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diss.

In this thesis we have studied experimentally electronic transport in meso-
scopic hybrid polypyrrole-gold devices and single multiwalled carbon nanotube
devices.

A novel fabrication technique for mesoscopic conducting hybrid polymer-gold
films has been developed. The hybrid polymer-gold films have been fabricated by
electrochemical deposition of polypyrrole on a gold nanoisland layer. Temperature
dependence of conductance show that the dominant transport mechanism in the
polypyrrole-gold films is variable range hopping in the temperature range from 20
K to 300 K. At very low temperature strong nonlinearities in the field dependent
conductance are observed. The field dependence follows a phenomenological model
that is different from conventional field dependent transport theories probably due
to the presence of gold islands embedded in polymer.

Further, we have explored size and temperature dependences of basic elec-
trical properties of intermediate sized multiwalled carbon nanotubes in a diameter
range, 3 to 10 nm, which has not been systematically explored previously. In par-
ticular, we have observed in gate controlled conductance measurements, transport
gaps which become more pronounced with decreasing temperature. Many trans-
port features are found to scale with channel length and diameter of the nanotube
devices. These include onstate and offstate resistances, on/off ratios, as well as pe-
riodicities of Coulombic oscillations. The kind of scaling behaviours observed are
a manifestation of both diameter dependent intrinsic bandgaps and localization ef-
fects. However, some deviations from the scaling and complex transport gaps have
also been observed which may be due to chiralities and possible interwall effects.
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Chapter 1
Introduction

This thesis consist of experimental work on nanoscale carbon based conducting ma-
terials; conducting polymers (CP) and carbon nanotubes (CNT) (Fig. . Carbon has
four valence orbitals, namely 2s, 2p,, 2p, and 2p,. The first three orbitals take part in
sp® orbital hybridization forming o-bonding molecular orbitals. In both carbon nan-
otubes and conducting polymers the 2p, electrons form 7-bonding orbitals [1], [2].
Delocalisation of m-electrons can lead to metallic conductivity in both of these mate-
rials [3].

The electrical properties of CNTs and CPs are influenced by many factors in-
cluding structural disorder, sample size, geometry and chemical doping that can
lead to both metallic and semiconducting behaviour. The wide range of proper-
ties gives CPs and CNTs a high potential for applications in electronics. The elec-
trical properties of CNTs and CPs have been extensively studied over the past three
decades for a deeper understanding of the charge transport mechanism in these ma-
terials. However, there is still alot ongoing research works to address unanswered
questions on some aspects of transport in these systems and for probing interest-
ing physical phenomena lower dimensions. Low temperature transport studies in
conducting polymers have shown variable range hopping and Efros-Shlovskii (ES)
hopping as the dominant conduction mechanism [4]. In CNTs, especially in sin-
gle walled ones, ballistic conduction has been observed and consequently different
quantum transport phenomena such as Fabry-Perot interference, for example, have
also been reported [5].

In literature of both CPs and CNTs, we observe that, there exist some ranges
of size that have not been adequately explored owing to either fabrication difficul-
ties in nanoscale CP samples or complexity of structure as is the case in multiwall
nanotubes (i.e concentrically arranged single wall nanotubes) where a 0.34 nm in-
terlayer spacing raises possibility of intershell transport between walls that can be
wrapped in many different ways.
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FIGURE 1.1 Molecular structures of conducting polymers and carbon nanotubes.

Molecular structure of polyacetylene showing alternating single and double C-
C bonds. [(b)] Structure of polypyrrole, the conducting polymer studied in this thesis
work. [(c) A two-dimensional graphene sheet that can be wrapped in many ways lead-
ing to one-dimensional [(d)| achiral nanotubes or [(€)] chiral nanotubes. [(f)] Multiwalled
carbon nanotubes (MWNT) have many nanotubes arranged concentrically.



In this thesis size dependence and other aspects of electrical properties are ex-
plored in:

® - sub-200 nm thin films of polypyrrole (PPy) electrochemically deposited
onto a discontinuous layer of gold islands. The significance of a gold island layer is
two-fold. It promotes rapid lateral growth leading to long thin films and provides
an opportunity to study transport at small size scale corresponding to nanoscale
inter-island spacing.

® - Individual back-gated multiwalled carbon nanotube devices (MWNT) in
the diameter range 3 - 10 nm. There is previously hardly any work on MWNTs in

this diameter range. This work therefore bridges the study gap between the works
on single- and double walled CNTs and MWNTs of diameter > 10 nm.

The CP samples and MWNTs studied in this work are mesoscopic since their
size falls within the size range 1 nm to 1 um [6]. This leads to quantum confine-
ment as one dimension of the sample becomes comparable to the electronic wave-
length. The CP thin film samples are more two-dimensional with thickness com-
parable to diameter of quasi-one-dimensional CP nanofibres, CP nanotubes or CP
nanowires as reported in literature [7], [8], [9], [10], [11], [12]. Mesoscopic conduct-
ing polymers and multiwall carbon nanotubes offer an opportunity to study low di-
mensional physics and are useful for nanoelectronics applications such as nanoscale
sensors, high speed memory devices, field effect transistors (FET) and interconnects
of nanoscale electronic devices.






Chapter 2

Conducting polymers

2.1 Fundamental properties

The term polymer is often associated with saturated polymers like polyethylene,
which are used to make ordinary plastic items that are electrically insulating. There
is, however, a class of polymers called ‘conducting polymers’ that can exhibit elec-
trical properties like metals or semiconductors. Conducting polymers are generally
conjugated polymers that have alternating single and double carbon-carbon bonds
along their constituent polymer chains, as typified in the structure of polyacetylene
shown in Fig[l{a).

The difference in electrical properties of saturated polymers and conducting
polymers can be understood in terms of sp® and sp? orbital hybridization of car-
bon. In polyethylene, there is sp® hybridization such that all valence electrons are
locked up in covalent bonds and therefore not available for electron transport. In
contrast, the sp? hybridization in conjugated polymers leaves one unbonded elec-
tron per carbon atom that can delocalize along the chain leading to conduction. This
sp® hybridization is also responsible for the structure and electrical conduction in
graphene as well as in carbon nanotubes, as discussed in Chapter 1.

Examples of conducting polymers (CPs) are polyacetylene (PA) and polypyr-
role (PPy), the polymer used in this work and shown in Fig[I(b). Due to delocal-
ization of m-electrons along the polymer chain, CPs are theoretically predicted to
exhibit metallic behavior comparable to that of copper. However, owing to disorder,
the bulk conductivities of CPs are much lower than conductivity of copper. In fact,
intrinsic conjugated polymers exhibit semiconducting behavior where as doped CPs
can exhibit conductivity in the range 1 S/cm to 10* S/cm depending on the doping
level, degree of disorder, and chain orientation.
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The significance of studying electrical properties of CPs is two-fold. Firstly,
CPs have a good potential for many applications that need a combination of good
mechanical properties of plastics and good electrical properties such as wearable
electronics, flexible displays light emitting diodes, interconnects and electrostatic
shielding materials. A good understanding of charge transport mechanisms behind
their electrical properties is useful in the tuning of those properties for a particular
application.

Secondly, CPs are important for study of fundamental physics. In the field of
condensed matter physics CPs present a good material in which nonlinear excita-
tions known as solitons can be studied. Solitons lead to formation of midgap states
in the bandstructure of polyacetylene, the most simple conducting polymers. The
soliton refers to a region (or a domain wall) where there is a change in single-to-
double bond alternation caused by the dopant as illustrated in Figl2.1] [13]], which
is possible since in polyacetylene both alternations are energetically equivalent. On
doping of a polymer chain, soliton formation is more favoured than hole or electron
excitation, since the chemical potential of undoped polymer is in the mid of the gap.
This means that solitons do form spontaneously with less cost.

