At large values of z the potential of the
atomic constituents must be above that of the molecule, the difference between the two
potentials is the dissociation energy of the free molecule, Fgs. At low temperature
a molecule arriving at the surface finds an energetic minimum at zpnys and binds in a
physisorbed state due to the van der Waals interaction. Depending on the potential
energy surface the molecule could stay at zpnys or approach a chemisorbed state at zchem
as a molecule or dissociated molecule. Figure 1.8 illustrates three possible adsorption

scenarios:

(a) potential energy curve of molecule and constituents cross at minimum energy for
dissociative chemisorption. Dissociative chemisorption can only be reached from
physisorbed state by provision of activation energy. In absence of activation energy

molecular physisorption occurs.

(b) Potential energy of molecule is lower than that of constituents for all z. Molecular

chemisorption via physisorption occurs.

(c) Dissociated chemisorption state has the lowest energy and can be reached directly,

no activation energy.
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Figure 1.8 The potential energy, U, of an adsorbate/substrate complex
as the adsorbate approaches the surface z = 0 from 2z = oo. Three
equilibrium configurations are shown: a) molecular physisorption; b) molecular
chemisorption; ¢) dissociative chemisorption. Adapted from [123].

1.6.2 Adsorption kinetics

In this section a brief overview of diffusion phenomena and adsorption kinetics for a
non-interacting and interacting monolayer will be given.

The rate of adsorption may be limited by the following factors: 1) the rate of mass
transfer of gas to the adsorbed surface (external diffusion); 2) the rate of mass transfer
within the pores of adsorbent (internal diffusion); 3) the rate of transfer of heat from
adsorbate to adsorbent; 4) the surface migration rate, the rate of activated migration to
energetically favourable site; 5) the rate of the surface process requiring an activation

energy; 6) charge-transfer phenomena.

Surface diffusion

In a normal diffusion process through an isotropic material the diffusion front is Gaussian

in profile. Specifically the change in concentration with time in one dimension is of the

form )
ac a-C
— =D*— 1.13
dt dzx? (1.13)
where C' is concentration, D is the molecular diffusion coefficient, ¢ is time and x is

displacement. Equation 1.13 has a solution

S

2V Dt

C(z,t) = exp (—x?/4Dt) (1.14)
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Cdzx the total amount of substance. The concentration (or intensity
1/2

+ inf
where s = [

gradient) should decay proportional to ¢~ Another important characteristic of
diffusion phenomena is the variance which indicates the width of the distribution. The

variance of Equation 1.14 is defined as

o? = 2Dt (1.15)

where o is the standard deviation of the mass distribution. Therefore if the diffusion
coefficient is constant the variance of the mass distribution grows linearly with time.

Generally the variance of the mass distribution can be written as

o = 2Dt (1.16)

where ~ is an index which describes the diffusive regime, v = 1 describes normal
diffusion, 1 < v < 2 describes super-diffusion, v < 1 describes sub-diffusion and v = 2
describes ballistic diffusion [124,125].

78 BN

X

Figure 1.9 Diffusion in an isotropic media. Applied to our system curve A
can be considered the initial concentration versus x profile of the nanotube
network at t = 1/64. Curve B is at some time later (¢ = 1/8) and shows the
concentration profile has extended over x.

In the case of SWNT network oxygen adsorption, the diffusion of oxygen molecules
through the network can be considered proportional to an increase in surface coverage
of oxygen on the nanotube network, ©, thereby increasing G — Gy through increased
charge-transfer. The variation in conductance, G(t) — G(t = 0), can be considered
to be proportional to the standard deviation of the distribution of oxygen molecules.
Therefore, for normal diffusion of oxygen through the system a log-log plot of G — G|

vs. t would have a linear relationship with a gradient of %
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Kinetics of monolayer coverage

In addition to diffusion phenomena the kinetics of adsorption is dependent on the nature
of interaction of adsorbate with the adsorbing surface. As mentioned previously, Section
1.6.1, this interaction can be strong, as in the case of chemisorption, or weak, as in the
case of physisorption. The mathematical description of these two types of interaction is
derived from two basic isotherms, the differentiating factor being the heat of adsorption
AH,qs = Fas — Eqes with surface coverage. Physisorbed molecules, characterised by
the Langmuir isotherm, are assumed to have a constant AH .45 with fractional surface
coverage ©. The Langmuir isotherm was derived by assuming that the adsorption is
terminated upon completion of a monomolecular adsorbed gas layer, that the surface
is homogenous, and the species are non-interacting i.e. AH .45 remains constant with

surface coverage. The Langmuir isotherm can be expressed as [126]

© A11——[ads
i—e eXp( RT )

where A = NA(2rM RT)™ Y210, N4 is Avogadro’s number, M is the atomic number,

(1.17)

R the universal gas constant, 7y the period of single atom vibration and oq the surface
coverage. In most chemisorption processes AH .4 is considered to decrease with coverage
due to the repulsive interaction between adsorbate molecules when they are in close
proximity to each other. Chemisorption behaviour can be modelled by modifying the
Langmuir equation given above to include a linear variation of AH .45 with ©, expressed

as

AHads = AHadso(G = 0)(1 - CL@) (118)

where AH,qs, is the adsorption energy at zero coverage and a is a proportionality
constant. The Temkin isotherm is one such isotherm which describes a linear variation

of AH,qs with ©, and can be expressed as [126]

RT
AHads(@ == O)
where Ay = Aexp[AHqs(© = 0)/RT].

©

In AP (1.19)
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Figure 1.10 a) Schematic of simple MOS capacitor. b) Energy band diagram of
p-Si MOS capacitor under reverse bias; where (Jg is the induced surface charge,
Q. is the inversion layer charge, Qw is the space-charge, W is the width of
the space-charge layer, Vg is the gate voltage, Vg is the surface charge voltage
and F¢, F;, Er and Evy are the conduction band energy, intrinsic Fermi level
energy and valence band energy, respectively.

1.7 Principles of MOS capacitors

The MOS structure is essentially a capacitor consisting of a semiconductor (e.g. silicon)
onto which an insulator (e.g. SiOj) is grown by thermal oxidation before a metal film
is deposited, Figure 1.10. The semiconductor and the metal film form two plates of a
parallel plate capacitor, separated by the oxide dielectric.

Application of a potential Vg (gate voltage) between the semiconductor and the
metal film creates an electric field in the capacitor structure which extends through the
insulator and into the semiconductor region. The magnitude of this field is proportional
to the induced surface charge (Qs) and is rapidly screened in the metal due to the high
charge density but decreases more gradually in the semiconductor due to the lower free
carrier density:.

Any process that alters either the charge on the gate or its potential will alter the
capacitance of the device, providing a method of detection. To investigate which terms
could be perturbed by gaseous exposure, the gate capacitance, C'g, of a MOS device will
be defined for three operating regimes: forward bias (majority carriers accumulate in

semiconductor surface region), reverse bias (negative charge appears in semiconductor
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Figure 1.11 Circuit diagrams of a) d.c. equivalent circuit model b) small-signal
equivalent model. Where C, is the oxide capacitance, Vg is the built in
voltage in the semiconductor, C'g is the d.c. capacitance of the semiconductor,
Crr is the d.c. capacitance of charge stored in interface traps, C,, and C,

are the differential capacitance of holes/electrons in semiconductor, Cj; is the
differential capacitance of charge stored in interface traps.

surface region, majority carriers depleted, Figure 1.10 b)) and strong reverse bias (high
negative charge is induced in semiconductor surface region, carriers inverted), Figure

1.12. The gate voltage, Vg, can be defined for all regimes as [127]:

(1.20)

where Vg is the flat-band voltage, Vs is the surface potential, eg is the dielectric constant
of silicon, FEg is the electric field in silicon and C, is the oxide capacitance.

Under forward bias the MOS device has a large concentration of majority carriers in
the silicon below the gate. The gate capacitance, C'q, can be considered to originate from
a parallel plate capacitor with an oxide layer as the dielectric, a constant capacitance is

thus obtained:

COCS
(CO + Os)

where Cg is the capacitance of the semiconductor comprised of the capacitance due to

Cg = (1.21)

electrons, €, and the capacitance due to holes, C,, Figure 1.11.

Under reverse bias, energy-band schematic given in Figure 1.10 b), the gated Si
surface of the MOS device is depleted of majority carriers. The gate capacitance can be
simply determined by assuming that all carriers are depleted in the space-charge layer
under the gated oxide. Specific values of the depletion width x4, V5 and Eg are obtained

for the depletion condition:
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Ty = <2€8V5> (1.22)

qNaa
N 2
Ve = L1480 2/::% (1.23)
oV 2N Vi \ /2
B = =8 :( qIVaA s) (1.24)
Tq €g

where Naa is the concentration of ionised p-type acceptor dopant impurities.

Incorporating Equations 1.22 - 1.24 into Equation 1.20 gives:

26sqN anV's)'/?
Vo=V +Vs+ (2654 é,A s) (1.25)
the dependence of Vg on V¢ can be found by rearranging eq. 1.25 to give:
Vs =[(Va—Vis) + Vaal/? = Var'/? (1.26)

where Vapa = esqNaa/2C,2. C, = 0 due to the depletion condition, Cy = 0 as Qj; = 0
and C}, # 0 as the hole concentration, P(z), rises to Naa at the edge of the depletion
layer, = x4. Therefore, C}, is given by the parallel-plate capacitance of the depletion

layer €5/xq. The capacitance of the semiconductor can therefore be written as :

N,
CS :Cn—i—CpZCpZCdZES/xd: (ESgVSAA) (127)
— C, [Vaa (Ve — Vi )+LA} (1.28)

The semiconductor capacitance is in series with the oxide capacitance, giving the gate

capacitance as:

C,Csq C,
Ca(Vea) = = 1.29
G( G) (CO+CS) 1+ |:VGVTVFBi| ( )
AA

therefore perturbation of Vgg at a fixed V¢ would give rise to a detectable shift of Cq.
Perturbation of Vg is discussed later in this Section.

Under increasing reverse bias carrier concentrations in the gated silicon surface are
inverted. The presence of minority carriers provides a frequency dependence, requiring
a high frequency (HF) and low frequency (LF) description of Cg. In the high frequency

case the signal frequency exceeds that required for efficient generation-recombination
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trapping, resulting in no change in the charge caused by minority carriers, AQ, = 0,
and therefore C,, = 0. As the applied d.c. bias voltage is increased AQ, is positive
whilst AQ), ~ 0 therefore Azgq >~ 0 and as before Cs = C,, + C, ~ C, ~ Cq = es/xg =
(esqNaa2Vs). Under inversion the threshold condition applies, Vg = 2V where Vi is

the Fermi potential. The semiconductor capacitance is now:

1/2
esqN aa
Cq=[ =—2F— 1.30
= (o) (130)

which is dependent on temperature but independent of exposure to gases or vapours.
The low frequency behaviour of Cg in increasing inversion is that of an increasing
Cs(Vg), rising to Cg &~ C,. This is due to the increasing minority carrier density and
also the high rate of generation and recombination of minority carriers in response to
the low signal frequency. The depletion approximation is no longer valid as d@Qx # 0,
C, # 0. Retaining the carrier concentration in the space charge layer leads to the

following definition of the surface concentration of electrons, Ng:

Ng = Npexp[qVs/kT] = Naaexplg(Vs — 2Vy)/kT)| (1.31)
C.*(Vg — Vig)®

o~ 1.32

2eskT (1.32)

where Np is the concentration of electrons in the bulk semiconductor. The electric field

in the semiconductor can be written as:

2kTN 12
Eg ~ (TAAeXp[q(Vs - 2VF)/1<:T]) (1.33)
>~ CO(VG - VFB)/ES (134)
which gives the following C|:
Cw=|q(Ns — Np)/Es |~| ¢Ns/Es |= [¢(Ve — Vip) /2KT]C, (1.35)

which can be perturbed by gaseous vapour through modification of Vg as shown below.
As (), increases the capacitance C'g will approach C, as Cq = C,C,/(C, + Ch).
The flat-band term can be expanded to give

Vigs = bt — (Qrr g Qor)

where ¢\ is the difference in work function between metal and semiconductor, Qrr

(1.36)

is the total areal charge density residing in traps located at the oxide/semiconductor
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Figure 1.12 MOS capacitance voltage curve of a p-Si device at high small signal
frequency, fac = 100 kHz. The mathematical derivative dC'/dV g has a minima
peak at Vgg. The behaviour can be explained by starting at the left-hand side,
V << 0, holes are accumulated. As the negative voltage decreases a depletion
layer forms acting as a dielectric in series with the gate oxide. As the voltage

becomes very positive negative charges are attracted to the semiconductor
surface, the carriers are inverted.

interface and Qor is the oxide-trapped charge. The flat-band voltage is easily detectable
through the minima of dC'/dV ¢ [128,129], Figure 1.12.
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Figure 1.13 Schematic diagram of a MOSFET hydrogen sensor.

1.8 Micro-sensing methodologies

Gas micro-sensors are miniature transducers that detect gas molecules and produce an
electrical signal the magnitude of which varies in proportion to the concentration of the
gas. Carbon nanotube based sensors have been discussed in Section 1.5. A description

of the most common non-nanotube gas micro-sensors follows.

Metal-Oxide-Semiconductor (MOS) sensors

Metal-Oxide-Semiconductor  (MOS) sensors fall into two main categories
- metal-oxide-semiconductor ~ field  effect  transistors  (MOSFET)  and
metal-oxide-semiconductor capacitors.

As stated previously the flat-band voltage of a MOS-capacitor, Figure 1.13, is given
by

(Qrr gOQOT) ((1.36))

the term ¢yg can be altered through the presence of gaseous species and the formation

VFB = ¢MS -

of a dipole layer, the modified metal-semiconductor workfunction is then

Pms = dus, + AV (1.37)

where ¢yg, is the unmodified metal semiconductor work-function difference and AV is
the potential produced by the formation of a dipole layer. Perturbation of ¢yg through
adsorbed species at the insulator/gate interface was first observed by Lundstrém in
1975 [130], in which a MOSFET with palladium gate was used to sense hydrogen. The



1.8. MICRO-SENSING METHODOLOGIES 56

critical component being the catalytic action of the palladium electrode in decomposing
molecular hydrogen to atomic hydrogen, thus facilitating diffusion through the metal
gate and the formation of a dipole layer. Since then the response of MOS capacitors
with many different types of gate metal and analyte gas have been investigated.

As in MOS-capacitor sensors the sensing signal in MOSFET sensors is caused by a
perturbation of gate voltage due to a rise in surface potential caused by the adsorbed
dipole layer. In MOSFET sensors this causes a shift in the I —V characteristics, shifting
the threshold voltage. The shift in threshold voltage can be defined

Vi =V — AV (1.38)

where Vg is the initial threshold voltage and AV is the potential produced by the
formation of the dipole layer.

In addition to hydrogen, sensitivity has to ammonia and hydrocarbons has been
reported for the gate metals Pd, Pt and Ir [131]. This type of sensor exhibits good
selectivity, showing cross-sensitivity to only a few other compounds. A limitation of
MOS sensors is caused by baseline drift due to the movement of sodium ions within the
silicon oxide under the influence of an electric field. This effect can be reduced by using
SigN, or SiNy as the gate insulator. Another limitation of MOS based sensors is that

the response can be diminished after storage in air for a long time.

Semiconducting metal-oxide sensors

The chemical interaction of gas molecules with semiconducting metal oxide surfaces
leads to changes in electrical conductivity. The sensing material is deposited as a
polycrystalline film on a substrate with interdigitated electrodes for heating.

The conductivity of metal-oxides arises from either oxygen vacancies acting as
electron donors (n-type) or excess oxygen atoms acting as electron acceptors (p-type).
SnO, (n-type) is the most frequently used semiconducting material for gas sensing.
Chemisorbed oxygen creates extrinsic surface acceptor states that immobilise conduction
band electrons from the near-surface region of an n-type semiconductor. Under ambient
conditions the near surface region is depleted of electrons providing a lower conductance
than regions without chemisorbed oxygen, Figure 1.14. As long as neighbouring grains
are in electrical contact then the same applies for the overall conductance of the

entire material. For p-type semiconductors the chemisorption of oxygen leads to an
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Figure 1.14 Simple schematic representing the origin of sensing signal of n-type
semiconducting metal-oxide. LHS: Chemisorption of oxygen from gas phase
leads to immobilisation of conduction electrons in the near surface-region. RHS:
Reducing gases abstract surface bound oxygen, thereby releasing electrons back
into the crystal.

accumulation surface layer and higher conductance. Foreign gas molecules with either
reducing or oxidising properties will affect the density of charge carriers in the near
surface region of each grain. The conductance varies in proportion to the concentration
of adsorbed gas giving a very simple circuit design with fast response time. The situation
is made more complex by the role of humidity or partial deactivation of the sensor surface
by irreversible adsorption of gas molecules. The life time of metal-oxide sensors is very
good and the fabrication cost of the sensors low.

Selectivity of semiconducting metal-oxide sensors is a problem since sensitivity is
displayed to a wide range of oxidising and reducing gases. Doping with metallic
clusters may enhance certain chemical reactions. A degree of selectivity can also be
achieved by consideration of the size dependence of gas molecule on diffusion through
the metal-oxide.

Generally the temperature-dependence of sensitivity is marked by a maximum at a
few hundred degrees above room temperature due to the kinetics of both the reaction of
analyte gas with surface adsorbed oxygen and the replacement of the latter from the gas
phase. Semiconductor metal-oxide sensors therefore consume a large amount of power.

Furthermore these sensors suffer from poisoning and require re-calibration regularly.

Conducting polymer based sensors

Electrochemically deposited conducting polymer sensors change their conductance in
the presence of gases and vapours. The first use of electrochemically deposited polymer
films for conductance based gas sensing occurred in 1983 where an irreversible response

to ammonia was demonstrated [132]. Later work demonstrated a reversible conductance
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response to organic vapours at room temperature [133].

Typically conducting polymers used in gas sensing applications require conjugation of
a monomer such as pyrrole, aniline and thiophene. The change in conductance may arise
from any process which changes the carrier mobility or density. Possible mechanisms
for changes in conductance are sorption based polymer chain swelling which perturbs
inter-chain transport, disruption of conjugation which thus affecting mobility or doping
effects which affect both mobility and carrier density.

Many different polymers are available and are therefore sensitive to a broad range of
gases and have a room temperature (low power) operation. By varying the counter-ion
present in polymer sensors the the sensitivity and diversity of response may be influenced
[134].

The main limitation of conductive polymer based sensors is the small magnitude of

sensing response which is significantly affected by humidity and temperature.

Electrochemical sensors

An electrochemical sensing cell consists of an electrolyte sandwiched between a sensing
electrode and a counter electrode, forming a complete circuit through the electrolyte.

Electrochemical sensors can be classified into two categories: potentiometric sensors
and amperometric sensors. Amperometric electrochemical sensors produce a signal when
the analyte gas diffuses through a porous membrane to the sensing electrode where it is
oxidised or reduced. When the anode and cathode are in electrical contact electrolytic
ionic conduction occurs and a current flows. Potentiometric sensors consist of two half
cells where one half only involves the sensing species of interest. If the reference half cell
contains a known mixture of the analyte gas information then the concentration may
be deduced.

Advantages include room temperature operation with little power consumption.
However, the electrolyte concentration may vary and the sensitivity of potentiometric

sensors is poor [135].

Surface acoustic wave (SAW) sensors

Surface acoustic wave sensors are highly sensitive to surface perturbations. Surface
acoustic waves are generated by piezoelectric substrates. As the acoustic wave

propagates through or on the surface of the material, any changes to the characteristics
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of the propagation path affect the frequency and amplitude of the wave. The electric field
necessary to displace the piezoelectric substrate is provided by an input interdigitated
transducer. The acoustic wave is converted into an electrical signal by an output
interdigitated transducer.

An advantage of SAW sensors is that they are compatible with microelectronic
fabrication. However, they are limited by baseline noise and instability at elevated

temperatures [136].

Thermal conductivity sensors

Thermal conductivity sensors compare the thermal conductivity between a sample gas
and a stationary or flowing reference gas. The thermal conductivity is obtained by
measuring the temperature of heated elements in both the sample and reference cell. The
measurement is non-specific so the each application must be calibrated with reference to
a known concentration of appropriate reference gas. The response time is slow and the
transduction is non-specific. However the sensor is effective over a broad concentration

range.

Fiber optic sensors

Fibre optic sensors consist of optical fibres coated with a sensitive layer. The adsorption
of analyte changes the optical properties of the sensitive layer. Possible properties
which may be perturbed by adsorption are optical phase as used in interferometric
sensors, scattering of light, refractive index changes, optical adsorption and fluorescence
quenching. Selectivity is introduced through the sensitive material. For example a
ruthenium complex has been successfully used for detecting the fluorescence of oxygen
in a LED based fibre-optic sensor [137].

Fiber optic sensors are unaffected by electric and magnetic interference. In addition
fibre optic sensors do not consume any analyte or are easily poisoned. Disadvantages of

fibre optic sensors include interference with ambient light.

1.8.1 Comparison with nanotube sensors

The properties of the microelectronic sensors considered in this Section and nanotube
sensors considered in Section 1.5 are summarised in Table 1.3. Carbon nanotube based

sensors possess many of the advantages of traditional micro-electronic sensors in addition
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to properties due to the unique structure of carbon nanotubes. The conducting channel
is close to the analyte as all atoms are surface atoms in a single wall carbon nanotube.
This provides excellent electrostatic coupling between the analyte and nanotube. The
conduction channels of a typical FET are located under the surface which add to
background noise. Having one conduction channel therefore increases the sensitivity.
The small size of carbon nanotubes leads to high spatial resolutions and provides the
option for having many sensors on one device.

Currently sensors constructed from individual nanotubes are limited by expensive
fabrication costs due to the small device size and the high material costs due to the
inability to grow a defined electronic type of nanotube. Many existing sensors have low
cost and are suitable for their desired application despite the disadvantages. Once the
production costs of SWNT are lowered then carbon nanotubes will rival these sensors
also.