In nondegenerate conjugated polymers, as they usually are, the possible exci-
tations are known as polarons and bipolarons,which are illustrated in Fig[2.2] [10].
A polaron with spin-% is formed when a single electron is injected into the chain
(by doping). Addition of extra hole or electron leads to a spinless bipolaron forma-
tion. This spin-charge decoupling phenomena in highly doped polymers is one of
the great triumphs of conducting polymers in physics [13].

Over the past two decades a lot of electron transport studies have been done in
macroscopic CP samples [4]. One would wish to extend those studies to mesoscopic
and nanoscale systems for the sake of studying physical phenomena in those and
in the hope of using CPs as nanowires and nanoscale FETs. Very few works have
been reported since fabrication of well defined CP mesoscopic samples is in general
a difficult task and that they tend to exhibit more insulating behaviour at low tem-
perature. The other reason for the scarcity of works is the instability of conducting
polymers which can be more severe in mesoscopic samples. However with various
modern fabrication techniques such as dip pen nanolithography [14], it is possible to
fabricate mesoscale CPs with better quality. More low temperature works on meso-
scopic polymers are needed since there are still a few unresolved issues on transport
at small length scales. This is the source of motivation for our work on submicron
size CP samples.
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FIGURE 2.1 Illustration of solitons or bond alternation domain walls in polyacetylene.
Note that this is just a localized shorthand for otherwise delocalised structures. On the
right are the electronic structures with various charge and spin states. The horizontal
line is the Fermi level.
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2.2 Polypyrrole synthesis

Polypyrrole can be synthesized via chemical, electrochemical and photochemical
means. All these techniques involve three stages, namely initiation, propagation
and termination as shown in Fig. [10]. The initiation phase involves oxidation
of precursor monomers to form radical cations which are then coupled and depro-
tonated to form bipyrroles. The bipyrroles are subjected to further oxidation in the
propagation stage and linked to form longer polymer chains. The electrochemical
method is known to yield by far the highest quality PPy with the best conductiv-
ity. Chemical methods yield polymers with low conductivity and are only suitable
for mass production of PPy. The oxidation of the PPy leaves excess negative charge
on the polymer chain which is balanced by counterions which act as dopants. Suit-
able dopants are hexafluorophosphate (PFs) and camphorsulfonic acid (CSA). The
influence of doping level on electron transport in polypyrrole is discussed in section
2.3

2.3 Electron transport in conducting polymers

Pristine conjugated polymers usually have low conductivity but raising the doping
level can considerably raise their conductivity. The doping level can be measured
in terms of the number of dopants per monomer. The doping level influences the
nature of charge carrier in the polymer. For instance, in lightly doped polypyrrole
the charge carrier is a polaron where as in highly doped polymer the carrier is a
spinless bipolaron as shown in Fig2.2][10]. In the languange of band theory, doping
alters the bandstructure of the polymer with respect to the fermi level or chemical
potential of contact electrodes as shown in the band diagrams in Fig [10].

In disordered conjugated polymers electron transport is influenced by 7 elec-
tron delocalization, interchain interaction, band gap, carrier density, level of disor-
der, morphology and distribution of dopants [2]. Considering 7 electron delocal-
ization alone CPs are predicted to be metallic with high conductivities comparable
to that of copper on account of a high density of states (DOS) of charge carriers
and long mean free path along chain direction for well oriented polymers. How-
ever, disorder leads to low mobility and hence low conductivity. Transport in CPs
is therefore discussed in the context of disorder-induced metal-insulator transition
(MIT). Depending on the nature of disorder many possible charge transport mech-
anisms such as hopping between localized states and tunneling between metallic
domains in the polymer may occur.

There has been a vigorous debate [2] over whether the appropriate model for



charge conduction in CPs is homogeneously or heterogeneously disordered CPs,
as illustrated schematically in Fig[2.4] In the former, electrical properties are dom-
inated by inter-chain and intrachain hopping of charge carriers between homoge-
neously distributed localized states, and in the latter case by transport (direct tun-
neling, hopping) between metallic regions in heterogeneously disordered CP ma-
terials (Fig[2.4) [10]. A good analog of heterogeneously disordered CPs are cermet
like hybrid materials where metallic grains are embedded in an insulating polymer
material. In this work, our samples have gold islands that are embedded in a con-
ducting polymer (PPy), such that at low temperature when the polymer becomes
more insulating the composite sample can possibly be treated as a heterogeneously
disordered system where transport will be mainly by tunneling from gold island to
gold island.

For homogeneously disordered CPs phonon assisted variable range hopping
(Mott VRH) is usually the dominant transport mechanism for samples in the insu-
lating (Fermi glass) regime of MIT. In this regime the temperature dependence of

T P
(%)
where 0y is a parameter that depend on the sample and the factor
Ty = 47 /3N (ep)kp L3 where L, is the localization length and N (ef) is the density of

states at Fermi level [4], [10]. The exponent P = 1/(d + 1) where d (=1, 2 and 3) is

dimensionality of transport. In samples where electron-electron interaction energies

conductivity is given as

o (T)=0(0)exp (2.1)

are significant there are usually cross-overs from Mott VRH to the Efros-Schlovskii
(ES) VRH model, where the temperature dependence of conductivity is given as

&)

for all dimensions where T is the characteristic ES temperature [15], [4].

o(T)=o0(0)exp

For the case of heterogeneously disordered CPs, where electron transport is by tun-
neling between metallic islands separated by thin insulating barriers, tunnelling
models such as Sheng’s fluctuation induced tunneling (FIT) and charging energy
limited tunneling (CELT) can be considered [10]. In the Sheng’s model field depen-
dent tunneling current density across an insulating barrier can be expressed as

J(En) = [ dER (Ba+ )T (B 23)

[e.9]
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where F, is the applied electric field and I'(E7) is the probability that the tun-
neling barrier junction has a fluctuation of the field £ [11]. A more handy conduc-
tance expression for temperature dependence of conductance in heterogeneously
disordered systems with large metallic islands is given by equation2.4]

o (T) = orexp {T —jijtT } (2.4)

where T; is the temperature at which thermal voltage fluctuations across the
tunneling barrier become large enough to rise energy of electronic states above the
barrier and the ratio 7;/7 implies tunneling in the absence of fluctuations [16].For
very small metallic island FIT is said to predicta o(T") o —T~°° which is similar to
1D VRH behaviour [10].

For nanoscale CPs such as nanowires, nanotubes and ultrathin films at low
temperature there is a need to take into account other low dimensional transport
models such as Luttinger liquid models on account of short range electron-electron
interactions and Wigner crystal behaviour due to long range Coulomb interactions
[10]. Typical signatures of Luttinger liquid behavior are G(T") o< T at low bias and
power law (V') oc V¥ at high bias [10].

In view of many possible models and variations from sample to sample it is
important to examine critically the applicability of any of these models for each
particular sample. Since a wide range of transport mechanisms, due to tunneling
and hopping, are possible in PPy and the interfaces of gold and PPy, the charging
energy and Coulomb correction effects are also expected to play a role in the hybrid
PPy-Au system fabricated in this work.

2.4 Existing works on mesoscopic conducting polymers

Due to fabrication difficulties many of the most rigorous experimental studies of
transport in CPs have been conducted in bulky films of thickness typically ~ 100
pm and width 1 mm [4]. Such films can be thought of as being more 3-dimensional
in nature although 1-dimensional transport behaviour has been observed at low
temperature [4]. It would be interesting to study transport in conducting polymer
at mesoscopic scales. Efforts to make submicron CPs has been demonstrated in fab-
rication of CP lines via electrochemical dip pen lithography [14]. Notable studies
on low temperature transport studies in submicron CPs have been done on iodine
doped polyacetylene fibre networks and also individual nanofibres [10], [17].

The individual polyacetylene fibres were found to exhibit current-voltage char-
acteristics with strong nonlinearities. In polyacetylene nanofibres of width 15-100
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nm, power law behaviours of G(T') o« 7% and I(V) o« V¥ were reported and at-
tributed to Luttinger liquid behaviour [18], [19]. Their data could not fit well 3D
VRH models.

Other studies have been on PPy nanotubes of diameter 120 nm and wall thick-
ness 20 nm that were chemically synthesized in polycarbonate poles [9]. Polyaniline
(PANI) nanofibres [7], [8] of sizes 30 nm - 120 nm have been studied [10]. Notable
works include also template-free self-assembled PPy and PANI nanotubes of diam-
eters 100-120 nm and template synthesized 20 - 190 nm thick poly(3,4-ethylene
dioxythiophene) (PEDOT) nanowires, where fluctuation induced tunneling (FIT)
transport behavior [11], [12] has been observed. There has also been some trans-
port studies on hybrid metal-polymer nanowires of diameters ~80 nm prepared by
sequential electrodeposition of PPy and metal in polycarbonate templates [20].

Further works have been on deposition of CPs on prefabricated microelec-
trodes. By making interelectrode spacings a few nanometers wide via electron beam
lithography and then depositing CP electrochemically nanoscale metal-CP-metal
junctions have been achieved [21]. In such junctions large conductance fluctuations
have been observed and attributed to switching of redox states in individual poly-
mer chains or nanoscale domains in the polymers [21]]. In a closely related work, CP
fabrication has been made on thin films of a few hundred nanometers thickness, fab-
ricated by spin-coating chemically synthesized lightly doped polyalkylthiophenes
or quinquethiophene on a discontinuous metal film island layer [22]. In other works
hydrophobic pretreatment of insulating substrates has been used to promote rapid
lateral growth thereby realizing thin films [23], [24], [25]. However these have been
found to exhibit more insulating behavior.

In summary, all the techniques for fabrication of submicron CPs discussed
above represent to some extent a good succes in extension of transport studies in
conducting polymers towards the sub-100 nm (nanoscale) regime. Most of these
works above have yielded samples that become more insulating at low tempera-
ture.This is not surprising given that most of the above works have been based on
chemical synthesis methods which from earlier bulky CP studies are know to yield
poor quality polymers compared to electrochemically synthesized CPs [10]. Experi-
mental studies towards understanding transport mechanisms in these materials are
still being pursued. Sub-20 nm CPs with high conductivity are still difficult to syn-
thesize.

As we explain in section 5.1, the contribution of this thesis has been to fabricate
a mesoscopic conducting polymer (PPy) device based on a novel concept and to
measure its basic transport properties.
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FIGURE 2.2 Electronic structures of a non-degenerate polypyrrole illustrating po-
larons and bipolarons. [(b)] Corresponding band diagrams of polypyrrole at various
doping levels. The neutral PPy (top) has a benzenoid structure whereas the doped
PPy have a quinoid structure. The middle structure shows a polaron of charge +e and
spin %. The lower structure has charge +2e and no spin. [[10].
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FIGURE 2.4 Schematic illustration of |(a) homogeneously disordered material and,
[(b)| heterogeneously disordered material with conducting islands embedded in a non-
conducting host material.



Chapter 3

Multiwalled carbon nanotubes

3.1 Fundamentals of carbon nanotubes

A carbon nanotube is an allotrope of carbon characterized by a high aspect ratio (i.e.
nanoscale diameter and length that can exceed 1 ym. In terms of number of walls
one can identify two classes of nanotubes namely single wall nanotubes (SWNT)
and multiwall nanotubes (MWNT). A SWNT can be defined as a rolled graphene
seamless cylinder where as a MWNT can be defined as a system of concentrically
arranged nanotubes. This description of a true MWNT is referred to as the Russian
doll model. The simplest form of a MWNT is a double wall nanotube (DWNT) [26]
although many authors distinguish DWNT from the multiwall nanotubes (MWNT)
structures where the number of walls, n is greater than 2 as illustrated in Fig.

In addition to the Russian-doll type MWNTs there may exist deficient MWNT
structures such as the parchment structure, in which the graphene layer is rolled
like a newspaper or a scroll [27]. Temperature dependent X-ray diffraction stud-
ies have shown that the predominant MWNT structure for diameters below 10 nm
is the concentric (Russian doll) tubular structure [28] in arc-discharge synthesized
MWNTs. For diameter higher than 10 nm one should take into account the possibil-
ity of other geometrical structures as indicated in Fig. 3.2/ and also highly defective

SWNT DWNT MWNT

0 0 ©

FIGURE 3.1 Cross-sections of carbon nanotubes with different number, n, of layers.
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FIGURE 3.2 Structure of a MWNT, at left, and related or seriously defective MWNTs.
Adapted from [28]]

MWNT outer walls [28].

Due to their nanometric diameters and typical micrometric lengths carbon
nanotubes are essentially regarded as quasi-one-dimensional (1D) structures. It has
also been demonstrated that 0-dimensional structures, quantum dots, can be artifi-
cially formed along nanotubes. Very large diameter nanotubes may be regarded as
3-dimensional objects comprising of shells(tubes) that are themselves 2-dimensional
structures. Due to this richness in dimensionality CNTs are important objects for
fundamental studies of low dimensional electron transport phenomena.

Owing to chirality controlled electrical properties, high charge carrier mobili-
ties up to 10° cm*V~!s~1, high current carrying capacity, high thermal conductivi-
ties, mechanical strength and chemical stability, carbon nanotubes have a good po-
tential for nanoelectronics applications as transistors, memory devices and intercon-
nects. This has driven a lot of research effort over the last two decades to understand
their properties as evidenced by scientometric studies conducted by Barth and Marx
shown in Fig. There has also been a rapid rise in research on two dimensional
graphene, another carbon based material with many related properties to nanotubes
but which is thought to be more suitable for realization of integrated circuits com-
pared to nanotubes.

Whilst it is reasonable to argue that a lot of charge transport works has already
been done in carbon nanotubes, recently reported works suggest that more intrigu-
ing physics phenomena could be still discovered or explored despite a decade of
research [29]. Indeed, recently, phenomena such as one-dimensional Wigner crystal-
lization [30], Klein tunneling [31] and spin-orbit coupling [32] have been observed
in carbon nanotubes. These results provide a motivation for continuation of experi-

mental studies of electron transport in them.

It is worth noting that most of significant low temperature electron transport
experimental studies reported in literature have focused on small diameter single
wall nanotubes (SWNTs) [5], [30], [311], [32] [33], [34], [35], [36l, [37], [38] [39], [40],
[41], [42], [43]], [44], [45], [46], [47], [48], [49] [50], [51] and large diameter MWNTs
[52], [53], [54], [55], [56], [57], [58], [59], [60], [61], [62] leaving the diameter range 3-
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FIGURE 3.3 Number of articles on fullerenes, nanotubes and graphene per year. In
this graph SCI is a science citation index based on hundreds of leading journals, used
by Web of Science(WoS). Adapted from Scientometric studies by A.Barth and W.Marx,
Max Planck Institute for Solid State Research based on Web of Science.

10 nm mainly unexplored. Our studies on intermediate sized nanotubes cover this
diameter range [63]. Of course, there have been some reports on transport studies on
sub-10 nm nanotubes but these have been on a single or few devices [64], [65] or at
room temperature only. Our work provides a systematic study on size dependence
of transport properties in MWNTs over a wide range of temperature with a large set

of devices.

3.2 Synthesis of carbon nanotubes

Carbon nanotubes are synthesized using chemical vapour deposition, arc discharge
and laser ablation techniques. In chemical vapour synthesis a carbon-containing
feedstock gas is fed into a CVD chamber containing catalyst particles where tem-
perature is maintained in the range 700 - 1000 °C. Depending on size of catalyst
particles, SWNTs or MWNTs can be grown. In arc discharge synthesis, a vapour is
produced by an arc discharge between two graphite rods and nanotubes can grow
with or without catalyst. In laser ablation a graphite rod is targeted with a laser to
create a vapour that can lead to growth, again with the presence of catalyst particles
as optional.