The implementation of carbon nanotubes as the gate material in a MOS sensor would
provide additional information about the analyte through the shift in the flat-band
voltage. The sensor would also be able to be operated as a FET based sensor and
resistive sensor in the same geometry. The response of a sensor to oxygen is important

as most sensors are intended to be operated in air.
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Sensor Measurement Advantages Disadvantages
MOS Flat-band High selectivity and sensitivity, Base-line drift. Response
capacitor voltage / easily integrated with silicon diminished in air. Limited
/ MOSFET  threshold technology. range of analytes.
voltage
Metal-oxide Conductance Fast response time and simple Poor selectivity. Poor
circuit design. Low cost. efficiency due to large
power consumption. Easily
poisoned.
Conducting Conductance Low power operation. Tunable Small sensing signal. Signal
polymer sensitivity. greatly affected by humidity

and temperature.

Electro-chemicaPotentiometric

Room temperature operation.

Poor sensitivity. Electrolyte

or Low power consumption. concentration may vary.
amperometric
SAW Acoustic Compatible with microelectronic Large degree of baseline
fabrication. noise. Instability at elevated
temperatures.
Thermal Calorimetric Sensitive to broad concentration Slow response time. No
conducting range. selectivity.
Fibre optic Optical Unaffected by electrical and Interference with ambient
magnetic interference. light.
Nanotube Conductance High sensitivity due to band High processing costs.
resistor structure of semiconducting Device fabrication limited by
CNT and large surface area. uncontrollable production of
One conduction channel. Fast metallic or semiconducting
response time. Selectivity can SWNT. Without coating
be given through nanotube reversibility is limited.
coatings. Low power. Very
small size.
Nanotube Threshold As nanotube resistor.  As nanotube resistor.
FET voltage Controllable doping through

gate modulation of Fermi level.

Table 1.3 Summary of micro-electronic sensor properties.



Chapter 2

Experimental Techniques

2.1 Sample preparation and characterisation

2.1.1 Solution preparation

SWNTs produced via the high-pressure carbon monoxide (HiPco) method were
purchased from Carbon Nanotechnologies Incorporated. Raman and UV-vis
spectrographic analysis provided information on the quality and approximate diameter
distribution of SWNTSs, Section 2.1.3.

To overcome the strong van der Waal interaction between nanotubes an anionic
surfactant was used to prepare an aqueous SWN'T dispersion. The dispersion of SWNT's
in SDS/water solution has been studied by other groups [138], giving an initial parameter
space for our study. SWNTs obtained from Carbon Nanotechnologies Inc. were used
without further modification. An aqueous solution containing 0.44 wt% SWNT with 1
wt% SDS (Sigma-Aldrich, Product No. L6026) was prepared. The SWNT/SDS solution
was subject to mild probe sonication of power 100 W and frequency 20 kHz for 1 hour 30
mins. Centrifugation at 3000 U/min for 2 hours separated higher density contaminants
from dispersed SWNTs, the SWNT supernatant was extracted. The solution was then
diluted by a factor of 100 before deposition.

2.1.2 Deposition

Networks of SWNTSs were airbrushed (Everythingairbrush!, Model AB-135A) onto the

device substrate through an o-ring sealed mechanical compression mask of aperture 4

Thttp://www.everythingairbrush.com/
62
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Figure 2.1 a) Experimental set-up for sensing experiments. A - filtered
compressed air outlet. B - airbrush. C - SWNT-SDS solution. D - compression
mask. b) Schematic diagram of bottom contacted SWNT network. c) Schematic
diagram of top contacted SWNT network.

mm x4 mm, setup shown in Figure 2.1 a). Substrates either had metallic contacts
deposited prior to network deposition, giving a bottom-contacted SWNT network,
Figure 2.1 b), or post network deposition resulting in top-contacted SWNT network,
Figure 2.1 ¢). The airbrush was pressurised with filtered compressed air and held
approximately 5 cm above the substrate. Single sweep brush strokes were applied,
following each brush stroke the samples were allowed to dry (determined through a
decrease in intensity of reflected light from solution droplets). Post deposition all
samples were soaked in de-ionised water for 20 minutes to remove excess SDS. The
topography of a sample obtained with an atomic-force microscope (AFM) mid-way
through deposition exhibits smallest topographic height ~ 2 nm with majority of
structures > 2 nm indicative of SWNT bundles, Figure 2.2.

2.1.3 Sample characterisation
Raman spectroscopy

As a result of the strong coupling between electrons and phonons in the 1D CNT system
Raman scattering provides information on the vibrational modes of SWNTs and the
electronic band structure. The 1D nature and associated band structure of SWNTs
provide a resonant behaviour to the characteristic Raman scattering when incident
photons drive optical transitions between van Hove singularities, as first reported by

Rao et al. [139]. The energy spacing between van Hove singularity pairs, between which
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Figure 2.2 Non-contact mode, tilt adjusted, AFM image of non-percolating
network airbrushed onto quartz substrate. Smallest feature size ~ 2 nm, with
majority of structures > 2 nm indicative of SWNT bundles.

the optical transition occurs, scales inversely with the nanotube diameter. A Raman
signal is predominantly observed from a proportion of the (n,m) nanotubes within a
sample which are in resonance with the excitation energy.

The high degree of symmetry in carbon nanotubes leads to only a few Raman active
modes. As a consequence the variation of Raman signal intensity with the Raman shift

frequency v displays three significant regions:

1. In the frequency range 100 cm™* < v < 350 ecm ™! a Raman signal is provided by
the radial breathing mode (RBM). The RBM mode is defined by the radial in-phase
motion of carbon atoms. The RBM frequency vgpy is inversely dependent on the

diameter of the carbon nanotube and is weakly dependent on the chirality [140].

2. At v ~ 1350 ecm ™! a Raman signal termed the D-band can be observed. D-band
features in carbon nanotubes are observed as a result of a reduction in symmetry

of the carbon lattice due to the presence of defects or impurities [141].

3. In the frequency range 1550 cm™! < v < 1650 cm™! the G-band Raman signal
is commonly found. The origin of the G-band is related to the tangential C-C
stretching modes of graphite. Semiconducting nanotubes produce a two-peak
G-band structure (G and G~) with a Lorentzian line shape [142]. The presence
of electronic states at the Fermi level in metallic CNTs causes the G-band peak
to be broadened to a Breit-Wigner-Fano (BWF) line shape [143]. The vibrational

modes in the G-band are insensitive to changes in the nanotube diameter [139].
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Figure 2.3 The vHs energy separation in the density of states of SWNT [145].
Calculated using the tight binding approach with the parameters carbon-carbon

interaction energy vy = 2.9 eV and carbon-carbon bond length ac_¢ = 0.144
nm.

The interpretation of Raman signals is aided by the organisation of electronic
transitions within nanotubes of different chiralities as a function of their diameter.
This has been achieved theoretically using the tight-binding approximation by Kataura
et al. [142] where electronic transitions Ej are predicted based upon the chirality
vector. A diagram showing the position of (n,m) indices on Ej vs. d; axes is known
as the Kataura plot and is commonly used for determining (n,m) indices from the
experimentally determined RBM (vrpy o 1/d;), Figure 2.3. However, it has been
shown that an experimentally derived organisation of electronic transitions as a function
of diameter [144] deviate from the theoretically deduced Kataura plot at small CNT
diameters. This is predominately a result of the actual nanotube structure being more
complicated than that which the tight-binding approximation considers, for example
trigonal warping effects [9] contribute increasingly to the electronic band structure as

the diameter decreases, are not considered by the tight-binding approximation.

Instrumentation

Resonance Raman spectra were recorded on two systems:
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Figure 2.4 Raman spectra for HiPco SWNTs using various excitation
wavelengths.

1. Renishaw Raman System Model 3000. He/Ne laser with emission wavelength
Aexe = 632.8 nm (1.96 eV). The laser spot has a diameter of 1 um at the sample,

2

with a power density ~ 10° W/cm?. Operates in the back scattering geometry

and detects anti-Stokes Raman shifts in the range —30 cm™! < v < —800 cm™*

and Stokes Raman shifts in the range 400 cm™! < v < 3000 cm ™.

2. Nicolet 910 FTIR spectroscopy. Laser emission wavelengths of Aexe = 532 nm
(2.33 V) and Aexe = 785 nm (1.58 €V). Detects Stokes Raman shifts in the range
0 < v <3000 cm™1.

Raman spectra were recorded in ambient conditions. Thanks to Zahra Alemipour

for some additional Raman data.

Quality of graphitisation

The Raman spectra of the SWNT HiPco sample for Aeye = 532 nm, Aeye = 632.5 nm
and Aeye = 785 nm in the spectral range 650 cm™! < v < 3000 cm™! is given in Figure
2.4.

The quality of a nanotube sample can be evaluated by analysis of the peak intensity

ratio of the G-band to the D-band. The G/D ratio was calculated at each of the
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Aexc(nm) Ip  v[Ip](em™) Ig wlig](em™') Ig/Ip Ig/Ip

532 0.112 1337 1 1596 8.9 9.7
632.5  0.079 1308 1 (G1)1588 12.7
785  0.135 1287 1 1576 7.4

Table 2.1 Relative intensities (Ip and Ig) and Raman shift wavenumbers
(v[Ip] and v[Ig]) of the D-band and G-band maxima of HiPco SWNTs at
various excitation wavelengths (Aexc).

SWNT production method G/D Purification method Gpure/Dpure

Methane CVD [146] 3.5 Hydrofluoric acid oxidation 13.5
Arc-discharge, relative purity of 60% ~ 8 - -

was determined through near-infrared

spectroscopy [147]

Oxygen assisted CVD [148] 16 - -
Arc-discharge, initial purity of 60% 13 Thermal oxidation and hydrochloric 35
estimated by transmission and acid treatment

scanning electron microscopies [149]

Table 2.2 Comparison of SWNT production methods and associated peak
intensity ratio of G-band to D-band.

excitation wavelengths and the average taken, Table 2.1. This characteristic value of the
quality of HiPco SWNTs presented in this thesis can be compared with values reported
in the literature, Table 2.2. The value of G/D ratio observed for the SWNTs used
within this thesis correspond well to the values of G/D ratio reported for SWNTs with
a relative 60% purity. Values from the literature reported in Table 2.2 suggest that an
improvement of sample quality could be obtained with an oxidative treatment thereby
decreasing the carbonaceous impurity content. The graphitisation of CNT samples
could be improved through high temperature annealing (7" ~ 1500 K) which has been
reported to increase graphitisation by reference to HR-TEM images [99] and Raman
spectra [100], current induced graphitisation of CNT [101] could also increase sample

quality.

RBM analysis

The RBM Raman signals at the excitation wavelengths Aeye = 532 nm, Aexe = 632.5
nm and Ao = 785 nm are given in Figure 2.5. The vHs energy separations Ej; for a
given (n,m) SWNT as a function of diameter is given in Figure 2.3. The vHs energy

separation was calculated using the tight binding approximation with the carbon-carbon
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Figure 2.5 Raman spectra for HiPco SWNTs using various excitation

wavelengths.
v(em~1)

(n,m) d(nm) Type 0 Exp. 248/di Eexc(eV) Eii(eV) AE (meV)

(8,6) 1.0 Semi 25.2 261.3 255.7 1.58 1.66 0.08

(9,7) 1.1 Semi 25.9 226.5 224.8 1.58 1.47 -0.11

(13,10) 1.6 Metal 25.7 159.1 156.4 1.58 1.53 -0.05

(9,6) 1.0 Metal 234 236 238.9 2.33 2.22 -0.11

(15,3) 1.3 Metal 89 193.3 187.0 1.96 1.98 0.02

(10,7) 1.2 Metal 24.2 216 211.1 1.96 2.01 0.05

(8,3) 0.8 Semi  15.3  335.2 317.2 1.96 2.13 0.17

Table 2.3 Assigned (n,m) and comparison of experimentally observed and
predicted Raman shifts and excitation energies. Theoretical values calculated
with 79 = 2.9 eV [145].

interaction energy 79 = 2.9 €V and carbon-carbon bond length ac_c = 0.144 nm [145].
The dependence of the RBM frequency on the SWNT diameter for isolated SWNT on
SiO, substrate has been shown to follow the relationship [24]

VRBM — 248/dt (21)

SWNTs are considered to have Ej within a resonant window Ee. + 0.1 eV [24]. The
(n,m) indices and CNT diameter determined by correlation of the Kataura plot with
the experimentally found vrgy and incident laser energy Fey. for the the HiPco sample
used in this thesis are given in Table 2.3.

The diameter distribution of HiPco tubes given in Table 2.3 is broad 0.8 nm <
dy < 1.6 nm as has been previously reported [150]. In the small sample space of 7

measurements 4/7 SWNT were metallic the remainder were semiconducting SWNT
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0.76 eV < E;; < 1.08 eV.

UV-vis spectroscopy

Purely resistive top contacted devices were deposited on microscope glass slides,
enabling SWNT network thickness to be determined through UV-visible transmittance
spectrophotometry, in Chapter 3 UV-vis measurements were performed with a Hitachi
U-3000 spectrophotometer, in Chapter 4 and 5 UV-vis measurements were performed
with a Perkin Elmer Lambda 950 spectrophotometer. Non-transparent silicon based
devices, or bottom contacted glass substrate devices, were airbrushed in tandem
with a microscope glass slide facilitating UV-visible transmittance spectrophotometry.
Absorption features corresponding to chirality dependent interband transitions arising
from van Hove singularities are apparent in typical UV-visible spectra as shown in Figure
2.6. The appearance of broad features are demonstrative of quenching associated with
nanotube bundles, with the induced inhomogeneity introducing a red shift of absorption
peaks [151]. Semiconducting SWNTs produced via the HiPco method are expected
to have the E;; transition in the wavelength range 800 nm to 1600 nm, whilst the
Ess transition is expected in the range 550 nm to 900 nm. Metallic SWNTs are
expected to have a van Hove transition in the range 400 nm to 600 nm [28]. The
two-terminal resistance of the nanotube/metal contact was measured and correlated
with the absorbance of the network at A = 500 nm.

Beer’s law states that the absorbance, A, of a material is directly proportional to
the path-length of light through the material, [, the extinction coefficient, €, and the

material density, d

A=edl (2.2)

Previous studies by Zhao et al. [152] and Bahr et al. [153], have confirmed the validity
of Beer’s law for SWN'T solutions, providing SWNT extinction coefficients in the range
2.86 x 10 cm?g ™! [153] < €500 nm < 3.5 % 10 cm?g~! [152] at A = 500 nm. The variation
of € in the above studies can be attributed to the fraction of individual SWNT versus
SWNT bundles present in the measurement sample as a result of differing filtration
methods and differing organic solvent used to form the dispersions (dimethylformamide
was chosen by Zhao et al., 1,2-dichlorobenzene was chosen by Bahr et al.). Nanotube

bundles may scatter incident light and thus be the cause of interference in absorption
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Figure 2.6 UV-visible absorption spectra of SWNT network on microscope
glass substrate, AX = 10 nm. Absorption regions related to metallic or
semiconducting nanotube band structure are present and can be ascribed to
transitions from valence to conduction band van Hove singularities, labelled as
V,, — Cp, where n is an index of the van Hove singularities position increasing
from E = 0. Peak broadening and red shifting of peaks is expected due to
bundle quenching and substrate interactions.
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measurements [154]. The UV-vis absorption spectrum of bundled SWNT has been
shown to be red-shifted and broadened [155], the origin of the spectral red-shift possibly
resulting from a decrease in the band-gap of SWNT tubes as a consequence of bundle
formation [151].

The determination of SWNT network thickness through SWNT absorbance
measurements and Beer’s law has also been investigated by Bekyarova et al. [42]
and confirmed through AFM measurements. The density of deposited nanotubes was
obtained by Bekyarova et al. through a density gradient method, in which SWNTs
are immersed in liquids of various densities, yielding a SWNT density in the range
1.57 g-em™3 < d < 1.59 g - cm™3 [42]. The values of € and d reported in the literature
will be employed in calculating the upper and lower limits of SWNT network thickness

through Beer’s law.

Determination of error in calculated SWNT network thickness

The error in the absorbance measurements performed in this thesis are detailed in Table

2.4 and comprise error in the baseline flatness and photometric accuracy.

Chapter  UV-vis instrument AA (A)

3 Hitachi U-3000 0.002
4 &5 Perkin Elmer Lmbda 950 0.001

Table 2.4 Accuracy of absorbance measurements.

The error in determining the SWNT network thickness is found by propagating the
errors in the absorbance, extinction coefficient and material density through a rearranged
Equation 2.2, [ = A/(ed). The variation in the values of € and d obtained from the
literature give the error in [ = 11%, the final error in the thickness of SWNT networks

given in this thesis include the relative error in the absorbance.

Summary of characterisation

HiPco SWNT presented in this thesis have a G/ D ratio of I¢/Ip = 9.7 calculated from
the average G/D ratio at Aexe = 532 nm, Age = 632.5 nm and Aeye = 785 nm. The
G/ D ratio of HiPco SWNTs used within this thesis correspond well to values of G/D
ratio reported for SWNT's with a relative 60% purity, Table 2.2.
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SWNT network

Al (100nm)  ~—Ohmic contact

Figure 2.7 LHS: SWNT-MOS device structure of top contacted simple
electrode p-doped (boron) silicon with 20 nm SiOy and 30 nm SizNy, with
100 nm Al Ohmic contact. SWNT network deposited through mechanical
compression mask to localise nanotube area. RHS: The same device structure
operated as a SWNT-FET, channel length Le = 2.5 mm, channel width W = 4
mm.

The diameter distribution of the HiPco tubes given in Table 2.3 is broad 0.8 nm <
dy < 1.6 nm as has been previously reported [150]. In the small sample space of 7
measurements 4/7 SWNT were metallic and the remainder were semiconducting SWNT
with Ej; energies in the range 0.76 eV < F; < 1.08 eV.

UV-vis spectra of SWNT networks presented in this thesis demonstrate absorption
maxima corresponding to the electronic configuration of the nanotube. The thickness
of SWNT networks are calculated from the absorbance intensity at A = 500 nm and

Beer’s Law. The thickness of the SWN'T networks are given in the relevant Chapters.

2.1.4 Device fabrication
Device substrate

Non-field effect SWNT networks have a microscope glass slide substrate. The device
structure of the field-effect capacitor device is shown schematically in Figure 2.7.
Field-effect capacitor device substrates comprise a bulk p-type silicon, one face of which
has 100 nm aluminium layer, the other face consists of a 20 nm native oxide with a
further 30 nm SizN,. Boron-doped silicon wafers were supplied by Si-Mat 2, the surface
resistivity is in the range 20 Q- cm < p < 30 Q-cm, which corresponds, by use of Irvin’s

plot [156], to No ~ 1 x 10%cm™3. Both faces of as supplied wafers had 20nm SiO,

Zhttp://www.si-mat.com/
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a) b)

150 um]

Figure 2.8 Two SWNT network samples mounted in DIL header,
demonstrating two types of electrode configuration employed within this
thesis. The electrodes consist of a) thermally evaporated Au/Cr interdigitated
electrodes on microscope glass slide substrate, b) thermally evaporated Au/Cr
strip electrodes on doped Si substrate.

thermally grown layer followed by a CVD grown 30nm SizN, layer. On one face of the
silicon the SiO, and SizNy layer was removed by hydrofluoric acid (HF) treatment, see
Appendix A item 2 for details. A 100 nm thick aluminium layer was deposited onto the
exposed silicon face of the wafer by thermal evaporation. To improve the Ohmic contact
of the Si-Al interface the wafer was then annealed at 623 K for 5 minutes in laboratory
atmospheric conditions.

Both of the substrate types (glass slide substrate and doped silicon based) are cleaned
through sequential sonication for 5 minutes in acetone and methanol before network

deposition/ metal evaporation.

Nanotube network contact deposition

Metal electrodes of Cr (20 nm) and Au (80 nm) were thermally deposited pre/post
network-deposition, depending on device configuration. The electrode geometry was

defined with a shadow mask and consisted of either:

1. an interdigitated Cr/Au array of 8 sets of fingers with finger width 150 pm and
inter-finger separation of 150 pm, Figure 2.8 a). The interdigitated evaporation

mask was supplied by Photofabrication Limited3.

or

3http:/ /www.photofab.co.uk/
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2. two strips of Cr/Au, length 1 cm and width 250 pm, Figure 2.8 b). The strip
electrode mask was fabricated through the chemical etching of a molybdenum

sheet, see Appendix A.

the thickness of deposited metal was determined by a quartz crystal oscillator. SWNT
network devices were mounted on a commercially available 14-pin DIL header (Farnell,
product code: 176-761), Figure 2.8. Electrical contact between the sample and DIL
header was provided through gold wire (25 pum diameter) adhered with conductive
colloidal silver paint. All samples in as-produced state are air exposed and therefore

p-doped to some extent by atmospheric oxygen [15,157].

2.2 Transport characteristics of nanotube networks

Thin and thick networks were deposited on microscope glass slides and the UV-visible
transmission spectra recorded. Temperature dependent conductance measurements were
performed using a continuous-flow He cryostat (Oxford Instruments) in two-contact
mode. [ — V characteristics were recorded using a Keithley 4200-Semiconductor
Characterisation Unit (SCU) data acquisition system in the temperature range 4 K <
T < 300 K.

Carbon nanotubes exhibit strong optical absorption ~ 270 nm due to m-electron
plasmon excitation [142]. Adsorbates were removed from the nanotube / nanotube-metal
interface through exposure to UV radiation [118] while situated in the cryostat in partial
vacuum (~ 20 mbar) and helium atmosphere for approximately 14 hours, inducing a
decrease in the sample conductance. UV-exposure desorbs physisorbed and chemisorbed
species through the dissipation of energy from photoexcited plasmons which break the
molecule-nanotube interaction [118]. The UV source consisted of a fluorescent lamp
of intensity 1600 uW/cm? with a wavelength vs. intensity central peak at ~ 360 nm
and a full-width-half-maximum of 40 nm, Figure 2.9. The temperature dependence
of conductance was then measured after UV-desorption, thus providing temperature

dependence data for a SWNT network in an absorbed and desorbed state.