The purity of nanotubes produced by these techniques vary depending on how
a particular synthesis technique is tuned. CVD is known to produce MWNTs and
large SWNTs whose diameters are poorly controlled. In general, laser ablation is
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known to produce small quantities of clean nanotubes, whereas arc discharge is
known to produce large quantities of impure samples. However some non-catalyst
based variations of arc-discharge technique have been found to yield nanotubes
of relatively good quality [66]. Nanotubes produced without catalyst particles are
favourable for transport studies since catalyst removal (purification methods) in-
volving acids may lead to defects in nanotube walls.

Chiral-selective synthesis, the holy grail of nanotube nanoelectronics applica-
tions, remains elusive. Exact synthesis mechanisms are not well established but are
thought to involve nucleation, growth and termination stages. There have also been
some recent works that suggest chirality driven growth rates in which some chiral-
ities are more favoured [67].

3.3 Theory of transport in carbon nanotubes

Electron transport in nanotubes is influenced by many factors such as diameter, chi-
rality, curvature, topological defects, chemical impurities, electron-electron interac-
tions, electron-phonon scattering, etc. In this section factors that influence transport
properties of nanotubes devices are discussed. A structural basis for semiconduc-
tivity or metallicity in nanotubes is presented first in The effect of gate voltage
and bias voltage on bandstructure of nanotube field effect devices is discussed in
section This is the most important section since a backgate voltage has been
used to probe transport properties in all our samples. Transport regimes in general
are discussed in the next section to highlight different scenarios or mechanisms in
presence or absence of elastic or inelastic scattering. These are relevant to length
scaling of transport properties explainable in terms of electron mean free paths and
localization effects. A discussion on Coulomb blockade phenomena in nanotube
quantum dots is included in view of studies on Coulomb oscillations done in this
work. A special discussion on effects of interwall (or tube-tube) interaction in mul-
tiwall nanotubes is presented in section [3.3.6]

3.3.1 Basic transport properties of nanotubes: Role of chirality and
diameter

The structural basis for metallicity or semiconductivity in nanotubes (rolled graphene
cylinders) can be discussed starting from electronic structure of ideal flat graphene
layer, a gapless material and then introducing effects of rolling and other structural
perturbations to see how bandgaps open up. A good starting point is the tight bind-
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ing model of graphene in which the dispersion relation is given as

k
E* = (ky, k) = 70\/1 + 4cos \/ikwacos% -+ 46082%a (3.1)

where, a = /3acc is the graphene honeycomb lattice constant, where acc ~
0.142 nm is the carbon-carbon bond length, and +, is the 7 interaction energy (or the
hopping integral) [1].

From this equation one can obtain the electronic structure of graphene as shown
in Fig[3.4(a)] where two cones (or lines in 2D) meet at a high symmetry point called
the Dirac point. The linear dispersion in graphene means that graphene has no
bandgap and hence will exhibit metallic behaviour.

nanotube axis

~ N %l
-poi N

K-points N1 -

Chiraland zigzag
Armchair

Semiconducting

Metallic or
Quasimetallic

(b)

E,=0.7/D (nm) eV

Metallic | | Semiconducting

(©)

FIGURE 3.4 Dispersion of graphene in 3D. The conical (linear in 2D) intersections
of m and 7* are called Dirac point imply that graphene has no bandgap. [(b)] Allowed
vectors of nanotube on a graphene Brillouin zone. Metallicity or semiconductivity of
nanotubes depends crucially on whether the wavevectors intersect or miss the high
symmetry points of the BZ of graphene. |(c)) Corresponding electronic structures of
nanotubes.

When rolled into a graphene cylinder (or nanotube) wavevectors around a
nanotube circumference are quantized due to periodic boundary conditions, where
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FIGURE 3.5 Chiral indices of nanotubes (n,m). In this figure the indices represent
components of a vector that connects site (0,0) to a crystallographically equivalent
site (n,m) when rolling graphene to form a tube. Nanotubes with indices (n,n) are
armchair nanotubes which exhibit metallic behaviour. Nanotubes with indices (7, 0)
(zigzag) and those where n — m = 3i are quasimetallic. The rest are semiconducting
nanotubes.

as those along the tube axis are continuous. When the allowed wactors are drawn
onto a brillouin zone of graphene, they form parallel lines as shown in Fig[3.4(b)|
that can intersect or miss high symmetry points of the brillouin zones. Depend-
ing on how allowed wavevectors are arranged with respect to the Brillouin zone
of graphene one can then realise either metallic or semiconducting dispersions as
illustrated in Fig[3.4(c)} This description is referred to as the zone-folding approxi-
mation . In this scheme, therefore, whether a tube is metallic or semiconducting
can be predicted from their chiral vector C), = ni, +md, or rather indices (n, m) that
describe the different ways of rolling a graphene sheet to form a nanotube as shown
in Fig.[3.5

The criteria for metallicity need to take into account curvature effects. It has
been found that nanotubes that are predicted to be metallic by chirality considera-
tions alone, often possess pseudogaps on account of curvature and defects such that
truly metallic nanotubes are very rare [68]. When curvature effects are also taken
into account, the truly zero band-gap nanotubes (or type I metallic) are armchair
nanotubes (n — m = 0). Nanotubes where n — m = 3i # 0 are small tiny-bandgap
semiconductor(or type II metallic) where i is a non-zero integer. The rest where
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n—m # 3i are semiconducting with a band gap that can be calculated from equation

Bl 2% e _ 0.7
g D D(nm)
where a,. is the C-C bond length.
The band gap is found to be inversely proportional to its diameter as shown in
Fig. We see that for diameters closer to 10 nm the band gap will be so small that
the tubes will exhibit metallic behavior at room temperature.

[eV] (3.2)

For the small(tiny)-band gap nanotubes where m — n = 3i, the curvature in-
duced secondary bandgap depends on both the diameter and chiral angle 0 is given

by equation [3.3][69].

2
aCC
E? =3. 160830ﬁ [eV] (3.3)

In quasimetallic zigzag nanotubes, ¢ = 0 and the secondary gap is then given
by

B = ?’ZO—;}[W] (3.4)
where 79 ~ 2.9 eV.

Just like in large semiconducting nanotube, in small-gap nanotubes thermal
energy at room temperature smears the bandgap making them exhibit metallic like
behaviour.

It can be seen therefore that diameter is a crucial scaling parameter for the size
of the bandgap of semiconducting tubes. Diameter also plays a role in determining
the finite density of state (DOS) at the Fermi level n(EF) of metallic nanotubes as

seen in equation 3.5/[69].

n (Ey) = 2v/3acc _ 2v/3acc (3.5)
7T%C7h 2y D ‘

3.3.2 Gate-controlled conduction

As was discussed above, the SWNT can be either metallic or semiconducting, and
the bandgap E, of the latter given by equation Unlike the metallic tubes, in
the semiconducting tubes, the conduction can be strongly modified with an electric
field from a nearby gate electrode, provided that the bandgap is large compared to
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FIGURE 3.6 Tight binding model based calculated bandgap of semiconducting nan-
otubes as a function of diameter.
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the thermal energy. We then have the CNT as a field-effect transistor, or CNT-FET.
Most of our measurements reported in this thesis are gate response curves that show
how conductance of the device vary with voltage applied from a backgate separated
from the nanotube channel by the dielectric insulator SiO,. This section is devoted
to explaining how the backgate voltage shifts the band structure of a device and
hence the conductance of the device.

In a nanotube device constructed as a field effect transistor one has two elec-
tric fields associated with electron transport; the drain-source biasing electric field
and the electrostatic gating field. The bias voltage yields charge carrier propaga-
tion along the nanotube. They define chemical potential on the left and right side
of the device. Typically, it has been concluded [70] that the valence band edge of a
semiconducting CNT is close to the Fermi level of a metal electrode as shown in the
band diagrams in Fig. 3.7(b). The gating field acts to lower or raise the band edges
of a nanotube with respect to the Fermi level of the metal contacts. The negative
gate voltages tend to align the Fermi level with the valence band thereby promot-
ing hole injection into the nanotube leading to p-type behaviour manifested as an
high conductance level, technically called ON state of a CNT-FET, on the left of the
charge neutrality point. Positive gate voltages tend to move the conduction band in
the center part of the device towards the Fermi level thereby promoting electron in-
jection leading to n-type behaviour. The p-type and n-type ON states as well as the
OFF state in between are illustrated in the gate curve shown in Fig[3.7(c). Since the
valence band is close with the metal electrode Fermi level, the p-type conduction is
typically higher than the n-type.

The OFF state equals the transport gap AV, which is the width of the off-state
region (or low conduction region in gate curve). This transport gap, AV, is a very
significant parameter in studies of electronic conduction in backgated low dimen-
sional devices like nanotubes and narrow graphene nanoribbons as it is known to
be related to an energy scale in the single particle energy spectrum given by equa-
tion [71], [72]]:

A, = hwp/ (20CeAVg) / el (3.6)

where £ is the reduced Planck constant, vy is the Fermi velocity and Cy; is the
gate capacitance(Fig[3.8(b)).
By inducing p-type or n-type behaviour, electrostatic gating acts as a form of doping.
The gate response that may be obtained depends, besides on obvious geometrical
factors, on how this field doping competes which chemical doping of nanotubes by
impurities and doping induced by substrates and adsorbed atoms from the environ-
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FIGURE 3.7 CNT-FET. |(a)| Schematic of a CNT between source and drain electrodes
and a nearby gate electrode. [(b)] A corresponding energy diagram at different gate
voltages in the case of a semiconducting CNT. |(c)| A typical gate curve measured in
this work, showing ON and OFF states and a transport gap of width AVj.

ment.

The temperature determines the energy level filling. The occupation probabil-
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ity of the energy levels is a function of temperature as described by the Fermi-Dirac
distribution function in equation

1
exp (E/kpgT) +1

Considering the device scheme in Fig[3.7/above, the low-bias resistance max-

f(E) =

(3.7)

imum Ropp within the transport gap could be expressed as thermally activated

(equation [73]:

1 h FE
= — 1 g .
Rorr = Rc + T2 8¢2 { + exp (kBT)} (3.8)

where R¢ is the metal-tube contact resistance, |T'|? is the transimission proba-
bility for electrons with energy |E — Ep| > E, to cross the gap.

This expression could be simplified by replacing the quantum statistics with
a classical formula, namely with the Arrhenius-type behaviour (stemming from the
Boltzmann distribution function):

E

kBgT> (3.9)

Ropp o< exp (

Temperature also affects the mobility of charge traps responsible for gate curve
hysteresis in CNT-FET devices. The temperature effect on hysteresis is usually seen
in experiments as a strong gate response hysteresis at high temperatures and weak
or not hysteresis at low temperature for non-passivated devices.

3.3.3 Transport regimes

Transport in nanotubes is probed by microsized metallic leads which are electroni-
cally 3-dimensional compared to the quasi-1-dimensional nanotube channel. Metal-
carbon nanotube junctions are known to exhibit lowered transmission probabili-
ties |T'|?<1 due to symmetry mismatches for incoming and outgoing states at in-
terfaces or presence of Schottky barriers [1]. The later is usually the case in metal-
semiconductor nanotube junctions. If contact resistance is taken into account the re-
sistance of a nanotube device is a sum of the intrinsic tube resistance and the contact
resistance given as [68]:

Rdevice = RC’ + Rtube- (310)

The resistance of a nanotube (R;,:.) depends on how the spacing of electrodes
(L) of the sample compares with some characteristic length scales which are signa-
tures of scattering processes encountered by charge carriers in the sample [74]. In
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discussing transport in carbon nanotubes the important length scales to be consid-
ered are elastic mean free path L,,,, localization length L,, phase coherence length
Lg4. Localisation length is associated with elastic scattering on impurities without
loss of phase, whereas the phase coherence length is associated with inelastic scat-
tering that lead to phase decoherence. Depending on how the length of the sam-
ple compares with such characteristic length scales one can have coherent ballistic
transport, diffusive transport, strong (Anderson) localization behaviour and clas-
sical (incoherent) transport regimes [74], [75]. Typical scattering processes include
electron—phonon scattering, electron-defect or impurity scattering. There can also
be electron—electron interactions in the sample that can lead to Luttinger-liquid like
behaviour.

Ballistic regime

Ballistic transport refers to propagation of electrons without scattering in the nan-
otube. This occurs when the length of the nanotube (L) is less than either the local-
ization length (L,) or the phase coherence length(L,). This means that there is no
voltage drop along the nanotube and thus no resistance in the nanotube itself. How-
ever there is voltage drop at the electrode-nanotube contact, associated with a jump
in chemical potential differences between the nanotube and the electrodes, leading
to a resistance given by the Landauer equation [68].

B 462 e df (E — EF)) /k‘BT
G=— Z /OO 1o ' (Ep)dE (3.11)

where I'(Ep) is the transmission probability of the ith 1D subband at Fermi
level and f(F) is the fermi occupation function. For contacts with perfect transmis-
sion, this expression simplifies to:

2e?
G=N (T) (3.12)

where N is the number of channels. In a single channel conductor (N = 1), Rg
~ 13kQ is the inverse of the quantum conductance G|, [74]. Since carbon nanotubes
are generally considered as purely or quasi-one dimensional structures, and in some
cases rather free from defects, the resistance of a nanotube can be in a SWNT, with
N =2, very close to the two-channel quantum conductance of ~ 6.5k(.

Diffusive regime

When inelastic electron-phonon interaction becomes dominant phase coherence length
of a nanotube becomes smaller than both localization length and length of the sam-
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ple. Electrons propagate diffusively along the sample leading to Ohmic-like trans-
port behaviour with resistance scaling linearly with length. In systems where dif-
fusive transport is more dominant conductance G can be expressed as in equation
3.13, where L, is the inelastic scattering length [1].

(26%) Lic
h L
At high bias there can be deviations from the ohmic like behaviour [74].

G = (3.13)

Strong localization regime

In unclean nanotubes with large number of impurities and defects the electron wave-
function can be ‘completely halted” or localized by the random potential of the de-
fects and impurities. This is called the strong (or Anderson) localization regime.
Transport of electrons in this regime is by means of tunneling processes, that is,
hopping conduction. The resistance of the nanotube becomes exponentially depen-
dent on length [74].

Considering these many possible regimes a discussion of electron transport
need to provide information on the structural cleanliness of the samples, the mea-
surement temperature and the bias voltage regime. In Fig. [3.1] the criteria used to
determine the transport regimes of samples of length L is summarized [1]], [55].

3.3.4 Coulomb blockade regime in carbon nanotubes

Under certain conditions a nanotube device may behave as a quantum dot (or an
island) weakly coupled from leads by tunneling barriers as shown in schematic in
Fig[3.8(a)|(a). When tunneling resistance is greater than quantum resistance, and the
charging energy due to excess electrons added to the island U~ €2 /2C is greater than
thermal fluctuations (kgT), single electron tunneling and blockade events can occur
across the barrier [Grabert and Devoret]. This is usually manifested as oscillations in
conductance in gate modulated conductance curves with periodicities that depend
on the charging energy U~ ¢?/2C. The capacitance C'is sum of the capacitances Cp,
C¢ and Cg shown in the single quantum dot circuit diagram in Fig. [5], [76]].

3.3.5 Magnetic field effects

From the discussion above we see that electrostatic gating field and temperature
are important transport probes and are at the heart of experimental studies of elec-
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Transport regime Condition Conductance expressions
Ballistic Lo.L, > L. 4e?
h
Diffusive Ly<L, Lo G~ 2e” Lie
h I

Strong (Anderson) [, < L= L o 2e? L
.. G=|—|)exp (— —)
localization h L

Classical Lo, Ly <<L G~ o (E)

(Incoherent)

TABLE 3.1 Transport regimes and corresponding conductance expressions [1]. The
second equation in the diffusive row applies to MWNTs [55]. In this equation Ky =
vpAp/2 is the diffusion constant, and D is averaged diameter while n is the number
of walls.