2.2.1 Determination of errors

Possible sources of error are temperature 7', current / and voltage V. The temperature

was recorded to an accuracy of £0.01 K.
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Figure 2.9 Spectra of UV lamp source for in situ desorption within cryostat.
There is a sharp peak at 365 nm indicating a mercury emission, the wide lobes
are thus obtained from a phosphor coating.

Electrical measurements were performed with a Keithley 4200 Semiconductor
Characterisation Unit (SCU), the accuracy provided by the Keithley 4200-SCU in

sourcing voltage and measuring current vary depending on the range of voltage or current
required, Table 2.5.

The zero-bias differential conductance, G = dI/dV/, is calculated through
1 I — I I —I;_
d_ _ 1/2 i+1 i + i i—1
Vi =V Vi=Viy

The error in each variable was treated as originating from the same source (dependent

Variable Range Resolution  Accuracy

I (measure) 0 < I <100 nA 100 fA 0.05 % + 30 pA

I (measure) 100nA <I<1pA 1pA 0.05 % + 100 pA
I (measure) 1< 1<10 pA 10 pA 0.05 % + 600 pA
I (measure) 10 < I <100 pA 100 pA 0.033 % + 3 nA

I (measure) 100 uA < I <1mA 1nA 0.035 % + 30 nA
I (measure) 1mA <J7<10mA 10nA 0.037 % + 300 nA
V' (source) 0 <V <200 mV 5 uV 0.02 % + 150 pV

Table 2.5 The accuracy of the Keithley 4200-SCU. The accuracy of
sourceing/measuring current/voltage is dependent on the measurement range,
the relative accuracy decreases with measurement range.
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error) and propagated through the calculation of G.

<d]> L — I (Ali+1 + AL N AVig + AV1>

av) Vg -Vi\ Ija—1 Vi — Vi
Ii — Ii—l AII + AIi_l AVI + AVi_l
2.3
V=V < -1,  Vi—vi, ) (2:3)

The calculated ranges of error in the zero-bias differential conductance, G, for each

device are given in Tables 2.6, 2.7 and 2.8.

Temperature Current Error in G (%)

4K<T<20K 0 <I<100nA 0.44 < AG% < 3.86
3I0K<T <80 K 100 nA <I<1pA 039<AG%<0.48
WKLST<300K 1<I<10upA 0.39 < AG% < 0.47

Table 2.6 Thin UV-desorbed SWNT network error in zero-bias differential
conductance, G, with respect to the appropriate current range accuracy.

Temperature Current Error in G (%)
T=4K 0 < I <100 nA AG = 0.46%
5K<T<I11K 100 nA < I <1 pA 041 < AG% < 0.56
20K<T <80 K 1<I<10pA 0.38 < AG% < 0.46

100K <T<300K 10<T<100pA 0.37 < AG% < 0.41

Table 2.7 Thin Os-adsorbed SWNT network error in zero-bias differential
conductance, GG, with respect to the appropriate current range accuracy.

Temperature Current Error in G (%)

4K<T<300K 1mA<I<I10mA 0.43<AG%<0.8

Table 2.8 Thick Oj-adsorbed SWNT network error in zero-bias differential
conductance, GG, with respect to the appropriate current range accuracy.

Due to the large variation of error in G in the current range 0 < I < 100 nA
any measurements taken in this range will use the specific error at that temperature.
Measurements taken in all other current ranges will use the upper value for the error
within that range. Appendix B gives error calculations for the thin SWNT network in

UV-desorbed state as an example.
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A bias dependent conductance G(V') was calculated from I — V' data. The largest
error in G(V') occurred at the smallest variable range, see Table 2.5. The error was
found to be

AV AT
—=~0.2 — =~0.2
v 0.2% 7 0.2%

The above values were then used to calculate the error in G

I AG Al AV
= — —x — 4+ — ~04
G= =~ 0+ S~ 04%

This relative error was then used to calculate the error in G at all other V.

2.3 Sensing experiments

2.3.1 Experimental

The experimental setup utilised for gas sensitivity experiments is given in Figure 2.10.
The sample under test was mounted in a vacuum-tight sample box equipped with 12 mW
UV LED, with a typical wavelength Ayypical = 400 nm (RS Components, product code:
454-4396) situated 2 cm above sample and with an intensity of 0.03 mW /cm?. The
sample chamber is connected to an oil-free turbomolecular vacuum pump (Leybold,
model: Dry-M-Basic) via two valves. One valve had an attachment for a bladder to
facilitate back filling of gases into the sample chamber, providing exposure of the device
to the analyte gas at atmospheric pressure. The second valve was used to isolate the
turbomolecular vacuum pump. Gases described in this thesis were obtained from BOC

and are of the following purity, methane 99.998%, nitrogen 99.998%, oxygen 99.5%.

2.3.2 Sensing via conductance

The conductance of the samples was monitored by periodically sampling (At = 1 s) the
current whilst applying a fixed bias of < 10 mV, using the Keithley 4200-SCU data
acquisition system. Samples were initially placed under vacuum of ~ 1 x 107% mbar
(achieved via a fore-pump pressure of ~ 1 x 107® mbar) and exposed to UV LED
illumination, as detailed in Section 2.3.1, for 12 hours whilst measuring the conductance
with time as described. This serves to desorb surface and inter-bundle adsorbates

(surface dopants) from the nanotubes, evidenced in a conductance decrease. Once
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Figure 2.10 Experimental set-up for sensing experiments. A - Autolab
Potentiostat PGSTAT12. B - Keithley 4200-SCU data acquisition system. C
- power supply. D - PC. E - gas in valve and isolate pump valve. F - test gas
bladder. G - Leybold Dry-M-Basic oil free pump. H - sample chamber.
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the SWNT networks conductance is stable exposure to various analytes may be
accomplished at 1 atmosphere pressure. Following exposure to analytes from a desorbed
state, the samples can then be re-exposed to analytes from an adsorbed state. This is
achieved via cycling vacuum (~ 1 x 107° mbar achieved by turbomolecular pump* via
a dual diaphragm fore-pump pressure of ~ 1 x 1073 mbar) and analyte exposure whilst

recording [ vs. t as described.

Determination of errors

Electrical measurements were performed with a Keithley 4200-SCU, the accuracy
provided by the Keithley 4200-SCU in sourcing voltage and measuring current vary
depending on the range of voltage or current required. The errors in V' and I were
treated as originating from the same source (dependent error) and propagated through
the calculation of G. The current range, voltage range and associated accuracy for each
of the networks in Chapter 4 are given in Table 2.9 with the average error in GG. The
error in G of thick-mat and thin-mat could be reduced by increasing the applied bias to
10 mV.

Network I range I accuracy V range V' accuracy Avg. AG %
thin-id 0 < I <100 nA 0.05 % + 30 pA 0<V <200mV 0.02% + 150 uV 1.5

thick-id 100 pA<IT<1mA 0035%+30nA 0<V<200mV 0.02% + 150 uV 1.5

thin-mat 0 < I <100 nA 0.05% + 30 pA 0<V <200mV  0.02% + 150 pV 7 (des.) 3.7 (ads.)

thick-mat 100 pA < I <1mA 0.035% +30nA 0<V <200 mV 0.02% + 150 uV 15

Table 2.9 The average error for UV-desorption and Os-adsorption experiments
in Chapter 4. The error is the same in desorption and adsorption unless stated.
The thick-mat SWNT network has an applied bias of 1 mV, resulting in large
error in G, all other networks have an applied bias of 10 mV.

2.3.3 Sensing via field effect

The capacitance variation of the SWNT-MOS device with applied voltage
(d.c. and small-signal voltage, see Section 1.7 for detail) were investigated in
both the UV-desorbed and oxygen-adsorbed state, following UV-desorption and
oxygen-adsorption as detailed in Section 2.3.2.

SWNT-MOS capacitance-voltage measurements were obtained in the range —4 V <

Ve <2V, with a small-signal voltage V', = Vi sin(27 fact), where fac is the frequency

4This is less than the the pressure quoted for desorption under UV due to shortened vacuum time.
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Figure 2.11 Schematic diagram showing the data acquisition set-up during
C-V experiments. The steps described in Section 2.3.1 are employed for housing
the sample and controlling sample pressure.

of small-signal voltage change, V) = 0.01 V and 10 Hz < fac <1 MHz. The d.c. and
a.c. signals will be controlled and the impedance change acquired through an Autolab®
Potentiostat Model: PGSTAT12 with FRA module.

The Autolab potentiostat with FRA expansion module (henceforth refereed to as
the potentiostat) was controlled through the I/O bus on a Windows 2000 PC, recorded
data was saved to the PC hard disk. A schematic showing the data acquisition system
with detail of the internal operation of the potentiostat is given in Figure 2.11. The
potentiostat was set-up for a two-terminal C-V measurement by attaching reference
electrode 1 (RE1) to the working electrode (WE) which was then attached to the gate
terminal of the MOS capacitor, Figure 2.11. The second reference electrode (RE2)
was attached to the counter electrode (CE) which were then connected to the Ohmic
contact of the MOS capacitor. The potentiostat consisted of a digital signal generator
(DSG), a signal conditioning unit (SigCU), and a fast analog-to-digital converter with
two channels (ADC). The DSG consisted of a large digital memory, which is loaded with
the digital representation of the applied signal and a fast settling 16-bit digital-to-analog

converter. A multiplying digital-to-analog converter controlled the signal amplitude.

® Autolab manufactured by Eco Chemie, http://www.ecochemie.nl
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The time-dependent potential and current signals from the potentiostat were filtered
and amplified by the SigCU and digitised by means of the ADC. The acquired signals
were stored in the digital memory on the ADC board. The analysis of the time-domain
measurements were performed by means of the fast fourier transform (FFT) method.
Both the potential signal e(t) and current signal i(t) were transformed to E(f), I(f)
and their complex conjugated E°(f) and I°(f). The cell impedance, Z, is calculated

from the equation:

E(f)E°(f)
I(H)I°(f)

The capacitance of the device was then calculated by the control software running
on the Windows PC.

The gate contact of SWNT-MOS capacitors may be utilised as the source and
drain electrodes for a SWNT-FET as shown in Figure 2.7. The FET measurements

Z = (2.4)

were performed and recorded on a Keithley 4200-SCU. Measurements comprised either
a source-drain voltage scan at fixed gate bias recording the source drain current or
gate-voltage scan at fixed source drain voltage recording the source-drain current.
Measurements were performed in the UV-desorbed and oxygen adsorbed states as

described previously.

Determination of errors

The conductance of the devices wunder test in Chapter 5 upon
UV-desorption/Oy-adsorption were performed with the Keithley 4200-SCU. The
transient response of the devices presented in Chapter 5 were measured with an applied
bias of V' = 10 mV. The accuracy provided by the Keithley 4200-SCU in sourcing
voltage in the range 0 < V < 200 mV is stated as 0.02 % + 100 pV. The accuracy
provided by the Keithley 4200-SCU in measuring current in the range 0 < I < 100 nA
is stated as 0.05 % + 30 pA. The average error in the conductance of the thick SWNT
networks with an applied bias of V' = 10 mV was found to be AGiniac = 1.1% for all
devices presented in Chapter 5.

Capacitance-voltage measurements were performed with the Autolab PGSTAT12
with FRA module. The error in sourcing voltage is AV = 0.2%. The error in the
capacitance measurements critically depends on the ratio between measured values

of voltage and current and the output of the potentiostat, known as the resolution.
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Depending on the impedance of the device under test the potentiostat adjusts the
internal signal amplification to maximise the resolution. The impedance of the
SWNT-MOS devices in the frequency range 10 Hz < fac < 1 MHz vary from 10 €
to 10 MS2, through discussion with Autolab technicians a suitable value of the error
in capacitance was agreed to be 1%. The mathematical derivative, dC'/dV, of the
capacitance voltage scans are calculated in order to extract the flat-band voltage, as
described in Chapter 1.7. Treating the error in C' and V' as dependent and propagating
the errors through the calculation of dC'/dV results in errors > 90%. The mathematical
derivative of C-V measurements is therefore unsuitable for obtaining information about
the absolute values of dC'/dV, Chapter 5 will only consider the voltages at which minima
in the dC'/dV vs. V (i.e. the flat-band voltage) occur.

SWNT-FET electrical measurements were performed with a Keithley 4200-SCU, the
accuracy provided by the Keithley 4200-SCU in sourcing voltage and measuring current
vary depending on the range of voltage or current required. The errors in V' and [
were treated as originating from the same source (dependent error) and propagated
through the calculation of G. The current range, voltage range and associated accuracy
for each of the networks in Chapter 4 are given in Table 2.10. The calculation of
transconductance ¢g,, = dIp/dVq increased the relative error especially in the low
current regions. The error in g, was calculated through Equation 2.3. The average error
in g, through —4 V < Vg <4V was 40% whilst at -1 V where the transconductance

was compared between devices the error was ~ 20%.

Network Isp range I accuracy Ve & Vsp range Ve & Vsp accuracy

UlA & U2A 100nA<I<1pA 0.05% + 100 pA 0<V <200 mV 0.02 % + 150 pV
UlA & U2A  100nA<I<1pxA 0.05% 4+ 100pA 200mV <V <2V 0.02% + 300 pV
UlA & U2A 100nA<I<1pA 005%+ 100pA 2V<V <20V 0.02% + 1.5 mV

Table 2.10 The error in Isp, V¢ and Vgp for devices UTA and U2A during
FET measurements.



Chapter 3
Network Transport Characteristics

Networks of single-wall carbon nanotubes (SWNT) form a unique porous material
comprising 1D objects.  The system is inhomogeneous due to the mixture of
semiconducting and metallic nanotubes within the network and the variance in
inter-tube coupling. Localised electron states play an important role in electron
conduction in disordered networks, however the extent to which localisation effects
dominate has been shown to depend on the thickness of the SWNT network, thicker
films approaching increased metallic behaviour, through a heterogenous model [46]. In
this study the temperature dependence of conduction for thin and thick SWNT networks
with top-contacted interdigitated electrodes is presented. Temperature dependent [ —V
characteristics were recorded using a Keithley 4200-SCU data acquisition system in
the temperature range 4 K < T < 300 K. The thin SWNT network was exposed
to UV radiation whilst situated in the cryostat in partial vacuum (~ 20 mbar)
and helium atmosphere for approximately 14 hours, resulting in a decrease in the
sample conductance. The UV source consisted of a broad range fluorescent lamp
of full-width-half maximum wavelength range 340 nm < A < 380 nm and intensity
1600 W /cm?. The temperature dependence of conductance was then measured after
UV-desorption, thus providing temperature dependence data for a SWNT network in

an adsorbed and desorbed state.

3.1 Device characteristics

SWNTs produced via the high-pressure carbon monoxide (HiPco) method were

processed into solution and deposited on glass slides as described in detail in Section 2.1.

33
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Network ~ Abs. (A)(A =500 nm) Thickness (nm) R ()

thin-id 0.048 £ 0.002 1000 + 200 5150 £ 8
thick-id 0.061 + 0.002 1300 =+ 200 11.60 £ 0.02

Table 3.1 Two-terminal resistance and absorption at 500 nm of thin and
thick SWNT networks deposited onto microscope glass slides from SDS-SWNT
solution through air-brush technique and subsequent rinsing in DI water.

Two percolating SWNT networks of controlled thickness were produced by air-brushing
SWNT-SDS solution onto microscope glass slides. Samples were then rinsed in deionised
water to remove residual SDS. The thickness of the formed nanotube network is
characterised through optical absorption in the UV-visible range, recorded on a Hitachi
U-3000 spectrophotometer as detailed in Section 2.1.2. The networks absorption at 500
nm and corresponding thickness calculated through Beer’s law (see Section 2.1.3 for
detail) and two-terminal resistance are given in Table 3.1 and Figure 3.1.

A Cr/Au interdigitated array was directly evaporated onto each network through an
interdigitated shadow mask. The resulting structure has an interdigitated separation of
~ 150 um. Contact was made to the interdigitated samples in a two-probe configuration
with gold wire and colloidal silver paint. The networks are labelled as thin-id and thick-id
corresponding to the thin and thick SWNT networks with interdigitated electrodes
respectively. All samples in as produced state were air exposed and therefore p-doped

to some extent by atmospheric oxygen [15,157].

3.2 Conductance versus temperature

dc electrical conductance was measured in the temperature range 4 K < 7" < 300 K
for both thin-id and thick-id SWNT samples in a fully adsorbed laboratory-air-exposed
state, confirmed through stability of I vs. V. The thin-id SWNT network was exposed
to UV illumination in partial He atmosphere for 14 hours, as detailed previously in
Section 2.2. The temperature dependence of conductance was then measured after
UV-desorption.

Both the thin-id and thick-id SWNT networks exhibited increasing nonlinear I — V
characteristics as the temperature was decreased, Figure 3.2. For all SWNT networks the
zero-bias differential conductance, GG, was found to increase with increasing temperature,

Figure 3.3. Positive dG/dT behaviour is indicative of a semiconductor-type conduction
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Beer’s law derived SWNT network thickness, as described in Chapter 2.1.3.
Highlighted data points correspond to thin-id (low absorbance) and thick-id
(high absorbance) SWNT networks referred to in this Chapter.
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Figure 3.3 Zero-bias differential conductance vs. temperature for thin-id and
thick-id SWNT networks, error bars obscured by data points. Error weighted
fitting of UV-desorbed (—) and laboratory-air exposed (—) thin-id sample to
Equation 3.2 is given. Error weighted fitting of laboratory-air exposed (—)
thick-id sample to Equation 3.4 is given. Exposure of the thin-id sample to
laboratory-air increases the room temperature conductance by 640% relative to

the UV-desorbed state.

mechanism. The thin-id network in both the UV-desorbed and laboratory-air exposed
state have zero conduction in the zero-temperature limit indicating a thermally activated
conduction mechanism. The thick-id network has a comparatively reduced dG/dT trend
and finite conductance in the zero-temperature limit, possibly indicating more metallic
character as reported by Skakalova et al. [46]. The critical thickness for percolation to
occur in a SWNT network was calculated by Bekyarova et al. to be t. = 3 nm [42].
Below the critical thickness Bekyarova et al. reported that SEM images detailed the
formation of clusters of interconnected nanotubes that remain isolated from each other
and therefore do not form a conducting channel, whilst above the percolation threshold
a dense network of interconnected conducting channels is formed. The thickness of
thin-id and thick-id networks exceeds t. by more than a factor of 300 indicating that
the networks are highly interconnected.

Considering the UV-desorbed state as the reference state, exposure to laboratory-air

increases the room temperature conductance of the thin-id network by 640%. Close
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Figure 3.4 Conductance (G) vs 1/T"* for thick-id network and thin-id SWNT
network in UV-desorbed and lab.-air-exposed state. Solid line indicates a linear
fit of the data.

to room temperature all three samples follow a 3D variable-range hopping (3D-VRH)

conduction model, Figure 3.4 :

1/4
G = Goexp |— (%) (3.1)
_ g
1= g .

where g(Er) is the density of states at the Fermi level, « is the localisation length (related
to the spatial extent of the electron wave function), 3 is a numerical constant and Gy ~
7935 [56]. The thin-id network in both the laboratory-air-exposed and UV-desorbed
state follow a 3D-VRH functional form throughout the entire temperature range 4 K <
T < 300 K, Figure 3.3. Fitting parameters to Equation 3.2 are given in Table 3.2.
The thick-id network has a linear dependence of G on T~'/* in the temperature range
60 K < T < 300 K, Figure 3.4, consistent with a 3D-VRH functional form. The variation
of conductance with temperature for the thick-id network can be described throughout
the entire temperature range 4 K < 7' < 300 K by a model that includes a metallic

component in series with that of the disorder induced 3D-VRH component
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Network  Treatment Model Go (S) To (K) Metallic parameters

thick-id lab.-air-exp. Eq. 3.3 0.091 £ 0.003 700 +£100 A =0.0544£0.0008 Tm =0.14+0.04
thick-id lab.-air-exp. Eq. 3.4 0.1183 £ 0.0004 7.3+0.2 B=27+0.2 C=4940.1
thin-id UV-des. Eq. 3.2 0.0031 +£ 0.0001 90000 £ 600 - -

thin-id lab.-air-exp. Eq. 3.2 0.0104 4+ 0.0006 43000 =+ 2000 - -

Table 3.2 Fitting results for thin-id network to Equation 3.2 and thick-id
network to Equation 3.3 throughout the entire temperature range 4 K < T' <
300 K, Figure 3.3. Error values correspond to the standard errors of parameters
obtained from a error weighted fit to the data.

Origin Tm kBTm (meV)
this thesis 0.14+0.04 0.0121 + 0.003
Skakalova et al. [46] 1830 160
Shiraishi and Ata [48] 420 36

Table 3.3 Comparison of experimentally found zone boundary-phonon
energies.

T\ VA
G = Gyexp |— (TO)

where A is a temperature independent constant and 7', a characteristic temperature.

+ Aexp (TT—‘“) (3.3)

The exponential metallic component arises from scattering in quasi-1D materials where a
phonon of energy kg1, and wave vector 2k is required to back-scatter the charge carrier
[51]. As the temperature is reduced the probability of obtaining a high energy phonon
required to back-scatter the charge carrier decreases exponentially. This form of metallic
scattering has been noted in 1D conductive polymers [158] and SWNT networks [46,48].
The fitting parameters of the thick-id network to Equation 3.3 are given in Table 3.2.
The metallic component in the thick-id network has a phonon energy k7', = 0.0121 &
0.003 meV which is many orders of magnitude less than the expected theoretical energy
for zone-boundary phonons 124 — 186 eV [159] and less than the thermal energy kT
Comparison between the thick-id zone-boundary phonon and those reported for SWNT
networks in the literature is given in Table 3.3. The extremely low back-scattering
phonon energy given by the fit indicates that the metallic resistivity is not limited by
zone-boundary phonon back-scattering.

The temperature dependence of the thick-id network may be described by inclusion
of an isotropic low energy acoustic phonon scattering which varies the conductance as

G ~ 1/T where the modes responsible for back-scattering are thermally populated to
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low temperatures [160]. Resulting in the following expression

T, 1/4
()

where B and C' are temperature independent constants. The fitting parameters of the

1

tBreT

G = Goexp (3.4)

thick-id network to Equation 3.4 are given in Table 3.2 and the trend is given in Figure
3.3. Carrier scattering from defects or impurities has been shown experimentally to
reduce the mean free path in SWNT [58] which could provide an explanation for the
absence of high-energy zone-boundary back-scattering.

Series models of conduction for thick SWNT networks commonly consist of
fluctuation-induced tunnelling (FIT) of charge carriers through barriers separating
metallic regions described by either a quasi-1D zone-boundary phonon scattering
component or linear metallic component, as described in Section 1.4.3. The temperature
dependence of conductance of the thick-id network did not follow the FIT + metallic
functional form indicating that the conduction is limited by barriers between conducting
regions which are too thick for fluctuation induced tunnelling to occur. The observation
of a VRH functional form in the temperature dependence of conductance indicates
that in the barrier regions electron states are localised, requiring thermal activation to
propagate.

The form of VRH in both the thin-id and thick-id network is three dimensional.
Physically this means that the number of available states for hopping ny is related
to the distance r from the localised state via ny o< 7° indicating a well connected
network (if states were localised on a single nanotube then n, o 7). 3D-VRH has
been observed in many SWNT network systems in the literature [37,38,46,55]. Control
of the dimensionality has been achieved through doping of the networks [37], strongly
doped networks exhibiting higher dimensional behaviour presumably indicating a doping
mediated control of the connectivity. The dimensionality has also been demonstrated
to be affected by sample structure [38], harsh acid treatments providing a breaking up
of bundles which add to the number of fibrillar components and increase the network
connectivity, thereby altering the dimensionality from 2D to 3D; a concomitant increase
in Ty was observed from 500 K to 5000 K indicating a decrease in the product g(Er)-o?
as a result of increased disorder and/or increased charge carrier localisation.

Comparison between the fitting parameters for thin-id and thick-id in the

laboratory-air exposed state reveal Tp(thin) ~ 60 x Ty(thick) and Go(thick) ~ 9 x
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Go(thin).

Physically Gy describes the geometry of the samples, increasing both with
cross-sectional area (and therefore the number of contributing conducting filamentary
branches in the network) and in the case of a series combination of metallic and localised
conduction (Equation 3.3) Gy also varies with the fraction of total length described by
VRH or metallic conduction. The observation of larger GGy in thick-id is expected.

The parameter Tj is inversely proportional to the density of states at the Fermi level,
g(Er), and is extremely sensitive to the localisation length, o, as Ty oc g(Er) ta™'/3.
In a thick nanotube network, such as thick-id, all-metallic pathways are expected to
dominate the conduction due to high connectivity and therefore large degree of freedom
for the current pathway. The density of states at the Fermi level would be expected to be
greater in a network with an increased proportion of metallic pathways, giving a smaller
Ty. Depending on the location of carrier localisation a decreased network thickness may
reduce the degree of wavefunction overlap. Kaiser et al. [161] attributed an increase in
Ty as network thickness decreased to a reduced localisation length by consideration of
the increased sensitivity of Ty to a. However, Benoit et al. [55] observed an increase in
Ty when the density of nanotubes in a polymer matrix is varied which was attributed
to a reduction in the localised carrier density by reference to a compressed SWNT mat.
By fractionally varying ¢g(EF) in proportion to the nanotube filling fraction a constant
a was obtained [55] suggesting that localisation occurs at regions unaffected by the
nanotube density, i.e. localisation occurs in the transverse direction within bundles or
bundle interfaces. Without sufficient studies on how the nanoscale morphology varies
with network thickness it is not certain whether the increased T in thin-id network is
a result of a reduction in g(E) or g(Ey) and a.

The exposure of UV-desorbed SWNT network thin-id to laboratory-air increases G|
by 235% and decreases Ty by 52%. The increase of G after laboratory-air exposure of
thin-id is due to an increased connectivity of the network as a result of the oxygen doping
of semiconducting SWNT [15,157], shifting the Fermi energy into a transport band of a
percentage of SWNT and increasing g(Er). The increase in g(Er) causes a decrease in
Ty upon laboratory-air exposure of thin-id as Ty oc g(Fr)~!. Similar effects have been
observed by Skakalova et al. [36] who observed an increased conductance and increased
far-IR absorbance as charge carrier density in nanotube networks was increased by
donor doping. The shifting of g(Ef) through adsorption of dopants thereby increasing

the number of contributing fibrillar conduction paths may also change the localisation
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length through geometrical means. As discussed above Benoit [55] determined that the
localisation length of SWNT networks of various densities was constant. Investigation of
the variation of o with network geometry is required. Oxygen adsorption may increase
the localisation length. Increasing the disorder of SWNT through ion-irradiation has
been shown to increase the localisation of the electronic wavefunctions [162]. The mean
free path of charge carriers in SWNT has been shown to be reduced by increased disorder
[58]. Dangling bonds at defect sites can be satisfied through oxygen adsorption [88],
this may decrease the electronic ‘disorder’ of the nanotube and therefore reduce the
localisation of wavefunctions, increasing «, thereby decreasing Ty. The possibility exists
that the above mechanism occurs through oxygen adsorption on nanotubes through
laboratory-air exposure. The presence of Na impurity as a result of SDS exposure may
provide a path for oxygen adsorption and associated charge transfer [31], it is therefore
desirable that the transport characteristics be investigated for SWNT networks with
varying degrees of residual Na. Fe catalyst impurities within the SWNT network may
also perturb the inherent electronic properties of SWNT, it has been noted that the
presence of residual catalyst particles decreases the activation energy for oxidation [96].

The effect of water vapour contained within laboratory-air must also be considered
in the response of thin-id and thick-id networks. As discussed in Section 1.5, water
molecules on CNT act as a charge trap [107,111] and n-type dopant [106-109].
Theoretical calculations predict 0.03e~ transferred from single HoO molecule to a CNT
[106], reducing the conductance of p-type SWNT devices under low humidity [107,108].
Compensation of p-type SWNT devices by electrons donated from HoO molecules has
been observed to increase the conductance under very humid conditions [107-109]
(humidity > 65% [107]), changing the temperature dependence from semiconducting
to metallic [109]. However, under laboratory conditions humidity << 65%, water
molecules are expected to provide weak electron donation, slightly compensating the
p-type doping effect of oxygen adsorption. Watts et al. suggests that water-vapour may
reduce the conductance of SWNT by affecting the charge-transfer caused by chemisorbed
oxygen [95], as discussed in Section 1.5 and Chapter 4.

Due to differences in production, purification and processing a large degree of
heterogeneity exists between the reported electrical characteristics of SWNT networks,
as discussed in Section 1.4.3. SWNT networks whose temperature dependence is
described by VRH exhibit a range of dimensionality and values of T, a sample of

the reported results in the literature is given in Table 3.4. The localisation length o
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Author et al. Sample description d To (K) « (nm) Notes
Shiraishi [48] HiPco SWNT purity = 1D 34 10000  Calculated wusing 1D-VRH
95%. Avg. sample formula Ty = 8e?/(kpra)
thickness 150 nm. with Cgo relative dielectric
const. K.
Vavro [37] Purified HiPco SWNT, 1D 60 350 o« calculated wusing VRH
H2SO4 doped. formula, Eqn. 1.9, d = 1 and
g(Er) = 2.187 eV~ lnm~1 [9].
Kymakis [149] Carbolex SWNT, purity = 3D 15 - Purification of SWNT by
60%. Sample thickness 200 hydrothermal method [163]
nm. increased purity to 90% and
To =12 K.
Fuhrer [52] SWNT produced by arc 3D 250 700 « calculated from R(kT,0) =
discharge,  purified in R/2(0,3/8¢Ea) where E is
HNO3. Sample size 3 mm electric field and a the Bohr
x 1 mm x 0.05 mm. radius of an electronic state.
Benoit [55] Pressed pellet formed 3D - 8 No value given for g(Ew) or Tp
from arc discharge SWNT, from which « is calculated.

typical purity between
70% and 90%.

Liu [38] Arc  discharge SWNT 3D 5000 - As prepared sample described
purified by nitric acid bath by 2D-VRH with Ty ~ 525 K.
for 2 hours.

Yosida [164] Arc  discharge SWNT, 3D 10600 - Ty value recorded above 20 K
purity 60% < T < 300 K.

Table 3.4 Sample of reported values of T extracted from the temperature
dependence of SWNT networks as available in the literature.

may be calculated from 7T requiring calculation or estimation of g(Ew). Theoretical
calculations predict that metallic SWNT have a density of states at the Fermi level of
g(Er)m. = 2.187 eV 'nm~! [9]. Ideally the localisation length would be calculated from
an average density of states of the SWNT network. An estimation of an average g(Er)
is obtainable from the literature. Fuhrer et al. observes 3D-VRH with T, = 250 K for
a SWNT network of thickness 50 pm [52]; temperature and electric field dependence of
R determine the Bohr radius of localised states a = 700 nm through the relation
R, 3

R(ks,0) = 50, qEa) (3.5)

Approximating the localised Bohr radius as calculated by Fuhrer et al. [52] to the
localisation length provides (Equation 3.2) a density of states at the Fermi level of
G(Er)ner. = 2.2x107% eV 'nm™" for the ensemble of air exposed SWNT. As expected

9(EF)net. < g(Er)wm. due to a small fraction of total network contributing to the
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Network Treatment T=4K T=10K
G(0,T) (nS) l/d G(0,T)(nS) l/d
thin-id  lab.-air-exp. 580 £ 20 (3%) 6.440.2x10~* (3%) 3710 + 10 (0.3%) 6.04 4 0.05x10~* (0.8%)
thin-id UV-des. 15.2£0.5 (3%) 7.0+ 0.2x10~4 (3%) 169.4+0.6 (0.4%) 6.59 £ 0.05x 10~4 (0.8 %)

Table 3.5 Extracted parameters relating non-Ohmic VRH conductance,
Equation 3.6, and Figure 3.5.

conductance. Under the assumption that the effective thickness of thick-id (1.3 um)
is comparable to the measured thickness of the network presented by Fuhrer et al.
[52] (50 pm) the localisation length of electronic states in thick-id may be calculated
using g(Er)net., Qnick—id = 2.3 pm. Calculating a for thick-id with g(EFf )y, provides
Qtnick—ia = 23 nm. Localisation lengths calculated from the density of states at the
Fermi energy for a single metallic SWNT and the density of states at the Fermi energy
for the network ensemble provide minimum and maximum estimates respectively. The
localisation length presented by Fuhrer et al. a = 700 nm [52] was noted to be less
than 1.6 pum, the theoretical mean free path of a (5,5) nanotube at 250 K [165].
Experimentally mean free paths of 1.6 pm [57] and 0.8 um [58] have been recorded
at room temperature within single SWNT, with an increasing defect density noted to
reduce the mean free path. The mean free path must be greater than the localisation
length in order to maintain wavefunction coherence, thus it seems likely that the upper
limit of estimated localisation length is excessive.

At low temperature I — V' curves of both thin-id and thick-id networks became
non-linear, Figure 3.2. Thin-id SWNT network in both the lab.-air-exposed and
UV-desorbed state displayed non-linearities at 100 K with large non-linearities
observable at 60 K. Thick-id SWNT network became non-linear at 20 K. A possible
origin of this non-linear behaviour is electric field £ enhanced hopping probability

providing non-Ohmic VRH. The non-Ohmic VRH conductance can be expressed as [56]

G(B,T) = G(0,T) exp ( d‘ZlT) (3.6)

where d, E and V' are voltage probe separation, electronic field and measured voltage
between probes, [ is the length parameter related to the maximum hop length between
the hopping sites. Figure 3.5 shows the conductance data as a function of applied
voltage for the thin-id network in both the lab.-air-exposed and UV-desorbed states
for T = 4 K and 10 K. There is good agreement between the data and fitting
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Figure 3.5 Error weighted fitting results for field dependent variable range
hopping conduction, Equation 3.6, at 7' =4 K and 10 K in UV-desorbed and
Os-adsorbed states. Error bars obscured by data points.

curves in both lab.-air-exposed and UV-desorbed states. The voltage probe distance
is unknown due to the filamentary nature of the SWNT network and interdigitated
metallic contacts, therefore the parameter [/d is extracted from Figure 3.5 and given
in Table 3.5. At both the temperatures shown the non-linearity in G(V') decreases
from the UV-desorbed to laboratory-air exposed state implying a small but significant
reduction in the maximum hop length dependent parameter, [/d. At T = 4 K
there is a (9 + 4)% decrease from the UV-desorbed to laboratory-air exposed state.
At T = 10 K there is a (8 £ 1)% decrease from the UV-desorbed to laboratory-air
exposed state. A change in effective voltage probe distance is possible considering the
proposed change in geometry of the conducting fibrillar network, as indicated through
an increase in the geometrical pre-factors extracted from the temperature dependence
of conductance in the UV-desorbed and laboratory-air exposed states. The assumption
that d is changing and « is constant upon laboratory air exposure implies that g(Fr)
of thin-id is doubling upon O, adsorption, g(Er) o 1/Ty. Experimentally the density
of states of semiconducting SWNT have been shown to increase upon exposure to pure
Oy by scanning tunnelling microscopy [15]. Theoretical studies performed by Jhi et
al. [84] calculated the DOS of a semiconducting SWNT in which one Os molecule was

adsorbed per atom thick cross-sectional slice. The DOS at the Fermi energy was shown
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to approximately double in comparison with the DOS of the SWNT in addition to
introducing a greater DOS at | £ | > Er with a shape determined by the oxygen
molecular states.

However, the exponential variation of conductance with applied voltage may also be

described by the non-Ohmic fluctuation-induced tunnelling model [166]
G = Goexp(V/Vh) (3.7)

where Gy is the temperature dependent zero-field conductance. The V, parameter
depends strongly on the conductance limiting barrier energy, decreasing with increasing
temperature. Exposure to laboratory-air from a UV-desorbed state introduces an
increase in Vj indicating an increase in tunnelling probability through the barrier. The
observation of non-linearity at 100 K is in correspondence with the reported energy
barrier approximation in SWNT mats [158] in which the temperature dependency of
the zero-bias conductance followed the FIT functional form.

Further investigation into the field-dependent conductivity is required in order
to accurately determine the conduction mechanism under high applied electric field.
Precise control of the E field is required in order to determine the energies involved in

hopping/tunnelling.

3.3 Conclusion

The dependence on temperature of electrical conductance of thin (labelled thin-id) and
thick (labelled thick-id) networks of SWNT's has been investigated. Thin-id network was
shown to follow Mott’s 3D-VRH conductance model in both the laboratory-air-exposed
and UV-desorbed state. Thick-id network was shown to follow a model that includes
a metallic component in series with a disorder induced 3D-VRH component. The
VRH parameter Ty was shown to be dependent on SWNT network thickness. Thinner
networks incorporate a higher proportion of semiconducting SWNTs in the current path,
reducing the averaged density of states at the Fermi energy of the nanotube ensemble.
Exposure to UV radiation has the effect of desorbing adsorbates from a proportion of
nanotubes (long time constants are associated with the desorption process - see Chapter
4.2), reducing the connectivity of the network and therefore Gy. The dominating effect
of laboratory-air-exposure was considered to be oxygen doping which increased the

connectivity of the SWNT network and therefore G, indicating that the proportion
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of nanotubes with a Fermi energy located in a transport band had increased.

The value of Ty was found to decrease on exposure to laboratory-air from a
UV-desorbed state as a result of an increase in g(Fg). Ty is also strongly dependent
on the localisation length the dependence of which, if any, on network thickness and
adsorption state cannot be quantified with the current experimental data. Further
studies on the low-temperature magnetic field dependence of conductivity would provide
the localisation length of the networks. Field dependent conductance measurements
identified an exponential dependence of conductance on applied voltage, indicating a
field mediated increase in the hopping or tunnelling probability. The likely presence
of SDS and associated Na ion may provide a point of reaction for oxygen and
be accompanied by an associated charge-transfer. An investigation is required into
the effect of differing amounts of residual SDS on the temperature dependence of

conductance.



Chapter 4
Sensing via Conductance

The two-terminal conductance of a SWNT network is sensitive to oxygen-adsorption.
The adsorption behaviour is found to be dependent on the SWNT network adsorption
state. Networks exposed to atmospheric conditions exhibit a conductance decrease upon
oxygen-adsorption, whilst UV-desorbed networks exhibit a conductance increase upon
oxygen-adsorption. The network adsorption kinetics are given by G(t) —G(t = 0) versus
time and provides information about the interaction between oxygen and the SWNT

network.

4.1 SWNT network conductance response

Thin-id and thick-id SWNT networks presented in Chapter 3 were exposed to UV
illumination, A = 400 nm, intensity = 0.03 mW/cm?, for 2.5 hours whilst under
vacuum of pressure ~ 1 x 107° mbar, desorbing adsorbates and decreasing the
conductance, Figure 4.1. The conductance of thin-id and thick-id networks after 2.5
hours UV-desorption decreased by 45+2% and 34+3% respectively, approaching baseline

conductance.

97
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Figure 4.1 Exposure of thin-id and thick-id SWNT networks to UV radiation.
Error in G £ 1.5% for thin-id and thick-id SWNT networks, error bars not
shown.

Carbon nanotubes exhibit strong optical absorption at ~ 270 nm due to m-electron
plasmon excitation [142]. Molecular photodesorption of adsorbates occurs through
the dissipation of photoexcited plasmon energy disrupting the molecule-nanotube
binding. The desorption of oxygen in vacuum decreases the number of hole charge
carriers in the network, reducing the density of states at the Fermi level [15, 86].
The decrease of conductance with UV-desorption is a result of removal of oxygen
dopants from the SWNT network. Chen et al. observed a three order of magnitude
decrease in conductance of an air-exposed individual SWNT (grown by CVD direct on
substrate) under UV-desorption in vacuum (A = 254 nm, intensity = 2 mW/cmZ) to
occur over 250 seconds [118]. The faster conductance decrease under UV-desorption
demonstrated by Chen et al. in comparison to Figure 4.1 is a result of both the
efficient photodesorption of SWNT occurring at A ~ 270 nm and the increased
intensity of irradiation. Semiconducting nanotubes exhibit a large response to molecular
doping/de-doping [15,16]. The change in conductance for thin-id and thick-id networks
between air-exposed and UV-desorbed state was less than that reported by Chen et
al. due to the mix of metallic and semiconducting nanotubes in thin-id and thick-id
networks.

Upon stabilisation of the SWNT networks conductance (determined through stability



4.1. SWNT NETWORK CONDUCTANCE RESPONSE 99

= low pressure = atmospheric pressure * thin-id
~1 E-5 mbar O, exposure thick-id

— 71— 1.012

1.20
-1.010

1.15 4 I 1.008

110 - 1.006

- 1.004

G/G(t=0)
0=09/9

1.05
- 1.002

1.00
- 1.000

os L — e loogss
0 20 40 60 80 100 120 140

Time (mins)

Figure 4.2 Response of thin-id and thick-id networks to O, from a UV-desorbed
state. Conductance increase is greater for the thin-id SWNT network than for
the thick-id SWNT network. V' = 10mV for both SWNT networks. Error in
G + 1.5% for thin-id and thick-id SWNT networks, error bars not shown.

of the I - V trace) the sample chamber was exposed to atmospheric pressure molecular
oxygen providing a conductance increase due to O adsorption, Figure 4.2.

Oxygen exposure increases the number of hole charge carriers - increasing the density
of states at the Fermi level and increasing the conductance, Figure 4.2. This is confirmed
by the observed increase in the VRH geometrical prefactor Gy, reported in Chapter 3,
indicating an increase in the number of contributing filamentary conduction paths. An
increase in g(Er)a® was also reported in Chapter 3, most likely due to an increase in
g(Er) although perturbation of o cannot be eliminated at present. The increase of
conductance with oxygen adsorption approaches a steady state after 2 hours exposure.
The conductance of thin-id increases by 20 4+ 2% the conductance of thick-id increases
by 1 £ 2%.

SWNT networks formed from predominantly metallic and individual tubes provide
a conductance response to an analyte which scales with sensor base conductance [117].
The UV-desorbed thick-id network exhibits a smaller response to oxygen due to a
reduced connection to surface sites (as a result of a 30% increase in effective thickness and
possibly increased bundling in thick-id) and an increased metallic character as reported

in Chapter 3.
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Device AG/Gy (%) over 2 hours  AG/Go (%) over 500 seconds
Thin-id (UV-desorbed)  +20+2 +4+2

Kuo [167], untreated - +1

Kuo [167], treated - +3

Collins [15], baked in air - +15

Table 4.1 Comparison of changes in conductance of nanotube networks to 1
atm. oxygen exposure from from vacuum. The percentage change of thick-id
was within the bounds of error for the measurement.

Although the response of SWNT networks to oxygen exposure is dependent on the
network thickness, comparison may be made with similar networks reported in the
literature, Table 4.1. Kuo et al. directly compared the response of as produced SWNT to
1 atm. oxygen exposure from vacuum pressure 1x10~* mbar to a SWNT sample in which
surface impurities were removed with a flash-lamp triggered exothermal reaction [167].
Removal of surface impurities increased the base conductance as a result of improving
the junctions between SWNTs. In addition the removal of surface impurities increased
the magnitude and speed of the conductance increase upon Os adsorption indicating that
surface impurities inhibit the interaction of oxygen with SWNT. Collins et al. reported
SWNT networks which had been annealed in air (~ 700°C) to remove amorphous
carbon displayed a 10 — 15% increase in conductance occurring over seconds upon
oxygen adsorption [15]. As can be seen in Table 4.1 the response of the UV-desorbed
thin-id network is similar to the networks reported by Kuo and Collins. In Section 2.1.3
the purity of the SWNT HiPco material from which thin-id and thick-id were formed
was found to have an approximate relative purity of 60%. Removal of carbonaceous
impurities through heating in air or an exothermal reaction would possibly eliminate
the need for UV-desorption by reducing the bonding sites for chemisorbed oxygen. The
response time may be increased through the removal of carbonaceous impurities which
hinder the interaction of oxygen with nanotubes.