Drain Island Source —_—1

(a) (b)

FIGURE 3.8 Schematic of single electron transistor (drain, island, and gate) and a
corresponding energy diagram showing tunnelling barriers and single particle states
of a quantum dot. [(b)| Circuit model showing a single quantum dot and circuit capaci-
tances.

tron transport in both nanotubes and other mesoscopic materials. Another impor-
tant probe worth mentioning is magnetic field. Magnetic field is known to lead to
many effects on transport in nanotubes depending on how the field is oriented with
respect to the tube axis. A parallel magnetic field add a Berry phase (or rather the
Aharonov Bohm phase) to the propagating electron wavefunction and can lead to
opening up of bandgaps in otherwise metallic nanotubes.

The Aharonov Bohm effects can be measured experimentally as fluctuations
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in conductance when plotted against magnetic field [52], [77]. Such fluctuations are
important probes for diffusive quantum transport in carbon nanotubes with typi-
cal signatures being weak localization and Altshuler-Aronov-Spivak oscillation for
interference of a pair time reversed paths as well as universal conductance fluctu-
ations (UCF) for interference of different paths [56]. Magnetic field can also induce
splitting of spin-orbital degeneracy. Perpendicular field on the other hand can lead
to formation of Landau-levels manifested as peaks in the vicinity of the charge neu-
trality point in the density of states vs £ plots [1]. The extent of magnetic field effects
depends the strength of the field and is usually more pronounced for higher fields
where magnetic lengths /,,, are comparable to electron mean free paths /..

3.3.6 Transport in multiwall nanotubes

The theory of transport discussed so far is generally true for SWNTs but not fully
consistent with transport in MWNTs. However, the transport theory in SWNTs pro-
vides a a good foundation for discussion of transport in multiwall nanotubes since
a multiwall nanotube is comprised of many nested single wall nanotubes and is it-
self also a quasi-one dimensional structure just like a SWNT. To see the role of inner
walls on transport we have to examine the measurement electrode geometry and
the electronic structure of the multiwall nanotube.

Transport in a non cap-ended multiwall nanotubes can be measured in two
ways, either by side contacts which only make a wet contact to the outer wall or by
end-contacts. In the latter case, if all shells of the multiwall nanotubes are similary
coupled to the electrode, conductance will in principle be the sum of conductance
of all the current carrying channels. For the side contacted case, which happens to
be the common experimental technique, transport is assumed to be dominated by
the outer shell and the weak intershell coupling is often neglected. The question
as to whether the inner walls (shells) have any influence on electrical conductance
becomes reasonable when one considers the interwall separation of 3.4 A, much
larger than the intratube C-C bond length of c. 1.42 A.

The first approach to determine the effect of intershell interaction is to estimate
the strength of the intershell interaction and compare it with intrashell energy pa-
rameter. The Hamiltonian of a multiwall system, in a simplified tight-binding model
that assumes one out-of-plane orbital per C atom, zero onsite-energies and constant
nearest neighbor hopping on each wall and an intershell hopping m — 7 coupling is

given by equation [1]].

H = Z ‘p]J_> <piJ_‘ — ﬂZcos (65) e~ (dig=a)/ }p]J_> <piJ_‘ (3.14)
2 2
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where £ is the interwall coupling, 6;; is angle between p’ L and p’ L orbitals and
§~045Aanda=34A[1].

First principles (ab initio) calculations by Lambin et al. [78] show that /5 is
nearly 0.36 eV which is nearly one-eighth of hopping parameter (yo~ 2.9 eV). This
allows redistribution of waves packet between neighbouring shells and thus raising
the possibility of intershell transport [1]. This weak interwall coupling is known to
influence physical properties of DWNT nanotubes [79].

Further, theoretical studies of density of states of DWNT and TWNTs (triple
wall carbon nanotubes) have shown that the presence of inner walls may change the
density of state of the outer shell. This has been confirmed by several experimental
Scanning tunneling microscopy (STM) measurements [1]]. One interesting case was
seen in DOS studies of DWNT made up of two metal armchair shells (5,5)@(10,10)
where a gap opens making the nanotube semiconducting [1].

In MWNTs of more than 3 shells the structural complexity can be severe on ac-
count of many possible assignments of helicities of the constituent shells. In regard
to different chiralities multiwall nanotubes can be classified as either commensurate
or incommensurate. Commensurate MWNTs exhibit translational invariance are
therefore periodic objects in the radial direction whereas incommensurate MWNTs
are not periodic. Statistically incomensurate systems should be more common.

Both DWNTs and TWNTs are a good starting point for studies of electron
transport in multiwall nanotubes. This is justifiable in light of experimental stud-
ies that have shown that about 5 outer shells can contribute significantly to trans-
port [80] and also considering that electrostatic interactions of outer shells decay as
1/r?. Furthermore, the first inner wall may screen off the effect of deeper inner walls.
However, any wall can potentially affect the DOS of the next wall, so deep wall in-
fluences may surface out to outermost walls in a domino effect. This is evidenced
by differences in TWNT and DWNT effects on density of states [1].

It is good to note that the effects are Fermi energy dependent so bias level, tem-
perature, as well as defects play a big role. Theoretical studies for TWNTs predict
that in defect-free commensurate MWNTs transport is ballistic at all Fermi energies
whereas in incommensurate TWNTs nanotubes transport is diffusive with conduc-
tances and diffusion that have power law behaviour. Furthermore, in incommensu-
rate TWNTs with outer metallic shell anomalous conductance-length dependence
at higher Fermi energies (£ ~ 0.5y, ~ 1.5¢V') have been numerically predicted as
given in equation

e~ (1) " (3.15)
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where 7 is an exponent that depend on both the fermi level energy and helical
symmetries of the MWNT [1], [81].

In light of the complexity of transport exhibited in DWNT and TWNTs, the task
of studying MWNTs becomes a forbiddingly daunting task. Our work on MWNTs
nanotubes provides a catalogue of transport scenarios that one can meet in nan-
otubes with outer diameter 3-10 nm. A complete experimental study of MWNT
would require intrusive structural studies that would provide chiralities of each
shell. One way around this problem could be to fabricate multiwall nanotubes of
well defined chiralities. This is a synthesis challenge - and also a holy grail of carbon
nanotube research. In the next section we examine many experimental works
reported in the MWNT literature, mainly on study of intershell transport and ef-
fects of interwall coupling on outershell dominated transport. A discussion of large
diameter multiwall nanotubes is also included.

3.3.7 Existing experiments on multiwalled nanotubes - Literature

review

From a literature review of many transport studies we found that most of experi-
mental works on nanotubes have been done on small diameter SWNTs (1-2 nm) due
to their simplicity in structure and their large bandgap that suits room temperature
tield effect transistor applications. A review of articles on low temperature trans-
port studies in MWNTs show that many works focussed on diameter in the large
diameters range D > 10 nm and not much work has been done in the intermediate
diameter range 3-10 nm. The main reason for the overwhelming concentration on
higher diameter MWNTs (D: 10-30 nm), is that intermediate sized nanotubes were
rare due to synthesis issues. The other reason for a bias towards a higher diameter
range was the desire to use parallel magnetoresistance - larger nanotubes respond
well to moderately high externally applied magnetic field (5:10 T to 30 T) available
in many labs where as small nanotubes would require 100 T to 1000 T which are
difficult to produce in a lab. A flux linked to a nanotube is proportional to cross-
Nanotubes in the range of diameters 3-10 nm, tend to have less band gaps
compared to semiconducting SWNTs and are not very attractive for practical room
temperature FET applications. However MWNTs of this diameter range have their
own merits and their transport properties need to be understood. The MWNTs in the
lower diameter range usually have few shells and are structurally relatively cleaner
than large MWNTs whose outer walls may be covered with amorphous carbon. De-
spite their complexity MWNTs are still attractive for applications due to bending
strength and high current carrying capacity. It is therefore important to understand
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how charge is transported via devices made of MWNTs. Such studies can also pro-
vide insight into the role of inner walls and various wall-wall arrangements.

Before addressing transport in intermediate sized nanotubes and intershell
transport, let’s first review low temperature transport studies in large diameter nan-
otubes (10 nm to 40 nm). Most of the works in this diameter range have shown that
MWNTs exhibit mostly diffusive electronic conduction due to structural disorder, as
has been reported in several works [82]. The diffusive transport has been examined
more extensively with magnetic field dependent measurements yielding Aharonov
Bohm effects [52] such as weak localization, AAS behaviour and universal conduc-
tance fluctuations. Other temperature dependent transport studies on metallic mul-
tiwall nanotubes have studied Luttinger liquid behaviour [54] with power law be-
haviours G o< T* with x varying from 0.12 to 0.3.

There have been some experimental studies on the role of inner shells in a mul-
tiwall nanotube structure. The most significant of these is the work aimed at deter-
mining the intershell conductance [83] which provide good evidence for intershell
transport. In other transport works the number of shell that contribute to conduc-
tance in nanotubes has been counted [80].Various techniques have been employed
such as peeling off parts of outer shells or breaking down shells sequentially [80] by
application of high bias voltages. Other transport works include works by Krstic et
al. [84]. Another significant work was on use of electron diffraction to characterize
chiral indices of individual walls [85].

There have also been some studies concerning temperature dependencies of
ON state conductance of say two sections of nanotube of different length [33] but
such studies did not address the offstate conductances. We have systematically stud-
ied the temperature and size dependence of both on-state and offstate conductance
adequately in nearly 100 samples. A few notable works on size dependence has
been length dependence studies by scanning conducting AFM tips across the nan-
otube [86], [74]. Although these measurements have been rich in length data points
they have severely lacked temperature dependence data and have generally re-
ported lower contact resistances than our palladium metal-on-tube architectured
nanotube devices.

3.3.8 Electron transport in Graphene nanoribbons

At the onset of a theoretical discussion of transport in nanotubes in section
graphene was mentioned as a gapless material which can be rolled to form nan-
otubes of either semiconducting or metallic conduction properties. In this section
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we discuss the evolution of bandgaps when graphene is sliced into narrow ribbons
of nanoscale width (i.e nanoribbons)in view of recently reported transport works
on graphene nanoribbons that have shown temperature-dependent gate-modulated
transport similar to our experimental results in intermediate sized multiwalled car-
bon nanotubes [87], [72], [71]], [63]. Of interest to us is the range of width of the
graphene nanoribbons (20 < W < 120 nm) that corresponds to circumference of
wrapped graphene cylinders (or nanotubes) of diameters in the range 6.5 nm to 38
nm.

FIGURE 3.9 Schematic of a graphene nanoribbon device of width W and channel
length L.[(b)] A typical narrow GNR sample in literature [88]. The scale bar is 300 nm

The gapless nature of graphene arises due to linear energy dispersion near
the charge neutrality point also know as the Dirac point. Charge carries can prop-
agate through the graphene sheet as massless relativistic fermions. However, when
graphene is sliced into nanoribbons the charge carriers become confined into a quasi-
1D system and this leads to formation of gaps. Since lithographically fabricated
GNRs have disorder, the central question is whether the transport gap in such GNRs
is a simple gap, or is due to edge disorder induced Anderson localization, or Coulomb
blockade in quantum dots formed in series on the GNRs [87], [72]. Systematic stud-
ies of width and length dependence of transport in GNRs can help to address this
question.

Notable work in narrow nanoribbons has been the work of Han et al., in which
bandgaps ranging from 3 meV to 350 meV for GNRs of width 90 nm to 15 nm were
measured by reading the width of Coulomb diamonds on the bias voltage axis of
low temperature plots of conductance versus voltage and gate voltage [87]. These
bandgaps fitted to an empirical scaling law E;, = (/(w — wx) with ( = 0.2 eV nm
where w is the nanoribbon width and w* is a fitting parameter. This inverse width
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FIGURE 3.10 Gate-controlled transport in a graphene nanonorribon of width 36 nm
studied by M.Han et al [72].

scaling of GNR bandgaps is analogous to the inverse diameter scaling of bandgaps
in nanotubes [1] as was shown in Fig. The work on GNRs has shown temper-
ature dependences of minimum conductance at gate voltages near the charge neu-
trality point, as shown in FigB3.10} similar to what we have observed in transport
gaps of our MWNT samples reported in this thesis. Transport gaps AV(; are seen to
be more pronounced as temperature was lowered and and are generally wider for
narrower ribbons and absent in wider nanorribons even at low temperature.

Many temperature dependent studies of offstate minimum conductance on
GNRs have reported Arrhenius activated transport behaviours at temperatures near
300 K and hopping transport at low temperature.

Length scaling has been explored in very few works [88], [72], mainly dis-
ordered graphene nanoribbons. It is not surprising, therefore, that in one of these
works [88] exponential length dependence of room temperature onstate and offstate
resistance was observed in single layer graphene nanoribbons of width 40 nm. In
the same work bilayer graphene nanoribbons exhibited linear length dependence of
room temperature resistance. In the other work [72], nonlinear I-V gaps (AUg) were
found to scale with length at low temperature. However, fields (AUg/ L) calculated
from the nonlinear I-V gaps were found to be independent of length.

Related to the issue of interwall effects in DWNT and MWNT was a recent
study on bilayer graphene nanoribbon(BLG) [88]. Such studies of transport in bi-
layer and multilayer graphene nanoribbon structures present one way to examine
effects of interwall interactions in DWNT and MWNT and a direct measurement
of interlayer tunneling conductance. However, edge effects may play a role in such
multilayer GNR'’s.



Chapter 4

Sample fabrication and measurement
methods

In this thesis work we fabricated hybrid polypyrrole-gold samples and backgated
carbon nanotube devices with geometries as shown schematically in Fig. and
measured electron transport properties of these samples using a two-probe tech-
nique. In this chapter fabrication, imaging and measurement techniques common
to both polypyrrole-gold and nanotube samples in this thesis work are discussed.
These include fabrication of microelectrodes via electron beam lithography, atomic
force microscopy, scanning electron microscopy and electrical measurements. Spe-
cific details that apply only to the PPy-Au devices are discussed in Chapter 5. In
Chapter 6 are discussed issues regarding nanotube materials and specific measure-
ments of multiwall nanotubes.

R

Goldisland

Polypyrrole

Microelectrode

. am aa -
Silicon oxide

Silicon oxide

(a) (b)

FIGURE 4.1 PPy-Au hybrid device.There is an ultrathin (2nm)Ti adhesion layer
under the electrode of the PPy-Au device. The Au islands are contacted directly to the
oxide layer. [(b) Back-gated carbon nanotube device. The nanotubes are contacted with
Pd metal only.
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4.1 Fabrication of microelectrodes

Silicon substrates

We fabricated all samples on silicon substrates. Since some electron transport
studies in this work involve measuring current as a function of backgate voltage
at various temperature, a good substrate which remains highly conducting even at
cryogenic temperatures (down to 100 mK) is needed. For this purpose we chose a
highly (or degenerately) boron-doped silicon wafers with room temperature resis-
tivity of 0.05 Q2m. The silicon wafers were then dry-oxidized (under oxygen flow) at
1200 °C for 6 hours to achieve a thickness of 300 nm in a local oxidation chamber
shown in Fig. The oxide thickness was measured using a laser ellipsometer
shown in Fig. and color charts were used to ascertain the thickness values
from the ellipsometer. Before any oxidation we ensured that the wafers were thor-
oughly cleaned with acetone and then isopropanol to get rid of dust particles that
are known to cause pinholes which lead to current leakages. Current leakage tests on
the oxide involved deposition of two adjacent 25 nm thick gold layers via a detach-
able aluminum mask and quick resistance measurements using a digital multimeter
and soft titanium probes. The wafers were then diced with a diamond saw into 5

mm X 5 mm chips.