Laboratory-air exposed thin-id and thick-id SWNT networks were cycled between a
vacuum pressure ~ 1x107® mbar and atmospheric pressure molecular oxygen, Figure
4.3. Conductance of both thin-id and thick-id networks decreased upon molecular
oxygen exposure. Vacuum pressure failed to recover the conductance completely,
resulting in an overall decrease in conductance. As noted for the increase in conductance

upon Os exposure from a UV-desorbed state, Figure 4.2, conductance response (AG)
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Figure 4.3 Response of thin-id and thick-id SWNT networks to Oy / vacuum
(~ 1 x 107° mbar via ~ 1 x 1072 mbar) cycling from a laboratory-air-exposed
state. V = 10mV for both SWNT networks. Error in G 4 1.5% for thin-id and
thick-id SWNT networks, error bars not shown.

AGo,—i AGo,—ii AGo,-iii AGo,—iv AGo,—v
AG/Gy% 9+2 612 642 642 642

Table 4.2 Percentage change of conductance of thin-id SWNT network upon
O, exposure from vacuum pressure ~ 1 x 107> mbar.

is reduced in the thicker network. The average change in conductance for thin-id upon
exposure to oxygen from a vacuum pressure ~ 1 x 107° mbar is given in Table 4.2.

As shown in Figure 4.1 UV-desorption is required to remove chemisorbed O,
species. Under the applied vacuum pressure ~ 1x107° mbar chemisorbed oxygen is not
desorbed. Collins et al. suggest chemisorbed oxygen is only removed after heating to
110° — 150°C after several hours [15]. The observed decrease in conductance for cycling
between vacuum and oxygen exposure could be caused by scattering from defects or
non-thermal phonons generated by gaseous collisions with the tube walls as suggested
by Sumanasekera et al. [82]. However this mechanism does not satisfactorily explain the
irreversibility in the change in conductance when cycling between oxygen exposure and

vacuum pressure, Figure 4.3.
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The oxygen used for exposure to the SWNT networks is supplied at high purity
(Chapter 2), however the filled bladder method used in introducing oxygen to the
sample chamber may also introduce water vapour. The effect of water vapour on
nanotube networks has been discussed in Section 1.5. At low humidities (<< 65%)
water adsorption decreases the conductance of CNTs [95,107,108]. Water has been
proposed to be a mild electron donor when adsorbed on SWNT [107] and compensation
of p-type SWNTs has been observed [108]. Watts et al. proposes that hydrogen
bonded water decreases the electronegativity of chemisorbed oxygen species reducing the
density of hole carriers [95]. In both proposed mechanisms the incomplete desorption
of water in vacuum and the presence of chemisorbed oxygen on the SWNT network
would lead to a non-recoverable baseline conductance. Indeed this has been reported
by Watts et al. who observes MWNT mats with a large degree of carboxylic defects
to exhibit a decrease in conductivity upon exposure to laboratory-air from vacuum
with a non-recoverable baseline conductance upon re-application of vacuum pressure.
The above mechanism could be responsible for the conductance decrease in thin-id and
thick-id devices observed in Figure 4.3.

The purity of the SWNT networks plays an important role in sensor response time,
reversibility and magnitude of conductance change. The possibility should be considered
that the origin of charge-transfer from the nanotube network upon oxygen exposure may
not be a result of direct oxygen adsorption on the SWNTs. The presence of Na impurities
within the SWNT network may play a role in the change in conductance. Oxygen is
highly reactive with Na leading to the possibility of charge-transfer through a Na-O
complex. Photoemission studies by Goldoni [31] indicate that the removal of residual
Na occurs only after annealing in high vacuum at 1270 K for 2 hours. The Na containing
SWNT network responded electrically to oxygen adsorption. After removal of Na from
SWNT network Goldoni [31] observed no electrical response of the network to oxygen.
In addition, trace amounts of catalyst impurities may decrease the activation energy
for oxidation [96] thus perturbing the conductance response of the SWNT network to
oxygen adsorption.

Defects have been demonstrated to mediate SWNT sensor response to a range of
analytes [104,105]. Oxidation occurring at 2% of the carbon atoms increased the amount
of charge transfer by 1000% [104]. The SWNT starting material had comparable G/D
Raman intensity ratios to a material of purity 60% as shown in Section 2.1.3. Sonication

could have further increased the defect density. The conductance increase upon Os
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adsorption from a UV-desorbed state is comparable with the literature [15,167], although
as shown in Figure 4.2 the magnitude of AG on oxygen adsorption is highly dependent
on the thickness of SWNT network. Chemisorbed oxygen could provide a mechanism
for a decrease in conductance upon further exposure to oxygen due to water adsorption
as proposed by Watts et al. [95] and discussed previously.

The highest energy adsorption site determines the sensor response and reversibility.
Reversibility and sensitivity of SWNT network resistive sensors have been increased by
coating the SWNT network with a polymer amine which decreases the binding energy
and provides additional sites for adsorption [113]. Exploitation of the polymer amine
technique provides reversible sensitivity at the parts-per-trillion level to thionyl chloride,
a strong electron acceptor [113]. In addition to purification of SWNT networks the
coating of thin-id and thick-id networks is a possible method for improving the sensor
response and reversibility.

Figure 4.4 shows the exposure of two UV-desorbed samples under vacuum (~ 1 X
10~° mbar) to methane. The sample thickness is within the range spanned by the thin-id
and thick-id samples presented earlier in this Chapter. Methane adsorption decreases
the sample conductance. Methane is an electron-donating-gas; charge transfer shifts the
Fermi level towards the conduction band. The decrease in conductance could indicate
a compensation effect implying that the SWNT network was p-type prior to methane
exposure. Therefore charge-transfer from the adsorption of methane would reduce the

density of charge carriers in the network, reducing conductance.
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Figure 4.4 Preliminary data showing SWNT network exposure from vacuum
(~ 1 x 107® mbar) to CH, from a UV-desorbed state. V = 10mV for both
SWNT networks. The thickness of samples 1 and 2 is within the range spanned
by thin-id and thick-id samples presented earlier in this Chapter.

4.2 Oxygen-adsorption kinetics

Samples of increasing thickness were deposited on quartz substrates with two single
stripe metal contacts as described in Section 2.1. The thickness was determined with a
UV-visible spectrophotometer and two-terminal resistance versus transmittance at 500
nm recorded, Figure 4.5. Samples A and F, henceforth referred to as thin-mat and
thick-mat, were exposed to atmospheric pressure molecular oxygen after UV-desorption
for ~ 40 hours in vacuum of pressure ~ 1 x 10~° mbar, Figure 4.6. The conductance of
both networks increased with time upon exposure to molecular oxygen, Figure 4.7.

The observed time dependence G(t) — G(t = 0) can be well described by a diffusive
adsorption process. As outlined previously in Section 1.6.2 the diffusion front in an

isotropic material has a Gaussian profile

s
Clx,t) = exp (—z? /4Dt 1.13
(3.1) = S exp (<*/ADY ((113))
where s = f:;nff Cdx the total amount of substance and D is the molecular diffusion

coefficient. As the concentration of oxygen molecules spreads out through the network

a proportional amount of charge transfer occurs.
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Figure 4.6 Thin-mat and thick-mat SWNT networks exposed to UV radiation
for 40 hours. Vipin—mat = 10 mV, Vinickemat = 1 mV. Error in Gipin—mat = 7%,
error in Ginick—mat = 15%, error bars not shown. Sample thickness determines

the rate of desorption.
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Sample dq Range of ¢ (secs.) da Range of ¢ (secs.)

thin-mat  0.66 £ 0.02 0<t<174 0.582 £ 0.001 174 <t < 4900
thick-mat  0.58 +0.02 0<t<433 0.451 £ 0.001 433 <t < 5800

Table 4.3 Fitting parameters for linear fit to Figure 4.8.

The variation in conductance, G(t) — G(t = 0), can be considered to be proportional to
the standard deviation of the spatial distribution of oxygen molecules. The adsorption
kinetics of thin-mat and thick-mat SWNT networks exhibit two separate linear regimes

when plot on log-log axes, Figure 4.8, indicating a power-law relationship of the form

G(t)—Go=a-t* (4.1)

where d is the diffusion parameter and a is a constant. Parameters of Equation 4.1 are
extracted from Figure 4.8 and given in Table 4.3. The variance of a normal diffusive

process was defined previously, Section 1.6.2, as

o? = 2Dt" ((1.16))

where o is the standard deviation of mass distribution and v is an index which
describes the diffusive regime (v = 1 describes normal diffusion, 1 < v < 2 describes
super-diffusion, v < 1 describes sub-diffusion and v = 2 describes ballistic diffusion
[124,125]). Therefore, for a normal diffusive process ¢ = 2Dt/ giving d = 0.5 in
Equation 4.1. Both thin-mat and thick-mat samples have d; > 0.5, see Table 4.3,
characteristic of super-diffusion [125] where < z*(t) > evolves non-linearly with time.
Super-diffusive behaviour or enhanced diffusion is observed in porous systems, fractal
geometries and Levy flights. The thickness of the samples determines the duration of
the initial diffusive regime. A crossover occurs to a lower gradient, ds, for both thin-mat
and thick-mat samples. This second regime, characterised by dy, was observed over a
much longer time period, At > 79 minutes.

The thick SWNT network diffusion parameter dy = 0.451 is characteristic of
sub-diffusive behaviour. Abnormal diffusion of this type (7 < 1) is more common and
can be attributed to a trapping induced broad distribution of particle release time [124].

Possible trapping sites within the nanotube network are SWNT defects [168],
semiconducting SWNT junctions [169] and nanotube bundle groves and interstitial

sites [103]. Also, adsorption onto m-SWNT or bundles with m-SWNT at the surface
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Figure 4.8 Normalised G(t) — G(t = 0) versus t for thin-mat and thick-mat
SWNT networks plot on double-log scales. Vinin—mat = 10 mV, Vinick—mat = 1
mV. Error in Ginin—mat = 3.7%, error in Gipick—mat = 15%, error bars not shown.
Both samples exhibit regions of linearity. The thin-mat SWNT network has a
gradient of 0.655 followed by a transition at ¢ = 174 secs. (~ 3 mins.) to
a gradient of 0.582. The thick-mat SWNT network has a gradient of 0.582
followed by a transition at ¢ = 433 secs. (~ 7 mins.) to a gradient of 0.451.

Both samples depart from a linear relationship at later ¢.
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may act as trapping sites in terms of doping efficiency (smaller conductance increase
expected from oxygen-adsorption on m-SWNT, see Section 1.5). The lower value of d for
the thick network could therefore be explained by an increase in the metallic component
within the filamentary conduction path, as described in Chapter 3. However, both
samples undergo a transition to a regime with a lower value of d and it is therefore
reasonable to assume that the adsorption kinetics of both samples become influenced
by trapping mechanisms at t = t(dy). Zahab et al. observed gaussian diffusion to occur
for water adsorption on a SWNT mat of thickness 200 pym in which the SWNT material
was purified by means of acid treatment and annealing under nitrogen atmosphere at
1200°C [108]. Two regimes of characteristic diffusion parameter were found by Zahab to
occur - a fast regime during the first 15 minutes with diffusion parameter d = 0.7 and a
slower regime with characteristic diffusion parameter d = 0.35 occurring from 15 minutes
to 14 hours. The difference in diffusion parameters and length of time over which they
occur between the results reported in this Chapter and those reported by Zahab et al.
reflects the variation in processing of the SWNT material, thickness of the SWNT mat
and also the electronic and steric differences between water and O,. Possibly the very
long time over which Zahab et al. observes diffusion to be characterised by sub-diffusive
behaviour is a result of hydrogen bonding between water molecules inhibiting molecular
diffusion.

The adsorption kinetics for both samples depart from Gaussian diffusion at ¢ ~
5000 seconds (t ~ 1.4 hours). Considering the variation in conductance with time is
proportional to the fractional surface coverage of the SWNT network, (G(t) — Gy) x O,
the thin-mat and thick-mat SWNT networks can be described in this later regime by
an Elovich-type adsorption equation

©
e 4.2
a (42)

where a and b are coefficients and © is the fractional surface coverage. The Elovich
isotherm describes activated adsorption dynamics such as that for a charge-transfer
limited adsorption process due to the build up of a space-charge layer on a
semiconducting surface. Equation 4.2 describes a linear variation of © and therefore
G — Gy with log(t). The adsorption kinetics data for thin-mat and thick-mat samples
versus time on linear-log axes, Figure 4.9, clearly show a linear regime, fit by the Elovich

type equation
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G(t) — Gy = £ log (at) (4.3)

where a is a constant and ¢ is the gradient of the linear fit of G(¢) — G(t = 0) versus
log(t). The extracted parameters are given in Table 4.4. The kinetics of adsorption
of the thin-mat SWNT network appear to crossover to a lower value of &, whilst the
thick-mat SWNT network maintains the same Elovich adsorption parameters. This is

possibly indicative of a thickness dependent transition in the Elovich adsorption kinetics.
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Figure 4.9 Normalised G(t) — G(t = 0) versus t for thin-mat and thick-mat
SWNT networks plot on linear-(G(t) — G(t = 0)) log-time axes. V thin—mat = 10
mV, Vihickemat = 1 mV. Error in Ginin—mat = 3.7%, error in Ginick—mat = 15%,
error bars not shown. Both samples exhibit significant regions of linearity. The
thin-mat SWNT network appears to undergo a transition to a reduced gradient
after t = 42786 seconds (~ 12 hours). The thick-mat SWNT network displays
linear behaviour in (G(t) — G(t = 0)) vs. log t from ¢ = 11277 seconds (~ 3
hours).

The Elovich isotherm describes any adsorption mechanism that requires an activation
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Sample 1 Range of ¢ (secs.)  Duration (hours)
thin-mat 0.34 £0.02 4900 < ¢ < 42785 10.9
thick-mat 0.14 £0.01 11277 < ¢ < 83340 20.0

Table 4.4 Fitting parameters for linear fit to Figure 4.9.

energy AFE and for which the activation energy increases with surface coverage, O, i.e.

AFE x O, yielding a general Elovich rate equation of the form

% x Aexp tO/HT (4.4)

where A and b are constants and R is the universal gas constant. The Elovich-like
adsorption demonstrated by the adsorption kinetics of thin-mat and thick-mat SWNT
networks, Figure 4.9, is a result of charge-transfer limited adsorption. The SWNT
network donates electrons to adsorbed molecular oxygen, Os + ae™ — O, where a < 1
due to possible fractional charge-transfer through physisorption [84,85] in addition to
chemisorption [91]. The possibility exists for charge-transfer between the nanotube
network and oxygen through electron donation from localised donor states occurring
at semiconductor-semiconductor SWNT interfaces [169], Figure 4.10. This process
is limited by a potential barrier, V, formed from the dipole layer created by the
redistribution of charge between the Oy molecule and the nanotube network.

The potential barrier, Vy, increases with © and the arrival rate, dns/dt, of electrons

at the surface, z = 0, over V is given by [126]

dn, keT \'/*
dz =N <2:m > exp¢Ve/keT (4.5)

where ng is the number of electrons, N is the number of adsorbed species and m, is the

dnsg
dt

mass of an electron. The rate of

is dependent on the specific electronic configuration
of the adsorbing gas and adsorbate, therefore the possibility exists to determine the type
of gas through the adsorption kinetics.
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Figure 4.10 Charge-transfer over potential barrier V. In addition to
thermionic excitation over the barrier electrons may hop through localised donor
states [169]. As adsorption and associated charge-transfer proceeds, a dipole
layer is formed consisting of negatively charged Oy molecules and positively
charged space-charge region. This is a self-limiting process as the arrival rate of
electrons at the surface is exponentially dependent on the barrier height which
increases with the number of electrons at the surface.

4.3 Reproducibility of measurements

As demonstrated the conductance of UV-desorbed (O2-adsorbed) SWNT networks
increases (decreases) upon oxygen-adsorption (UV-desorption). There is a long time
constant to both UV-desorption and oxygen-adsorption processes, Figure 6.1 and
Figure 6.2. The magnitude of conductance variation depends on the time of the
preceding UV-desorption or oxygen-adsorption conditioning step. Repeatability of
device performance depends on the time given for the adsorption/desorption process.
The behaviour reported in this Chapter has been observed on a number of different
samples. All samples displayed the reported dependence on adsorption/desorption
state with regard to direction of change in conductance and magnitude of change in

conductance.
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4.4 Conclusion

The response of SWNT network based resistive sensors have been shown to depend on
the adsorption state of the network.

The conductance of the UV-desorbed networks increases upon oxygen adsorption.
Oxygen adsorption increases the number of hole carriers in the network. The
connectivity of the network is increased through oxygen exposure, confirmed through
the observed increase in the VRH geometrical pre-factor Gy upon oxygen exposure,
presented in Chapter 3. Vacuum pressure of ~ 1x10~* mbar is unable to remove
oxygen species possibly indicating chemisorption of oxygen within the network. Further
exposure of the SWNT networks to oxygen from an oxygen-adsorbed state results
in a decrease in the sample conductance. A possible mechanism for the decrease in
conductance with further oxygen-adsorption is due to water-vapour adsorption on the
SWNT networks.

The kinetics of oxygen-adsorption on thin-mat and thick-mat SWNT networks were
investigated. Initially the adsorption kinetics of both the thin-mat and thick-mat
networks can be described by diffusion phenomena. The thickness of the network
has a moderate effect on the duration of diffusion limited adsorption. The thin-mat
SWNT network is described by G(t) — G(0) = at? for ¢t < 82 minutes, the thick-mat
SWNT network is described by G(t) — G(0) = at? for t < 97 minutes. During this
diffusive regime of adsorption kinetics both thin-mat and thick-mat networks experience
a lowering in characteristic parameter d. The point at which this occurs is significantly
dependent on the network thickness, with the change in d occurring for thin-mat and
thick-mat samples at tinn ~ 3 minutes and ¢y = 7 minutes. The decrease in d is
indicative of a broad distribution of particle release time, possibly due to trapping of
oxygen at sites with poor charge transfer efficiency. The lower value of d in the thicker
nanotube network could be due to an increased number of traps or a reduction in the
doping efficiency as a result of a greater metallic component in the network.

For the remainder of the adsorption kinetics experiment adsorption becomes rate
limited by an increasing energetic barrier due to a dipolar layer formed between the
adsorbed molecules and SWNT network. This is modelled using an Elovich adsorption
isotherm and is suggestive of significant charge transfer between the network and

adsorbate.



Chapter 5
Sensing via Field Effect

SWNT-MOS structures comprising SWNT networks on Cr/Au electrodes were
fabricated as described in Section 2.1. Results presented in this chapter comprise devices

differentiated by contact geometry and film thickness.

5.1 Response of metal oxide capacitor

In this section the response of a MOS capacitor to molecular oxygen will be investigated.
The MOS capacitor is of the specifications given in Section 2.1 but with a metallic gate
only. The MOS capacitor gate consists of thermally evaporated Cr (20 nm) followed by
Au (80 nm). The device was exposed to UV radiation under vacuum (~ 1 x 107% mbar)
for multiple hours followed by oxygen exposure as described in Section 2.3. The results
in the frequency range 1 kHz < fac <1 MHz are given in Figure 5.1.

The accumulation depletion and inversion regimes of MOS capacitor operation can
be seen clearly in Figure 5.1. The dC/dV (V) trace shows the flat-band condition
between the Cr/Au metal contact and Si band structure as a minimum. There is no
significant change in C'(V ) and there is no shift of flat-band voltage in dC'/dV (V)

upon oxygen exposure.

5.2 Nanotube-metal oxide capacitor

Thin and thick SWNT-MOS capacitor devices were fabricated in both top-contacted and
bottom-contacted configurations. The thickness of the SWNT networks was estimated

by performing UV-visible spectrophotometry (AX = 10 nm) of samples deposited
114
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Figure 5.1 The left-hand graph shows the capacitance response of a
UV-desorbed MOS structure to atmospheric pressure oxygen exposure. C'(V )
measured in range —4 V < Vg <4V at 1 kHz < fac < 1 MHz. The right
hand graph gives the derivative dC/dV (V).

Label Abs. (A), A=500 nm Thickness (nm) R (k )
Thick Top-contacted O1A 0.108 £ 0.001 2200 +£ 300 14.21 £ 0.02
Bottom-contacted ~ U1A 0.052 + 0.001 1100 4+ 200 44.62 £+ 0.08
Thin Top-contacted ~ O2A 0.002 + 0.001 40 + 30 394+1
Bottom-contacted  U2A 0.010 #+ 0.001 200 £ 40 1274+ 3

Table 5.1 Resistance and absorption data at A = 500 nm for thick and thin
SWNT networks in top-contacted and bottom-contacted configurations.

conjointly with the SWNT-MOS capacitor devices and then applying Beer’s Law,

Section 2.1.3. The two-terminal resistance was measured under vacuum (~ 1 x 1076

mbar) subsequent to UV-desorption for 12 hours as described. The resistance and

absorption at 500 nm form characteristic data for each device, Table 5.1.
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Figure 5.2 Simple relation between Vg and ¢y, as described in Equation 5.1,
where n;, x5 and Ez/2q are 10! cm™?, 4.05 eV and 0.56 eV /C respectively.

5.2.1 Ideal MOS behaviour

The expression for flat-band voltage Vg of the MOS structure was shown previously

Vi = s — (o0 Qor) ((1.36))

Considering an ideal, trap-free interface and oxide (Qrr + Qo = 0) then Vg is simply
described by:

E N
Vs = dus = Ou — xai — 50 — Vi ln- A
q n;

(5.1)

where xy is the electron affinity of the semiconductor, E, is the difference between the
conduction band minimum energy and valence band maximum energy of the silicon and
the last product describes the built-in voltage of the silicon, Vi, where Vi = kT/q
is the thermal voltage, N, is the concentration of ionised acceptor dopant impurities
and n; is the concentration of intrinsic carriers. The value of N, was estimated through
correlation with the stated surface resistivity of the Si wafer ! (20 2-cm < p < 30 Q-cm)
on Irvin’s plot [156] giving Nj ~ 1 x 10Y%cm 3. Typical values of n;, x5 and E,/2q are
10 em™3, 4.05 eV and 0.56 eV/C respectively for silicon [127]. A plot of Vg versus
¢wm using the appropriate values is given in Figure 5.2.

The metal contacts consist of thermally evaporated Cr (20 nm) followed by Au (80
nm) either top-contacting or bottom-contacting the SWNT network. The predominant
thermally evaporated metal at the SisN, surface would therefore be expected to be Cr,

¢cr = 4.5 eV [170] and therefore we would expect Vg, ~ —0.35 V. The workfunction of

1Si/Si05/SizNy wafer supplied by Si-Mat, http://www.si-mat.com/.
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SWNT have been reported to be, 4.8 eV < ¢gwnt < 5 eV, as determined experimentally
through photoelectron emission [171,172] and theoretically through first principles
calculations [173]. This would result in an expected flat-band voltage for SWNTs of
—0.05 < Vipgynr < 0.15. As the effect of the interface and oxide traps has been
neglected, the relative positions rather than the exact values of the flat-band voltages

would be expected to be reproduced experimentally.

5.2.2 Thick network results

Device testing (explained in detail in Section 2.3.3) followed the following procedure:

1. Desorption of adsorbates with UV radiation (> 12 hours exposure) and low

pressure (1 x 107° mbar), G vs. t recorded using the Keithley 4200-SCU.

2. Exposure to atmospheric pressure molecular oxygen, G vs. t recorded using the
Keithley 4200-SCU.

3. Capacitance-voltage measurements recorded at fac = 1 MHz, 100 kHz, 10 kHz, 1
kHz, 100 Hz and 10 Hz using the Autolab PGSTAT12 with FRA module.

Transient conductance response to molecular oxygen exposure

Stability of devices O1A (top-contacted) and UIA (bottom-contacted) upon exposure
to molecular oxygen was determined by monitoring the two-terminal conductance vs.
time, Figure 5.3. The exposure of the SWNT networks to O, induced an increase in the

sample conductance.

Capacitive response to molecular oxygen exposure

The differential capacitance of devices O1A and UlA were recorded at 1 MHz, 100 kHz,
10 kHz, 1 kHz, 100 Hz and 10 Hz in the UV-desorbed state. The devices were then
exposed to molecular oxygen at atmospheric pressure. Upon stabilisation of the transient
conductance response C-V scans at the frequencies outlined above were repeated, Figure
5.4 and Figure 5.5.

The capacitance of device O1A and UlA increase with decreasing fac, as
expected from the frequency dependence of capacitive reactance, X¢ o< 1/fac. The

effect of molecular oxygen is found to differ between the top-contacted (O1A) and
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Figure 5.3 Conductance of devices UTA and O1A over 3 hour period following
oxygen exposure. Error in G = +1.1%, error bars not shown. Device O1A
exhibits ~ 4 £ 2% increase in conductance after 3 hours. Device UlA exhibits
~ 13 £+ 2% increase in conductance after 3 hours.

bottom-contacted (U1A) thick SWNT-MOS capacitors, device O1A displays an increase
in C(V ) upon exposure to molecular oxygen for all values of Vg, whilst UTA exhibits
increased C(V ) only in the depletion region of device operation.

The derivative dC'/dV ¢ variation with Vg is instructive of the flat-band voltage Vpg.
Due to a large degree of noise in dC/dV (V) at fac = 1 MHz and 100 kHz in both
devices, it was necessary to apply FFT low pass filtration at these frequencies.

Figure 5.6 and Figure 5.7 give the dC'/dV (V) curves for device O1A in both the
molecular oxygen-adsorbed and UV-desorbed states. In the frequency range 1 kHz <
fac < 1 MHz device O1A has one minima of dC'/dV ¢(V g) at Vpeak1, which is dependent
on both frequency, UV-desorption and oxygen adsorption. In the frequency range 10
Hz< fac < 100 Hz device O1A has a more complicated spectrum, most probably due to
activation of trapping centres in the doped silicon-oxide interface [127]. For the purpose
of this analysis the minima with the greatest magnitude will be considered. The induced
voltage shifts associated with the flat-band minima in dC'/dV (V) are summarised

in Table 5.2, exposure to molecular oxygen introduces a positive AVpg. Device O1A
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fac Device state Vheak1 AVpeak1

1 MHz UV-desorbed —1.121£0.002 0.140 £ 0.004
Oz-adsorbed  —0.981 % 0.002

100 kHz  UV-desorbed  —0.961 + 0.002 0.080 + 0.004
Og-adsorbed  —0.881 4 0.002

10 kHz  UV-desorbed —0.861+0.002 0.020 £ 0.003
Oz-adsorbed  —0.841 4 0.002

1 kHz UV-desorbed —0.841+0.002 0.020 + 0.003
Og-adsorbed  —0.821 £ 0.002

100 Hz  UV-desorbed  —0.821 +0.002 0.040 + 0.003
Og-adsorbed  —0.781 £ 0.002

10 Hz  UV-desorbed —0.881+0.002 0.060 + 0.003
Og-adsorbed  —0.821 £ 0.002

Table 5.2 Summarised flat-band voltage shifts for device O1A between
UV-desorbed network state and Os-adsorbed network state. Error values are
rounded to one significant figure. There is a finite shift of Vpea1 upon exposure
to Og at every value of applied AC frequency, Vpeak1 = VFBaywnr -

consists of a top-contacted thick nanotube film. There is a strong possibility that neither
the Cr or Au are in contact with the SigNy surface, therefore the silicon electronic energy
bands can only align with the SWNT network as V ¢ is increased, providing one flat-band
voltage. This point is further emphasised through the increase in capacitance of O1A
in the accumulation region and to a lesser extent in the depletion region, Figure 5.4.
It was shown in Section 1.7 that the capacitance in the accumulation region can be
considered to arise from a parallel plate capacitor formed by the gate contact material
and accumulation layer, with the oxide forming a dielectric spacer. Therefore, any
increase in capacitance in the accumulation region of C'(V') (and also to a lesser extent
in the depletion region as C¢ = C,Cs/(C,+ Cs)) is caused by an increased capacitance
in the gate material, in this case the SWNT network only. The reason this is not
observed in a device with Au/Cr and SWNT network at the surface can be seen from
the relation between Vg with ¢y. The material with the lowest energy ¢\ approaches
the flat-band condition with Si at lower values of V ; therefore the accumulation region
capacitance is dominated by Cr, which is insensitive to O exposure. Vpea1 observed
for device O1A, Figure 5.6 and Figure 5.7, is therefore ascribed to the flat-band voltage
of the SWNT network, Vpeaki = VFBsyar-

Figure 5.8 and Figure 5.9 give the dC/dV (V) curves for device ULA in both
the molecular oxygen-adsorbed and UV-desorbed states. Induced voltage shifts are

summarised in Table 5.3. Device U1A displays two significant minima in dC'/dV (V)
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fac  Device state Vpeak1 AVpeak1 Vpeak2 AVpeak2

1 MHz UV-desorbed —1.700+ 0.003 —0.020+ 0.007 —1.14040.002 0.180 % 0.004
O2-adsorbed —1.720 £ 0.003 —0.961 £ 0.002

100 kHz  UV-desorbed  —1.620 &+ 0.003 0.018 £ 0.006 —0.921 +0.002 0.080 + 0.004
Ogz-adsorbed  —1.602 % 0.003 —0.841 £ 0.002

10 kHz  UV-desorbed —1.500 = 0.003 0.000 +0.006 —0.841 +0.002 0.100 £ 0.003
Oz-adsorbed  —1.500 % 0.003 —0.741 £ 0.001

1 kHz UV-desorbed —1.400 4 0.003 0.000 +0.006 —0.761 +0.002 0.060 + 0.003
Ogz-adsorbed  —1.400 % 0.003 —0.701 £ 0.001

100 Hz UV-desorbed —1.380 &+ 0.003 0.000 £ 0.006  —0.761 £0.002 0.060 %+ 0.003
Os-adsorbed  —1.380 + 0.003 —0.701 £ 0.001

10 Hz  UV-desorbed  —1.400 + 0.003 0.000 +0.006 —0.821 +0.002 0.060 £ 0.003
Oz-adsorbed  —1.400 % 0.003 —0.761 £ 0.002

Table 5.3 Summarised flat-band voltage shifts for device UlA between
UV-desorbed network state and Oy adsorbed network state. Error are values
rounded to one significant figure. Exclusive of results taken at 1 MHz and 100
kHz there is zero shift upon exposure to Oy for Vpe.i1, assigned to the flat-band
voltage of Au/Cr. For peaks 2 and 3 there is a strong shift of the peak upon
exposure to oxygen.

in the frequency range 1 MHz < fac <10 Hz. At fac = 100 Hz a third minima
appears, the magnitude is small and will be excluded from further analysis.

The minimum occurring at the more negative voltage, Vpeak1, shows no significant
response to molecular oxygen exposure. AVpeu1 = 0 for frequencies 10 Hz, 100 Hz, 1
kHz and 10 kHz, however at frequencies 100 kHz and 1 MHz there are shifts of +0.02 V.
The dC/dV ¢(V g) traces at 100 kHz and 1 MHz were processed through FFT filtration
at a frequency of 4 Hz, and therefore error could be introduced through this process.
Vpeak1 1s attributed to Vg, JAn due to the lack of reactivity with molecular oxygen and
the expected dependence of Vg on ¢,,, Figure 5.2.

The second minimum, V peako, Occurring at a more positive voltage displays a trend
similar to that of device O1A - a positive voltage shift upon oxygen exposure for all
frequencies, and is attributed to Vppgyyye- The low frequency (10 < fac < 100 Hz)
traces of device ULA become complex as Vg is increased.

Table 5.4 contrasts the response of thick SWNT networks in top-contacted and
bottom-contacted configurations, given graphically in Figure 5.10. No response is
expected from the Au/Cr metallic contacts, the small AVgg, /o Observed for device

U1A is attributed to an artifact of the FFT filtration. The magnitude of AVppgynr

generally increases with frequency, a possible origin could be the deactivation of low
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O1A UlA
fac AVFBcr Au AVFBSWNT AVFBCr Au AVFBSWNT
1 MHz NA 0.140 £0.004 —0.024+0.007 0.180 4 0.004
100 kHz NA 0.080 + 0.004 0.018 = 0.006  0.080 % 0.004
10 kHz NA  0.020 £+ 0.003 0.000 £ 0.006  0.100 +£ 0.003
1 kHz NA 0.020 4+ 0.003 0.000 + 0.006  0.060 + 0.003
100 Hz NA  0.040 £ 0.003 0.000 £ 0.006  0.060 £ 0.003
10 Hz NA 0.060 £ 0.003 0.000 +0.006  0.060 + 0.003

Table 5.4 Comparison of induced flat-band voltage shifts in thick SWNT
network devices O1A and UlA upon oxygen adsorption from a UV-desorbed
state. A single flat-band voltage was discernable for sample O1A, with a value
dependent on atmospheric conditions. Sample UlA displayed two flat-band
voltages, one of which was dependent on atmospheric conditions.

frequency traps at high small signal frequencies as described in Section 1.7.

The positive AV observed in Vppgyyne for O1A and ULA must satisfy Vepgynr =
oswnT — ¢s and can therefore be attributed to an increase in ¢gwnt. This change in
work-function occurs through an increase of the surface dipole, D, contribution to ¢
through ¢ = D — Er. Resonance between energy levels in the SWNT network and
oxygen facilitate a charge transfer either by physisorption [84] or chemisorption [91]
reflecting the large electronegativity of oxygen. The induced shift in work-function is

described by the Helmholtz equation:

Ap = —47Tq/dfz§n(F) (5.2)

where dn(7) is the change in charge density which accompanies adsorption.
Traditional MOS capacitors with a palladium gate are typically used as hydrogen
sensors [174,175] as described in Chapter 4. Hydrogen diffuses through the Pd metal gate
and forms a surface dipole layer at the metal-oxide interface modifying the workfunction
of Pd which modifies the field in the silicon. Flat-band voltage shifts of 1 V were
observed in C'— V curves of Pd-MOS capacitor with 50 nm SiO, layer and 10 nm Pd
film in response to 4% H, at 20°C with a response and recovery time of 10 seconds and 1
minute respectively [174]. Recently 7 nm thin oxide layer was grown on a Pd-MOS sensor
through dry plasma oxidation of highly clean n-type silicon which was demonstrated to
improve both the sensitivity and response time to hydrogen adsorption [175]. Similar
improvements could be achieved in the SWNT-MOS capacitor through thinning of the

oxide layer or using a high dielectric constant insulator.
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Figure 5.4 Capacitance-voltage scan for device O1A (top-contacted). Unfilled
data points denote the molecular-oxygen-adsorbed state. The capacitance of
the device increases upon oxygen exposure throughout the entire range of DC

bias, Vg.
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Figure 5.5 Capacitance-voltage scan for device UlA (bottom-contacted).
Unfilled data points denote the molecular-oxygen adsorbed state.  The

capacitance of the device in response to molecular oxygen-adsorption increases
as we approach flat-band conditions and the depletion region.
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Figure 5.6 The variation of dC/dV ¢ with V¢ for device O1A, 1 kHz < fac <1
MHz. Minima in dC/dV (V) signifies the flat-band voltage Vgg. Due to
high frequency noise in dC/dV¢(Vg) at fac = 1 MHz and 100 kHz low
pass FFT filtration was implemented at a cutoff frequency of 4 Hz.
frequency dependent minima is observed, Vpe.1, with a value dependent on

UV-desorption and Og-adsorption, Vpeaki = VEBgyar-

One
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Figure 5.7 The variation of dC'/dVg with Vg for device O1A, fac = 100 Hz
and 10 Hz. Minima in dC/dV (V) signifies the flat-band voltage Vpg. Two
minima are observed for both frequencies, however analysis is restricted to the
minima occurring at the lower gate voltage. Vpeax1 is dependent on the UV /Oy
exposure, VPeakl = VFBSWNT'
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Figure 5.8 The variation of dC/dVg with Vg for device ULA, 1 kHz < fac <1
MHz. Minima in dC/dV (V) signifies the flat-band voltage V. Due to
high frequency noise in dC'/dV (V) at fac = 1 MHz and 100 kHz low pass
FFT filtration was implemented at a cutoff frequency of 4 Hz. Two frequency
dependent minima are observed. Vpeax is independent of UV/Oy exposure,
Vpeakt = VFBe, a,- VPeake 1S dependent on UV-desorption and Os-adsorption,

VPeakQ = VFBSWNT-
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is independent of UV-desorption and Oj-adsorption, Vpeui = Vg, e V Peaka
is dependent on UV-desorption and Os-adsorption, Vpeaks = VEBaywnr-
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Figure 5.10 Comparison of Vg for device O1A (top-contacted) and UlA
(bottom-contacted). Plot on the diagram are AVppg,, . for devices O1A and
U1A and AVFBCr/Au for device U1A. Device O1A has no detectable AVFBCr/Au
due to a combination of contact geometry and SWNT network thickness.
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5.2.3 Thin network results

Device testing (explained in detail in Section 2.3.3) followed the following procedure:

1. Desorption with UV radiation (> 12 hours exposure) and low pressure (1 x 1075

mbar), G vs. t recorded.
2. Exposure to atmospheric pressure molecular oxygen, GG vs. t recorded.

3. Capacitance-voltage scans at fac = 1 MHz, 100 kHz, 10 kHz, 1 kHz, 100 Hz and
10 Hz.

Transient conductance response to molecular oxygen exposure

Stability of devices O2A (top-contacted) and U2A (bottom-contacted) upon exposure
to molecular oxygen determined through monitoring the two-terminal conductance with
time, G vs. t, Figure 5.11.
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Figure 5.11 Conductance of devices O2A and U2A over 3 hour time period
after oxygen exposure. Error in G = +1.1%, error bars not shown. Device O2A
exhibits ~ 10 4 2% increase in conductance, device U2A exhibits ~ 30 + 3%
increase in conductance over 3 hours.
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Capacitive response to molecular oxygen exposure

The differential capacitance of thin SWNT-MOS devices O2A (top-contacted) and U2A
(bottom-contacted) were recorded at fac = 1 MHz, 100 kHz, 10 kHz, 1 kHz, 100 Hz
and 10 Hz in the UV-desorbed state. Subsequent to UV-desorption both devices were
exposed to molecular oxygen at atmospheric pressure. Upon stabilisation of the transient
conductance response C-V scans at the afore mentioned frequencies were repeated,
Figure 5.12 and 5.13. The capacitance of devices O2A and U2A increase with decreasing
fac except at fac = 1 MHz. At high frequencies (fac > 100 Hz) the effect of molecular
oxygen is to increase the capacitance of the device in the depletion regime only, as
expected from MOS theory, Section 1.7. At low frequencies, fac = 100 Hz and 10 Hz,
the C-V variation is affected by the activation of low frequency charge traps.

The dC/dV (V) traces for device O2A are given in Figures 5.14, 5.15 and 5.16.
FFT filtration at 4 Hz was employed at high (1 MHz and 100 kHz) and low (100 Hz and
10 Hz) frequencies due to noise. Device O2A displayed two minima in dC/dV¢(Vg)
at fac > 100 Hz subsequent to UV-desorption. Upon exposure to molecular oxygen
a third minima in dC'/dV (V) was introduced, signifying another flat-band voltage.
This behaviour was noted at all frequencies tested greater than 100 Hz and is particularly
well defined at fac = 10 kHz, 1 kHz, due to clear signal in these measurements (no
filtration required). dC/dV (V) for device U2A given in Figures 5.17, 5.18 and 5.19.
FFT filtration at 4 Hz was employed for device U2A at 100 kHz < fac < 1 MHz in
both the Os-adsorbed and UV-desorbed state and at fac = 100 Hz in the O, exposed
state. Device U2A displayed two minima in dC'/dV (V) at fac > 100 Hz subsequent
to UV-desorption. Upon exposure to molecular oxygen similar behaviour for device
O2A was noted, namely the occurrence of a third minima in dC'/dV(Vq), however
this was at best poorly defined (fac > 100 kHz). The C-V curves of devices O2A and
U2A at fac = 100 Hz and 10 Hz have complex variations in dC'/dV (V) due to the
activation of low frequency charge trapping, only well defined minima in dC'/dV (V)
will be considered.

In the UV-desorbed sate device O2A displays two distinct minima in dC/dV¢(Va),
in the oxygen-adsorbed state three distinct minima are observable. The shifts in voltage
of each minima in dC'/dV (V) are given in Table 5.5. Vpeuq displays zero shift of
Vg from a UV-desorbed state to an Os-adsorbed state, except at fac = 100 kHz where
there is a slight shift of Vpeax1, AVpeak1 = —0.02 V. dC'/dV (V) at fac = 100 kHz was
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fac  Dev. State Vpeaki AVpeak1 Vpeak2 Vpeak3 AVpeaks  AVpoak2—Peaks
1 MHz UV-des. —2.041 £ 0.004 0.000 4 0.008 —1.241 + 0.002 —0.020 + 0.005 —0.280 + 0.006
O2-ads. —2.041 + 0.004 —1.521 + 0.003 —1.261 4+ 0.003
100 kHz UV-des. —1.901 + 0.003 —0.020 + 0.008 —0.961 + 0.002 —0.160 + 0.004 —0.440 + 0.005
Og-ads. —1.921 + 0.004 —1.401 £+ 0.003 —1.121 4+ 0.002
10 kHz UV-des. —1.781 4+ 0.004 0.000 £ 0.007 —0.821 £ 0.002 —0.040 + 0.003 —0.480 + 0.004
Og-ads. —1.781 + 0.004 —1.301 £+ 0.003 —0.861 + 0.002
1 kHz UV-des. —1.681 4+ 0.003 0.000 £ 0.007 —0.741 £ 0.001 0.020 £ 0.003 —0.460 + 0.004
Og-ads. —1.681 + 0.003 —1.201 £ 0.002 —0.721 4+ 0.001
100 Hz UV-des.
Og-ads.
10 Hz UV-des. —1.761 £+ 0.004 0.040 £ 0.007 —0.841 + 0.002 0.040 £ 0.003 —0.220 £ 0.004
Og-ads. —1.721 £ 0.003 —1.061 £ 0.002 —0.801 4 0.002

Table 5.5 Flat-band voltages, Vg, of device O2A in the oxygen-adsorbed and
UV-desorbed states.

filtered with an FFT algorithm, possibly introducing error in the position of minima.
Also, the minimum is determined through finding the minimum value of dC/dV ¢ (V¢),
therefore the large step size of Vg could introduce error in determining Vgg. Due to
the behaviour of the ideal SWNT-MOS device, calculated in Section 5.2.1, and the
correspondence of peak position with the MOS capacitor (no SWNT network present)
given earlier in Figure 5.1, the minima occurring at the more negative voltage, V peax1,
is attributed to the Cr layer of the Cr/Au contact, Vpeax1 = Vg, e The change in
dC/dV (V) minima occurring at the least negative voltage, Vpeaks, is low ~ 0.02 V
and changes sign, possibly indicating that this is a noise-induced process. The large
shift in AVpeas at fac = 100 kHz upon oxygen exposure can be attributed to the
complex change in spectra, which appears to be a convolution of two peaks, clearly
shown in Figure 5.21. Despite the insensitivity of Vpeus to UV /Oy exposure Vpeaxs
is attributed to the SWNT network due to the predicted relationship between ¢ and
Veg; the position of this peak is similar to that observed for the thick SWNT-MOS
devices however the magnitude of the peak is reduced reflecting the network thinness,
Vpeaks = VEBgywrr- 1he minima occurring in the O, adsorbed state between Vg, JAn
and Vepgyyr Detwork is attributed to the effect of Oj-adsorption on the thin SWNT
network, Vpeao = VFBSWNTO2‘ An increased level of noise, due lower conductivity in
the thin SWNT-MOS devices, results in poorly defined minima in dC/dV (V) at
fac = 100 Hz, preventing extraction of V. The induced changes in flat-band voltage
upon oxygen-adsorption of a UV-desorbed network are summarised in Table 5.7.

The extracted flat-band voltages from dC/dV (V) for SWNT-MOS device U2A
are given in Table 5.6. At fac = 100 Hz and 10 Hz it was not possible to clearly

determine any flat-band minima. This could be due to a combination of the reduced
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fac  Dev. State Vpeaki1 AVpeak1 Vpeak2 Vpeaks AVpeaks  AVpeak2—Peaks
1 MHz UV-des. —1.941 4+ 0.004 0.000 4 0.008 —1.121 £ 0.002 0.000 £ 0.004 —0.180 +£ 0.005
Og-ads. —1.941 £+ 0.004 —1.301 + 0.003 —1.121 4+ 0.002
100 kHz UV-des. —1.821 4+ 0.004 0 + 0.007 —0.921 + 0.002 —0.060 + 0.004 —0.200 + 0.004
Og-ads. —1.821 4 0.004 —1.121 4+ 0.002 —0.981 + 0.002
10 kHz UV-des. —1.721 + 0.003 0.02 £ 0.007 —0.781 £ 0.002 —0.080 £ 0.003
Og-ads. —1.701 £+ 0.003 —0.861 + 0.002
1 kHz UV-des. —1.641 4+ 0.003 0.02 £ 0.007 —0.701 £ 0.001 —0.020 £ 0.003
Og-ads. —1.6208 £ 0.003 —0.721 4+ 0.001
100 Hz UV-des.
Og-ads.
10 Hz UV-des.
Og-ads.

Table 5.6 Flat-band voltage shifts induced in sample U2A. Some flat-band
voltages are missing due to poor resolution in minima of dC/dV ¢ (V).

conductivity of the SWNT network in device U2A and the activation of low frequency
charge traps in the silicon. In the UV-desorbed state device U2A has two distinct minima
in dC/dV (V) at fac > 100 Hz, these are labelled Vpear and Vpears. Vpeax: displays
zero shift from a UV-desorbed state to an Os-adsorbed state, except at fac = 10 kHz
and 1 kHz where there is a slight shift of Vpea1, AVpeari = 0.02 V. The minimum is
determined through finding the minimum value of dC'/dV ¢(V ), therefore the large step
size of Vg could introduce error in determining Vpg. However, good correspondence
with other devices presented and the expected relation between ¢ and Vgg lead to
ascribing Vpeaii = Vg, /A In the UV-desorbed state Vpeacs is labelled at each fac
for device U2A. Upon exposure to Oy Vpeas is visible at fac = 1 MHz and 100 kHz
however at fac = 10 kHz and 1 kHz the third flat-band voltage introduced by the
adsorption of Oy onto the SWNT network has merged with Vpe.s. For frequencies
fac =10 kHz and 1 kHz in the oxygen-adsorbed state the merged minima comprising
the SWNT network flat band voltage and the oxygen-adsorbed SWNT network flat-band
voltage is labelled as Vpeaka, Figure 5.18. For frequencies fac = 1 MHz and 100 kHz
in the oxygen adsorbed state a third flat-band voltage, V peace is clearly resolved from
Vpeak1 and Vpeaks. Vpeaks 1s attributed to the SWNT network, Vpeaks = Vipgynr and
V peake is attributed to the oxygen adsorbed SWNT network, V peaxo = VFBSWNTOQ at all
frequencies.

Both the thin devices appear to show the presence of a third minima in
the dC/dV (V) trace, clearly resolved for device O2A and convoluted for U2A,
summarised in Table 5.7. The reason for a clearly resolved third flat-band voltage in
device O2A could be due to the robust electrical contact formed through top-contacted
electrodes. Enhanced Fermi level pinning of SWNT to the metal electrode would be
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02A U2A
fac AVFBcr/Au AVFEBgwxr AVFBSWNTO2 AVFBcr/Au AVFBgwxr VFBSWNT02
1 MHz 0.000 + 0.008 —0.020 +0.005 —0.280 4 0.006  0.000 £ 0.008 0.000 £0.004 —0.180 £ 0.005
100 kHz  —0.020 £0.008 —0.160 £0.004 —0.440+0.005 0.000 £ 0.007 —0.060 & 0.004 —0.200 % 0.004
10 kHz 0.000 + 0.007  —0.040 +0.003  —0.480 0.004 0.020 4 0.007 NA  —0.080 £ 0.003
1 kHz 0.000 + 0.007 0.020 £0.003 —0.460 +0.004 0.020 £+ 0.007 NA  —0.020 £ 0.003
100 Hz NA NA NA NA NA NA
10 Hz 0.040 £ 0.007 0.040 + 0.003  —0.220 4+ 0.004 NA NA NA

Table 5.7 Comparison of flat-band voltage shifts in thin SWNT network devices
O2A and U2A upon oxygen-adsorption from a UV-desorbed state.

expected in top contacted devices. The spatial extent of Fermi level pinning has been
shown to be very short ranged ( ~ 2 nm) in SWNTs [61].

The third flat-band voltage in dC'/dV ¢(V ¢) is a result of the thinner SWNT network.
The temperature and field dependence of conductivity, G(E, T'), of thin and thick SWNT
networks is described by Mott’s 3D variable range hopping model, as shown in Chapter 3;
the thick network was found to have an additional phonon activated metallic component
providing a thickness-dependent transport characteristic.

The effect of film thickness on the electrical properties of SWNT network is further
highlighted when the devices presented in this Chapter are operated as FETS, see
Figure 2.7 for schematic diagram. The conduction channel is formed by the SWNT
network, channel length Lc = 2.5 mm, channel width W =4 mm. The gate contact
is formed by the Ohmically contacted back plane of silicon. Transfer characteristics
of bottom-contacted thin and thick devices, UTA and U2A, were recorded within the
gate voltage range —4 V < Vg <4V with a source-drain voltage of Vp =0.1V for
device UTA and Vp = 0.5 V for device U2A. Figure 5.22 shows the transfer curves and
transconductance (d/p/dV ) in the UV-desorbed and oxygen-adsorbed state, following
the same procedure of desorption/adsorption as detailed previously.

Upon oxygen-adsorption devices ULA and U2A display an increase in drain current.
The polarity of the gate field dependence of both bottom-contacted devices indicate that
the SWNT network behaves as a p-type thin film semiconductor in both Os-adsorbed
and UV-desorbed states. The rate limiting process of conduction was found to be
3D-VRH in the UV-desorbed and O, adsorbed state, the effect of Schottky barriers at the
nanotube-metal contact or at s-SWNT-m-SWN'T junctions can be eliminated, although
ideally Schottky barrier tunnelling would be investigated through G(E,T,Vg). The
origin of p-type behaviour is likely due to p-doping by deeply adsorbed oxygen within
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Figure 5.12 Capacitance-voltage scan for device O2A (top-contacted). Unfilled
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—m— Device O2A, UV-desorbed, fAC= 1 MHz
—eo— Device O2A, UV-desorbed, fAC= 100 kHz
Device O2A, UV-desorbed, f, =10 kHz

' 'AC

—w— Device O2A, UV-desorbed, fAC= 1 kHz
Device O2A, UV-desorbed, fAC= 100 Hz
—<— Device O2A, UV-desorbed, f, = 10 Hz

’ 'AC

—o— Device O2A, O,-adsorbed, f, = 1 MHz

’'AC
—0— Device O2A, O,-adsorbed, f, = 100 kHz
Device O2A, O,-adsorbed, f, .= 10 kHz
—v— Device O2A, O,-adsorbed, f, =1 kHz

Device O2A, O,-adsorbed, f, = 100 Hz
—<— Device O2A, Oz-adsorbed, fAC= 10 Hz

data points denote molecular oxygen-adsorbed state.



5.2. NANOTUBE-METAL OXIDE CAPACITOR

135

Capacitance (nF)
(@)
|
X

1 L EEEC T

44 TETTImG

vy

AAAAL
A

- Al

A

\'%QVVVVV
1 | l..\ ) 4 AAA AA
. '%mﬁfimﬁﬁmﬁﬁﬁnm

Ve (V)

—m— Device U2A, UV -desorbed, fAC= 1 MHz
—e— Device U2A, UV -desorbed, f, =100 kHz

’ 'AC

—4— Device U2A, UV -desorbed, f, .= 10 kHz
—w— Device U2A, UV -desorbed, f, =1 kHz

’ 'AC

Device U2A, UV -desorbed, fAC= 100 Hz
—4— Device U2A, UV -desorbed, f, =10 Hz

> 'AC

—0O— Device U2A, O2 -adsorbed, fAC= 1 MHz
—0— Device U2A, O, -adsorbed, f, = 100 kHz

’ 'AC

—4— Device U2A, O, -adsorbed, f, = 10 kHz

> 'AC

—v— Device U2A, O2 -adsorbed, fAC= 1 kHz
Device U2A, O, -adsorbed, f, = 100 Hz

’ 'AC

—<— Device U2A, O, -adsorbed, fAC= 10 Hz

Figure 5.13 Capacitance-voltage scan for device U2A (bottom-contacted).

Unfilled data points denote molecular oxygen-adsorbed state.
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Figure 5.14 dC/dV ¢(V ) for device O2A, fac = 1 MHz and 100 kHz. Minima
dC/dV (V) signifies the flat-band voltage Vpg. Three minima/maximma
areg observed. Vpeq is independent of UV-desorption and Os-adsorption,
Vpeake and Vpeaz are dependent on UV-desorption and Os-adsorption.
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Figure 5.15 dC'/dV (V) for device O2A, fac = 10 kHz and 1 kHz. Minima
dC/dV ¢(V ) signifies the flat-band voltage V. Three minima/maximma are
observed. Vpea is independent of UV-desorption and Os-adsorption, Vpeako
and Vpears are dependent on UV-desorption and Os-adsorption.
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=10 Hz, 4 Hz low pass filter

Figure 5.16 dC/dV (V) for device O2A, fac = 100 Hz and 10 Hz. Minima
dC/dV (V) signifies the flat-band voltage Vpp. Three minima/maximma are
observed. Vpeac1 is independent of UV-desorption and Os-adsorption, Vpeaxo
and Vpeaks are dependent on UV-desorption and Os-adsorption.
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Figure 5.17 dC/dV (V) for device U2A, fac = 1 MHz and 100 kHz. Minima
dC/dV (V) signifies the flat-band voltage Vpg. Vpea1 is independent of
UV-desorption and Os-adsorption. A response to Os is observed in the range
—15V<Vg<—-1V.
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Figure 5.18 dC'/dV ¢ variation with V¢ for device U2A, fac = 10 kHz and
1 kHz. Minima dC/dV (V) signifies the flat-band voltage V. The peak
(Vpeak1) at more negative values of Vg is independent of UV-desorption and

Os-adsorption. A response to O, is observed in the range —1.5 V < Vg < —1
V.
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Figure 5.19 dC/dV g variation with V¢ for device U2A, fac = 100 Hz and

10 Hz. Due to high level of noise no detailed analysis of minima position was
attempted.
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Figure 5.20 Comparison of Vg for devices O2A and U2A. Both devices
have three AVgp which can be assigned to Au/Cr, SWNT network and an
analyte-induced shift labelled SWNT . The error bars are partially obscured
by the data points.
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Figure 5.21 Device O2A dC/dV (V) in reduced range of V. Exposure to
molecular oxygen introduces a complex change in dC/dV (V) spectra.
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Figure 5.22 Transfer characteristics and transconductance (d/p/dV ) of thick
(U1A) and thin (U2A) bottom-contacted devices operated in FET mode. The
carrier channel consists of a SWNT network with an Ohmically contacted Si
gate. Vsp = 0.1 V device UIA, Vgp = 0.5 V device O2A. Device U2A exhibits
a greater change in transconductance. The error in g, was calculated through
Equation 2.3. The average error in g, through —4 V < Vg < 4 V was 40%
whilst at -1 V the error in g, =~ 20%.
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Figure 5.23 Drain current vs. drain voltage of device UTA and U2A operated
as FETs with gate voltages ranging between -1.9 V to -0.1 V in 0.3 V steps.
Device U2A exhibits a much greater modulation of current density with gate
voltage.

the SWNT network.

|gmUV I:‘/G:_1 |SUV| ‘SOQ |
U1A (thick network) 0.015 £ 0.003 uS NA NA
U2A (thin network) 0.068 £ 0.01 uS 7.6 V/dec 8.4 V/dec

Table 5.8 Extracted parameters from the transfer curves of devices UTA and
U2A. No inverse sub-threshold slope, S, was determinable for device UTA due
to no obvious threshold voltage Vry.

The magnitude of transconductance is greater in device U2A than device U1A, Table
5.8, highlighting the increased semiconducting nature of the thin device. The thin
network U2A includes more s-SWNT or larger band gap s-SWNT in the network due
to reduced connectivity of the network. The enhanced field effect present in device
U2A is also highlighted when the drain current versus drain voltage is examined with
gate voltages ranging between -1.9 V to -0.1 V in 0.3 V steps, given in Figure 5.23,
highlighting the p-type nature of conduction in the device. The presence of such a large
off-state current in the thicker device indicates a large number of metallic or small band
gap s-SWNT present in the network and that conduction occurs significantly above
the percolation threshold. Zhang et al. [29] performed a comparison of the electrical
characteristics of single SWN'T transistors deposited from SDS solution and washed by a
range of rinse times in DIW and ethanol. The transconductance, on current and stability

of single SWNT transistors was found to be improved by an increased wash time [29].
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The thick network could have a greater amount of residual SDS remaining in the network
which would contribute to a reduced transconductance. Snow et al [176] demonstrated a
SWNT network on a polymeric substrate of transconductance 0.5 mS/mm for a channel
length of 7 pm, significantly larger than the best transconductance presented in this
Chapter of ~ 0.02 pS/mm. Optimisation of the SWNT network thickness, greater
control of the nanotube bundling and the use of an interdigitated array to maximise
device width over minimum device area would lead to significantly greater values of
transconductance.

There is no observable current saturation within —4 V < Vg < 4 V and it is
interesting to note that Snow et al. [18] observed current saturation at Vg = —4 V
with a thin film device with channel length 1/100th the channel length of the devices
reported here. A greater channel length, L¢, increases the number of interfacial traps,
Nit, between the carbon nanotubes and gate insulator [73] leading to a greater interfacial
trap capacitive component Cipr = d(¢Nyr)/d¢ps where ¢g is the SWNT surface potential
due to the gate voltage. This extra capacitance would shift the gate voltage through [73]:

1 Cir+C -n
Vo= (@‘f‘ITC—OQ) ¢S_Q(pc,—0)+VFB (5-3)

where aq = C,/(C, + Cs + Cp) is the gate control factor, C, is the gate oxide
capacitance, Cq is the quantum capacitance and Cs and Cp are the capacitances of
the source and drain electrodes respectively. The increased number of SWNT /nitride
interface traps obtained with an increased channel length would therefore shift the
saturation voltage of the SWNT-FET device to a lower voltage, effectively stretching
out the transfer curve of the FET. In the above formulism the inverse sub-threshold
slope (see Section 1.4.5) can be defined as S = m(A - kT/q), where A is constant
and m = 1 4 Cip/Co. The exponential sub-threshold region (-2 V < Vg < 0
V) of the transfer curve of device U2A in the UV-desorbed and O, adsorbed state
displays an increase S by ~ 10 % upon O, adsorption, Table 5.8. This increase in
S is caused by an increase in the capacitance of the nanotube/nitride interface traps
upon oxygen-adsorption. Defects on SWNTs at the gate oxide interface are probable
locations for interface traps. Adsorption of oxygen at these defect sites [91] would lead
to a capacitance increase and could explain the third flat-band voltage observed in the

thin devices.
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Figure 5.24 Circuit diagrams of a) d.c. equivalent circuit model b) small-signal
equivalent model. Where C =<t is the oxide capacitance with respect to the
metal contact, C',NT is the oxide capacitance with respect to the nanotube
network, RNT is the resistance of the nanotube network, Vp; is the built in
voltage in the semiconductor, C'g is the d.c. capacitance of the semiconductor,
Chir is the d.c. capacitance of charge stored in interface traps, €}, and C,
are the differential capacitance of holes/electrons in semiconductor, Cj; is the
differential capacitance of charge stored in interface traps.

5.2.4 Device response comparison

The response of thin and thick SWNT-MOS capacitors to molecular oxygen-adsorption
in both bottom-contacted and top-contacted configurations have been presented. The
response, C'(V ), of the devices exhibited similar increased capacitance in the depletion
regime upon oxygen-adsorption. The relative increase in conductance and capacitance
was found to be greater in the thin SWNT network device, see Table 5.9.
As stated in Section 1.7 the gate capacitance, C'q, can be expressed as
o = % el (121))
where (g is the capacitance of the semiconductor and C| is the capacitance of the
oxide. The oxide capacitance has two parallel components due to the metal contact and
the carbon nanotube network, Figure 5.24. The capacitance of the oxide and SWNT
network consist of two capacitances in series - the oxide capacitance with respect to the
nanotube network (C,¥7) which depends on the oxide thickness and density of SWNT,
and quantum capacitance (Cq) which is a function of the SWNT Fermi energy Ep (at
T =0 Cq = e*g(FEy) [177]). The total capacitance of the SWNT network and oxide
is therefore C' = (1/C T + 1Cq) . Cq = 10C,NT [176,178] and the dominant effect
arises from that of C,¥T. Studies on SWNT network capacitor (with no semiconducting
silicon present) have shown that as voltage between SWNT network and substrate is

increased the total capacitance decreases indicating that Cq is decreasing and therefore
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Label  Thickness (nm) * R (k Q) AG % , AC(VEBgwnr) %, fac = 10 kHz,
UV — O2 UV — O2
Thick Top-contacted  O1A 2200 4 300 14.21 £0.02 4+2 8+2
Bottom-contacted =~ UlA 1100 £ 200 44.62 £ 0.08 13+2 11+2
Thin Top-contacted ~ O2A 40 + 30 394+ 1 10+ 2 26 + 3
Bottom-contacted ~ U2A 200 + 40 1274 £3 30+ 3 18+3

®Calculated from UV-absorption spectra, Chapter 2.1.3

Table 5.9 Summarised data for device response to oxygen-adsorption from
a UV-desorbed state. AG% is calculated from the steady state values of
conductance in each state. The change in capacitance at the flat-band voltage
of the SWNT network is compared, AC(Vgpgynr)% at fac = 10 kHz. In
the case of the thick network AC(Vppgyyr) is calculated from the shift of the
ViBgwar Petween UV-desorbed and Os-adsorbed state. In the case of the thin
network AC(Vppgyyr) 18 calculated from the difference between Vppg,, e and

VFBSWNTO .

playing a greater role in the total capacitance [122]. Snow et al. achieved relative
changes in capacitance for non-polar molecules benzene, hexane and heptane ~ 200 for
concentrations ~ 600 ppm. [114]. The response of the SWNT-MOS device capacitance
presented in this Chapter could be improved through greater effort to ensure de-bundled
SWNT, greater control over the thickness and through incorporation of a thinner gate
oxide or by using a high dielectric constant insulator such as TiOs.

The variation in dC/dV (V) is similar for thin and thick networks in the
UV-desorbed state, exposure to molecular oxygen introduces thickness dependent
differences in dC/dV (V). The thick SWNT networks (device O1A and U1A)
upon Os exposure display a positive shift of the flat-band voltage associated with
the SWNT network; possibly explained by an increase in the surface dipole of SWNT
due to oxygen-adsorption. This behaviour is observed for both the top-contacted and
bottom-contacted device configurations with a similar AV ¢ shift observable in both
cases. In the case of the thin devices upon Os-adsorption the minima in dC'/dV¢(Vg)
associated with flat-band conditions of the gate materials are still present and at similar
gate voltages. However, there is a third minima in dC/dV ¢(V ¢) upon oxygen exposure
at VEpg, ae <V < ViBgwnr- Oxygen adsorption withdraws electrons from the SWNT
network shifting the Fermi level, this change in the DOS would increase Cq which
could explain the origin of the third flat-band voltage. Also the third minima could
be attributed to a greater efficiency of adsorption at the SWNT /nitride interface -
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Figure 5.25 dC'/dV for thin SWNT network device O2A in UV-desorbed,
Os-exposed and Ni-exposed states at fac = 10 kHz.

providing a third Vpp as discussed below. The quality of the third flat-band voltage
peak in dC/dV ¢(Vg) of O2A (top-contacted) is greater than U2A (bottom-contacted)
and is likely due to a robust electrical contact as a result of Fermi level pinning.

The transfer characteristics of bottom-contacted devices display a non-zero
transconductance. The polarity of gate voltage needed to increase Ip is indicative
of p-type transport the cause of which is deeply adsorbed oxygen [15].

The effect of oxygen on the SWNT networks operated as FETs varies with film
thickness. The thick device exhibits an increased conductance on oxygen adsorption with
no well defined inverse sub-threshold region and small variation in transconductance,
indicating minimal field effect on conductance. The thin device exhibits an increased
conductance upon oxygen adsorption and an increase in inverse sub-threshold slope,
S =m(A-kT/q), where A is constant and m = 1 4+ Cip/Co.The increase in S upon
oxygen adsorption is attributed to an increase in the capacitance of interface traps
through oxygen adsorption. This could also be a basis for explaining the appearance
of a third minima in dC/dV (V) of the thin devices. Oxygen adsorption at the
nanotube/nitride interface contributes a new flat-band voltage to the C-V scan. In this
case there is effectively a ‘new material” at the nitride surface arising from the adsorption
of oxygen on the nanotube network with a distinct flat-band voltage. In support of this
argument the response of O2A to nitrogen-adsorption is presented and contrasted with

oxygen adsorption in Figure 5.25.
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There is an appreciable difference in the minima in dC/dV g for device O2A between
oxygen and nitrogen exposure, Figure 5.25. The minima previously observed and
assigned to the flat-band voltage of the metal contact and SWNT network are still
observable at the same voltage irrespective of atmospheric condition. The adsorption of
nitrogen/oxygen on the nanotube network provides a distinct flat-band voltage for the
adsorption complex. This is not observed in thick films due to the increased metallic
component and increased thickness, reducing the amount of adsorption by nanotubes
at the nitride surface.

The two thickness groups are sufficiently distinct to draw broad conclusions, however
the variation in thickness between samples of the same group reflects a lack of control
in the device production and characterisation, this is probably due to the necessity of
creating a separate sample for each device (coated under the same conditions of the
device) for the purposes of UV-visible spectrophotometry. This technique could be
improved markedly by employing reflectance spectroscopy on the same sample, rather
than producing a separate sample. This technique could be possible with the existing
PerkinElmer Lambda 950 Spectrophotometer with a small modification 2.

The top-contacted samples display lower resistance (factor of ~ 1/3) than the
bottom-contacted samples, even when the effective thickness is thinner by a factor
of four, as is the case for the thin sample set. This is expected as the resistance of
the SWNT networks critically depend on the current injection efficiency, comprised
primarily of the height and thickness of the metal-nanotube Schottky barrier and
the reflectivity of the contact. Top-contacted SWNT are expected to have fewer
contaminants at the metal electrode/SWNT interface as a result of metal vapour
deposition under vacuum (1 x 107® mbar). Bottom-contacted SWNT are expected
to have more contaminants at the metal electrode/SWNT interface due to a greater
concentration of organic contaminants present during deposition, introducing additional
barriers to the current injection in addition to the metal-nanotube Schottky barrier.
As discussed in preceding Chapters impurities within the network could affect the
electronic properties and response to analyte. The presence of carbonaceous and metallic
impurities reduce the base conductance and magnitude and speed of the conductance
increase upon oxygen exposure and determine the reversibly on application of vacuum
[167]. The reduction of network conductance by the presence of carbonaceous and

metallic impurities could reduce the capacitative response of the network by reducing

2Universal Reflectance Accessory, PerkinElmer, Inc.
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the polarising electric field. The response of the SWNT-MOS sensor may therefore by
improved by increasing the purity of SWNT network.

The effect of residual SDS could have affected the current injection efficiency of the
devices and may have played a greater role in the thick devices - possibly contributing to
the reduced transconductance observed in Figure 5.22. The effect of residual Na ions is
unknown and the discussion in Chapter 4 on the possibility of charge transfer occurring

through a Na mediated reaction path is still valid.

5.2.5 Reproducibility of results

The general device behaviour described in this Chapter has been observed in a number
of SWNT-MOS devices. Gradual improvement of device characteristics and control of
processing parameters resulted in the SWNT-MOS devices presented in this Chapter.
The most significant improvements in device performance and reproducibility came as

a result of:

e improved control of the network thickness through optimisation of the air brush

technique.

e Optimisation of silicon wafer processing parameters and the resulting minimisation
of leakage current. The optimised silicon wafer processing steps and experimental

setup for checking the leakage current are described in Appendix A.

The reproducibility of results occurring on the same sample are good. Care must
be taken to apply the same exposure history to achieve similar results, as described in
Chapter 4 concerning the reproducibility of resistive SWNT sensor measurements.

Reproducibility in the measurement of C'(V') of device O2A is considered in the Oy
adsorbed state. Three C(V') measurements are taken successively. The variation in
capacitance, dC'/dV (V') and Vg is discussed. The standard deviation of capacitance
measurements is small, the sd of m at fac = 10 kHz has a value of 0.03% averaged
over the range of V. C(V) at 1 MHz, Figure 5.26, 100 Hz and 10 Hz display a large
degree of noise. The mathematical derivative of C'(V') is calculated and FFT filtration
applied at 4 Hz. The noise in C(V) is amplified when the mathematical derivative is
taken, Figure 5.27. Extraction of Vpp from each of the three sets of C'(V') provides a

measure of the standard deviation in Vgg, Table 5.10. There is zero standard deviation
of flat-band voltage of mid-frequency dC/dV (V).
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Device O2A, Oz-adsorbed, fAC=10 kHz —— Device O2A, Oz-adsorbed, fAc=1O kHz
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Figure 5.26 C(V) for device O2A in the oxygen adsorbed state calculated
from three sets of C'(V) at fac = 1 MHz (fac = 10 kHz) for the LHS (RHS)

graph. The standard deviation of C'(V) is displayed as error bars.

— Device O2A, O -adsorbed, f, =1 MHz, 4 Hz low pass filter — Device O2A, O,-adsorbed, f, =10 kHz, 4 Hz low pass filter
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Figure 5.27 dC'/dV (V) for device O2A in the oxygen adsorbed state calculated
from three sets of dC/dV (V) at fac = 1 MHz (fac = 10 kHz) for the LHS
(RHS) graph with 4 Hz FFT filtering. The standard deviation of dC'/dV (V') is
displayed as error bars.

Freq. 1 MHz 100kHz 10kHz 1kHz 100 Hz 10 Hz

VrB -2.03 -1.92 -1.80 -1.70 -1.59 -1.71
sd 0.02 0 0 0 0.01 0.03
%sd 1 0 0 0 1 2

Table 5.10 Mean flat-band voltages and associated standard deviation from a
sample set of three for SWNT-MOS device O2A.
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Figure 5.28 Transfer characteristics of device U2A in UV-desorbed state
averaged over three cycles. Standard deviation given as error bars.

The repeatability of SWNT-FET characteristics has been investigated. The transfer
characteristics of device U2A in the UV-desorbed state were recorded between —4 V <
Ve <4V were repeated three times and the average and standard deviation calculated,
Figure 5.28. The average standard deviation of the current is small sd = 0.3%. The
average standard deviation of the transconductance is large sd = 8% due to instability

in the transfer transconductance centered around Vg = —3 V, Figure 5.28.



Chapter 6

Conclusion and Further Work

6.1 Conclusion

The adsorption of oxygen onto thin and thick SWNT networks has been investigated.
Nanotube networks of controllable thickness were deposited from an aqueous suspension
with the airbrush technique. Oxygen-adsorption provided increases in conductance
and differential capacitance which are interpreted in terms of the deduced transport
characteristics. Oxygen-adsorption on thin SWNT networks provided a detectable
change in the sub-threshold slope when operated as a FET.

Temperature dependent transport characteristics of thin and thick networks were
investigated in Chapter 3, the room temperature rate limiting process was found to
be 3D-VRH. Thin SWNT networks were described by 3D-VRH hopping throughout
the entire temperature range 4 K< T < 300 K. Thick SWNT networks were well
described by 3D-VRH in the temperature range 60 K< 7' < 300 K, the conductance
of the thick network can be described throughout the entire temperature region 4
K< T < 300 K by a heterogenous model formed through inclusion of a metallic
type conductance component. In a thick nanotube network all-metallic pathways are
expected to dominate the conduction due to high connectivity and therefore large degree
of freedom for the current pathway. The density of states at the Fermi level would be
expected to be greater in a network with an increased proportion of metallic pathways
and this is indicated through the values of the extracted VRH parameters. The VRH
parameter Tj is inversely proportional to the density of states at the Fermi level, g(Er),
and is extremely sensitive to the localisation length, a, as Ty o< g(Eg) 'a~'/3. The

VRH parameter GGy describes the geometry of the nanotube networks, increasing with
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number of contributing filamentary branches in the network. Comparison between
the fitting parameters for thin and thick nanotube networks in the laboratory-air
exposed state reveal Ty(thin) ~ 60 x Ty(thick) and Go(thick) ~ 9 x G(thin) indicating
the increased connectivity and metallic nature of the thick network. Electric field
dependent conductance of the thin SWNT network identified an exponential dependence
of conductance on applied voltage, indicating a field mediated increase in the hopping
or tunnelling probability. UV-desorption of the thin network was shown to reduce Gg
and increase 7} indicating a reduction in the network connectivity and a decrease in the
product g(EF) - o® as a result of oxygen desorption.

The determined transport characteristics were then used as a basis for explaining
the observed conductance response of thin and thick SWNT networks to molecular
oxygen-adsorption. The conductance of a UV-desorbed SWNT network increases upon
oxygen-adsorption. Oxygen doping shifts the Fermi level into a transport band of a
percentage of nanotubes increasing the network connectivity which increases the network
conductance. Cycling between a vacuum level of 1 x 107 mbar and atmospheric pressure
oxygen resulted in a decrease in conductivity after each oxygen exposure. The SWNT
networks remain oxygen doped in vacuum and due to the experimental set-up the
introduction of water-vapour into the network could not be eliminated and could cause
the observed decrease in conductance with oxygen/vacuum cycling as a result of the
interaction of water molecules with chemisorbed oxygen within the nanotube network.
Oxygen is most likely chemisorbed at defect sites in the network. Improvements in the
quality of nanotubes is expected to improve the reversibility of the adsorption.

Adsorption kinetics were investigated in Chapter 4. Thin and thick SWNT networks?
displayed two distinct regions of adsorption dynamics, with characteristic time period
dependent on thickness of the network. Initially the adsorption of oxygen onto
the network is described by diffusion phenomena. Within the diffusive regime the
conductance response dynamics of the network can be further differentiated. A very
fast diffusive component is sated after a few minutes, after this point diffusion continues
at a lower rate. The transition within the diffusive regime is similar to other diffusive
processes which become influenced by trapping of the diffusing particle. This reduction
in diffusion rate could be caused by a reduction in doping efficiency as a result of
molecular trapping by defects or impurities. The diffusion parameter of the thick

nanotube network is significantly less than the thin nanotube network indicating a

!These samples are distinct from the thin and thick networks mentioned previously, see Section 4.2.
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combination of a greater number of traps, possibly through increased bundle formation
or network density and reduction in the doping efficiency as a result of a greater
metallic component in the network. The second broad range of adsorption kinetic
behaviour is described by an activation limited adsorption process, and so describes
the adsorption onto nanotube networks at a high density of adsorbed oxygen. This
process continues with an increasing value of required energy for adsorption until the
end of the experiment, ¢t ~ 40 hours.

In Chapter 5 thin and thick SWNT-MOS devices were exposed to atmospheric
pressure oxygen from a UV-desorbed state. The differential capacitance of the
devices was measured at various small-signal frequencies whilst scanning the d.c.
gate bias V. Flat-band voltages were extracted for thin and thick networks in
top-contacted and bottom-contacted electrode configurations. The SWNT-MOS devices
could also be operated as FETs with a conduction channel formed by the nanotube
network, the carrier density is modulated by the field from the Ohmic contact at the
back-plane of silicon. A large field effect was present in the thin network devices,
with a detectable turn-on voltage and sub-threshold slope. The thick network devices
displayed little field effect, with no detectable turn-on voltage. These observations
support those noted earlier in which the transport characteristics of thicker networks
contained a metallic component in the functional form whilst thin networks were
more semiconducting. Differences in the differential capacitance response also indicate
the metallic and semiconducting nature of the thick and thin networks. Thick
networks exhibited a positive shift of the SWNT network flat-band voltage upon oxygen
adsorption due to increased surface dipole and charge transfer with the nanotube
network. Thin nanotube networks exhibited two detectable flat-band voltages post
oxygen-adsorption. One flat-band voltage was unmoved from that attributed to the
SWNT network in UV-desorbed state, the other flat-band voltage occurred at a lesser
voltage and is attributed to the interaction of oxygen with semiconducting nanotubes
at the nanotube-nitride interface. The quality of the third flat-band voltage peak
in dC/dV¢(Vg) was found to be greater in the top-contacted device than in the
bottom-contacted device and is indicative of a robust electrical contact as a result of
enhanced Fermi level pinning.

Carbon nanotube networks show promising possibilities for use as a gate-electrode
on a MOS capacitative sensor. The use of thin top-contacted nanotube networks as a

gate electrode in a MOS capacitor results in clear features in dC'/dV which vary with the
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analyte to which the network is exposed. Further more, the UV-desorbed SWNT-MOS
device exhibited a response to oxygen adsorption in terms of conductance, flat-band
voltage shift and FET characteristics. The SWNT-MOS sensor operated as capacitor,
FET and resistor is therefore a potential method of distinguishing analytes through
analysis of adsorption characteristics in the above modes. It has been demonstrated
that the sensor response signal is dependent on the thickness of SWNT-network, thinner
networks exhibiting a greater response to oxygen in each of the modes of operation.
The adsorption kinetics of oxygen on thick and thin nanotube networks reveal a
greater degree of trapping present in the thick nanotube network. The diffusion and
adsorption of oxygen is determined by the degree of surface impurities and defects
within the nanotube network. UV-desorption was necessary to desorb dopants from the
nanotube network indicating strongly bound species most likely present at defects within
the network. The quality of nanotubes and the degree of graphitisation is therefore
important in determining the response of the nanotube network to oxygen-adsorption. It
is anticipated that through a purification of the network through oxidation of amorphous
carbon impurities that the response time and magnitude of signal could be improved.
The possibility exits for optimisation of the response signal through optimisation of
the network thickness. Control of the quality of nanotubes, including the degree of
graphitisation and impurity levels, could lead to improvements in the recovery and

adsorption time of the sensor.

6.2 Further work

The work presented in this thesis is of interest from both a fundamental physics and
applications perspective. The interaction of molecular species with 1D-systems was
investigated and a device was presented with sensitivity to subtle material specific
electronic properties such as work-function.

However, many questions remain unanswered. The amount of residual surfactant and
associated Na ions present in the nanotube network after the wash technique prescribed
in this thesis should be quantified through a suitable spectroscopic technique such as
x-ray photoelectron spectroscopy. The effect of residual surfactant and associated Na
ions within the nanotube network on the transport characteristics of the networks and
conductance/capacitance response to oxygen-adsorption should be investigated. This

could be addressed with a sample set differentiated by DIW wash time with some



6.2. FURTHER WORK 157

including organic solvent wash as this has been reported to complectly remove any
adsorbed SDS [29]. High temperature annealing ~ 1300 K has been shown through
photoemission spectra to completely remove residual Na from SWNT networks [31],
comparison of results should also be made with such a sample and the possibility of
graphitisation of the nanotube network should be considered.

The sensitivity of the networks to partial pressures of analyte has not been
investigated. It would be of great interest to explore the differential capacitative response
of thin SWNT-MOS devices to partial pressures of analyte. Intuitively one expects
sensitivity to be high due to large surface area and 1D-electronic structure.

The thickness of nanotube network was found to be critical to the differential
capacitative response of nanotube networks. Further work should therefore include
testing of networks at the cusp of the percolation threshold. Ideally these networks
would be directly grown on silicon oxide, minimising contact resistances and defects
induced into the nanotubes through processing (ultrasonication).

A study of the response of the SWNT-MOS capacitor sensor to oxygen with differing
degrees of quality of SWNT used as the gate material would provide information on the

role of defects in the sensing response of SWNT-MOS devices.



Appendix A
Device Fabrication Procedure

1. Evaporation mask fabrication.

e Positive photoresist spincoated and soft baked at 373 K for ~ 1 minute on

each side of molybdenum (Mo) sheet.

e UV mask appropriate for single stripe electrode pattern (see example pattern

below) was placed on Mo sheet and exposed in UV light-box.

IO I

e The UV exposed photoresist was developed in appropriate developer solution.

e Mo sheet with single stripe electrode pattern etched in 1 part HySO4 + 1
part HNO3 + 5 parts HyO, providing an etch rate of ~ 12 ym/min at 25 °C.

e Mo sheet rinsed in DIW.

2. Si0,/Si3N, layer etched off of one side of silicon wafer. Both faces of the
as supplied wafer! comprise a 20 nm SiO, thermally grown layer followed by a
CVD grown 30 nm SizNy layer. On one face of the silicon the SiOy and SizNy
layer was removed by pipetting 48 wt. % HF in H,O (Sigma-Aldrich, product
number: 380105) onto one face of the wafer, SiOy/SizNy is removed when the
surface property changes from hydrophillic to hydrophobic. The HF solution is
then pipetted off of the Si wafer and Si wafer rinsed in DIW.

1Si-Mat, http://www.si-mat.com/
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3. Al Ohmic contact deposited on Si wafer. 100 nm thick aluminium layer was
thermally evaporated onto the exposed silicon face of the wafer. The thickness
of deposited Al was determined with a quartz crystal oscillator situated in the
same solid angle as the target substrate, the appropriate density of 2.7 g/cm?
and acoustic impedance of 8.17x10°% g/cm?s was input into the quartz crystal
thickness controller. To improve the Ohmic contact of the Si-Al interface the

wafer was annealed at 623 K for 5 minutes in laboratory atmospheric conditions.

4. Integrity of SiO,/SizIN, confirmed. Any holes in the SiO/SizNy layer will
introduce significant leakage current upon deposition of the SWNT network. The
integrity of the SiO,/SizN, layer was confirmed electrochemically through linear

sweep voltammetry, using the following procedure:

e The buffer solution was de-gassed by bubbling nitrogen through the solution

for > 20 minutes.

e The silicon wafer is positioned in a suitable electrochemical cell, Figure A.1. A
small area of the silicon wafer was exposed to the electrolyte solution through
the use of a spring-loaded compression mask and o-ring. The electrolyte
comprised a 0.5 M HySO, solution containing 0.01 M Fe3* and 0.01 M Fe?*,
all purchased from Sigma-Aldrich. The cell potential was measured with
reference to a Ag/AgCl (3 mol dm~3 NaCl) electrode, the counter electrode
consisted of platinum foil and the working electrode was in electrical contact

with the Al face of the silicon wafer through contact with the brass plate.

e With the electrodes attached to a suitable potentiometer (Autolab
Potentiostat PGSTAT12) linear sweep voltammetry was performed with a
scan rate of 100 mV/s.

e Various areas of the silicon wafer should be tested to confirm homogeneity of
Si09/SizNy.
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Figure A.1 Experimental setup for leakage current measurements. The
reference electrode consisted of a Ag/AgCl electrode the counter electrode
consisted of platinum foil and the working electrode was attached to the
Ohmically contacted Al face of the Si wafer which was in electrical contact
with the brass plate. The potentiostat controlled the potential of the working
electrode with respect to the reference electrode while simultaneously measuring
the current flowing between the working electrode and the counter electrode.

5. Si wafer diced. A diamond tipped scribe and ruler were used to gently scratch
a straight line on the Si wafer. The wafer was positioned on a raised edge of the
ruler, cotton buds were used to gently press down on either side of the scratched

line to cleanly break the wafer.

6. Silicon wafer cleaned. The silicon wafer was cleaned through bath sonication
in acetone for 5 minutes followed by bath sonication in methanol for 5 minutes.

The samples were then rinsed in DIW and blown dry in a nitrogen flow.

7. Electrodes evaporated. Note: the order of steps 7 and 8 is interchangeable

depending on desired top/bottom contacted device configuration.

e The substrates were aligned with the evaporation mask and placed in thermal

deposition chamber.

e 20 nm Cr (density 7.2 g/cm?® acoustic impedance 28.95x10° g/cm?s)
deposited to facilitate adhesion of Au.

e 80 nm Au deposited (density 19.3 g/cm?® — acoustic impedance
23.18x10° g/cm?s).
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8. Nanotube network deposited.

e The airbrush ? was pressurised with filtered compressed air.

e The SWNT solution was placed in the airbrush well and the airbrush was
positioned 5 cm above the device substrate. Single sweep brush strokes were

applied.

e Each deposited brush stroke was allowed to dry before subsequent

depositions.

e Post deposition the SWNT networks were soaked in de-ionised water for 20

minutes to remove excess SDS.

2Everythingairbrush, Model AB-135A, http://www.everythingairbrush.com/
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Appendix B

Error in Chapter 3 transport

measurements

The errors in V' and [ were treated as originating from the same source (dependent

error) and propagated through the calculation of the zero-bias differential conductance,

G.
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Temperature G error % G error I range I resolution I accuracy

300 K 0.39 2x1077 1< I<10 pA 10 pA 0.05 % + 600 pA
249 K 0.40 2x1077 1< T<10 A 10 pA 0.05 % + 600 pA
200 K 0.41 1x10~7 1<I<10pA 10 pA 0.05 % + 600 pA
160 K 0.42 1x1077 1< I<10puA 10 pA 0.05 % + 600 pA
120 K 0.44 71078 1< I<10 pA 10 pA 0.05 % + 600 pA
100 K 0.46 6x1078 1< T<10pA 10 pA 0.05 % + 600 pA
90 K 0.47 5x1078 1< T <10 puA 10 pA 0.05 % + 600 pA
80 K 0.39 4x107%  100nA <I<1puA 1pA 0.05 % + 100 pA
70 K 0.40 3x1078  100nA <I<1pA 1pA 0.05 % + 100 pA
60 K 0.40 2x107%  100nA <I<1upuA 1pA 0.05 % + 100 pA
50 K 0.41 2x1078  100nA <T<1uA 1pA 0.05 % + 100 pA
40 K 0.43 1x1078  100nA <T<1pA 1pA 0.05 % + 100 pA
30 K 0.48 9x107° 100 nA <IT<1pA 1pA 0.05 % + 100 pA
20 K 0.44 4x107% 0 <1 <100nA 100 fA 0.05 % + 30 pA
17K 0.47 3x107%  0< T <100nA 100 fA 0.05 % + 30 pA
15 K 0.50 2x107% 0 <1 <100nA 100 fA 0.05 % + 30 pA
12 K 0.58 2x107% 0 < T <100nA 100 fA 0.05 % + 30 pA
10K 0.70 1x107°  0<1<100nA 100 fA 0.05 % + 30 pA
9K 0.8 1x107°  0<1I<100nA 100 fA 0.05 % + 30 pA
8 K 0.96 1x107°  0< <100 nA 100 fA 0.05 % + 30 pA
7K 1.22 9x10710 0 < I <100 nA 100 fA 0.05 % + 30 pA
6 K 1.72 8x10710 0 <71 <100nA 100 fA 0.05 % + 30 pA
5K 2.70 7x10710 0 < I <100 nA 100 fA 0.05 % + 30 pA
4K 3.86 7x10710 0 < 1 <100 nA 100 fA 0.05 % + 30 pA

Table B.1 Error in zero-bias differential conductance, G, of UV-desorbed thin
SWNT network in the temperature range 4 K < 7T < 300 K.
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List of Publications

[P1]

D.J. Mowbray, C. Morgan and and K. S. Thygesen. Influence of Oy and N5 on
the conductivity of carbon nanotube networks. Physical Review B, 79:195431,
2009.

C. Morgan, Z. Alemipour and M. Baxendale. Variable range hopping in
oxygen-exposed single-wall carbon nanotube networks. Physica Status Solidi A,

205(6):1394:1398, June 2008 [Errata: DOIL: 10.1002/pssa.200925122 (awaiting

print issue)].
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