(b)

FIGURE 4.2 Oxidation furnace used to oxidise silicon wafers. This instrument is
equipped with a PID temperature controller. During oxidation the sample is placed in
the mid of the chamber which is the hottest part of furnace.|(b) Elipsometry equipment
used to measure thickness of thermally grown silicon oxide.
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Electron beam lithography

Electron beam lithography technique was used to fabricate microelectrodes on
the silicon oxide substrate as illustrated schematically in Fig. In this lithogra-
phy process an electron beam is scanned along a positive resist coated surface to
draw (expose) lines and areas defined by the design pattern (Fig. [4.3(b)). The elec-
tron beam causes chain breaking or scission of the resist polymer thereby forming
a latent image. The exposed areas can easily dissolve in a suitable solvent thereby
leaving lithographic lines. In fabrication of our samples two layers of a positive re-
sist were deposited on a substrate by spin coating(Fig. .3(c)). The "softer” bottom
resist layer was made from a solution of 495 polymethylmethacrylate (PMMA) dis-
solved in anisole (3 percent solids in anisole) and the top resist layer was made of 950
PMMA dissolved in anisole (2 percent solids in anisole). The thickness of the PMMA
layers is determined by the spinning speed and the PMMA concentration. The lay-
ers were typically 50 nm and 100 nm respectively. The resist was then baked at 160
°C for 4 minutes and then exposed with an electron beam of dosage 300 ¢:C/ cm? and
acceleration voltage of 30 kV. The sample was then developed in methylisobutylke-
tone in Isopropanol (MIBK:IPA) which dissolve the exposed resist areas and leaves
the unexposed areas intact. Use of a "softer” bottom resist layer (PMMA:EL3) ensures
that there is enough undercut after sample development which promotes easy lift-
off after metallization. The samples after metallization and liftoff look like shown in
(Fig.[#.3(d)) and (Fig.[#.3|e)). Reactive ion etching (RIE) was used to remove residual
resist from lithographic lines.

Electrode deposition

Metallization of gold electrodes for PPy-Au samples and palladium electrodes
for nanotube samples was accomplished using an ultrahigh vacuum (P ~ 107°
mBar) electron beam evaporator shown in Fig. The evaporation rate was 0.1
nm/s. The UHV evaporator is equipped with a calibrated quartz crystal monitor
which measures the thickness of deposited layers. For the PPy-Au samples a 2 nm
thin layer of titanium which acts like an adhesion agent is deposited first before de-
position of 25 nm thick layer of gold. This titanium layer protects the electrodes from
peeling off when subjected to ultrasound, thermal, or other stress. For the nanotube
samples the palladium electrode is contacted directly to the nanotube. Pd is a metal
known to make good (ohmic) contacts to nanotubes [89] [33].
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FIGURE 4.3 Schematic shows a fabrication procedure of microelectrodes on a CNT
using electron beam lithography. (a) Deposition nanotubes on a substrate. (b) Deposi-
tion of a double layer PMMA resist and electron beam exposure. (c) Development. (d)
Deposition of metal. (e) Sample after liftoff.

4.2 Characterization and measurement techniques

Atomic force microscopy

A Veeco atomic force microscope (AFM) instrument shown in (Fig. was
used to measure diameters of carbon nanotubes and thickness of polymer-gold sam-
ples. This AFM instrument has a specified height measurement accuracy of 0.1 nm.
This AFM instrument was also used for imaging of both MWNTs and PPy-Au sam-
ples and also for sample mapping essential for accurate positioning of microelec-
trodes onto nanotubes.
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FIGURE 4.4 Ultrahigh vacuum electron beam evaporator used for metallization of
samples. [(b)] Atomic force microscope (AFM) instrument used to measure thickness of
the polypyrrole-Au films, sample mapping of nanotube samples and measurements
of nanotube diameters.

Cryogenics

After imaging of devices the chip is attached to a chip carrier using GE var-
nish and leads are attached to the bonding pads of the sample using an ultrasonic
bonder. During wire-bonding the bonding pads on the chip carrier are grounded
to avoid electrostatic discharge (ESD) damage . Current leakages via backgate are
tested. The sample yield was less than 70 percent due to fabrication damages of
electrodes, leakages, or accidental ESD damage. The chip carrier is then mounted
on a stage of a liquid helium cooled 4 K dip-stick cryostat and is sealed in a vac-
uum can using indium wire. A rough pump and a diffusion pump is used to create
a vacuum (< 107 mBar) in the vacuum can. This helps to get rid of gases and
moisture that can dope the samples. When placed in a liquid helium dewar a tem-
perature range of 4 K to 280 K can be accessed for temperature dependence studies.
For sub-Kelvin low temperature measurements we used a homemade plastic dilu-
tion fridge with a base temperature of 50 mK. The 4 K cryostat is equipped with a
silicon diode temperature sensor purchased from Lakeshore, whereas in the plastic
dilution refrigerator (PDR) there is a Cernox Germanium resistance temperature de-
tector (RTD) inside the mixing chamber (coldest part). For the temperature sensor
of the 4 K cryostat (silicon diode sensor), we used a four-probe technique in which
a 10 p1A current was applied from a Keithley current source and the voltage across
the sensor was read. The voltage output is passed through a pre-amplifier to filter
out noise and interferences before reading it with a data acquisition device (DAQ).
The gain of this pre-amplifier stage was unity. The RTD sensor can measure tem-
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peratures from 300 K to 10 mK reliably. The resistance of the Cernox element was
measured by a resistance bridge and a Cernox software was used to convert the re-
sistance to temperature. A copper strip was used was used for thermalization of the
sample and the mixing chamber. This was checked by mounting a Cernox sensor
on the sample and measuring temperatures of the mixing chamber sensor and the
sample sensor. The difference was tens of mKs. This was sufficient since the tem-
perature dependence of interest in our samples is studied over a wide temperature
range in steps larger than 100 mK.
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Electrical measurements

Two-probe measurements are performed by applying dc voltages from a Yoko-
gawa voltage source to the nanotube device drain electrode and measuring the
drain-source current. The gate voltage is supplied by another Yokogawa dc source.
Fig. shows schematically how various measurement instruments shown in
Fig. are connected to the sample and a measurement computer. Computer-
ized data acquisition and control was accomplished using LabVIEW software. The
two dc sources are controlled remotely via a general purpose interface bus (GPIB)
which is connected to an NI-GPIB card. The voltages and currents are measured by
an NI-DAQ which has an ADC. The DAQ is connected to the measurement com-
puter via a multifunctional 16-bit NI-PXI 6081 and digital data is sent to the mea-
surement computer via optical fiber which is immune from pick-up noise. We used
LabVIEW software to set and control voltage sweeps as well as to record and display
the current-voltage data.

Since the drain-source currents are very low (< 11A), we measure them using a
low noise current amplifier which gives a voltage output proportional to the current.
The current sensitivity S setting of the amplifier defines the threshold noise level in
the measurements (i.e 200 pA for S ~ 1uA/V), 20 pA for S ~ 100 nA/V, 2 pA for S
~ 10nA/V and 200 fA for S =~ 1 nA/V. The gate curves with onstate current near 100
nA have a threshold current of 20 pA in the offstate. If one tries to calculate offstate
resistance from a gate curve measurement, this 20 pA gives a value 50 MS2 for 1
mV bias voltage. This is not a true resistance of the sample but rather the amplifier
noise at that particular sensitivity setting. To measure high resistances (R > 50 M(2)
correctly, we use slowly scanned IV curves and calculate the slopes in the low bias
regimes. For nanotube samples, gate voltage V; was scanned from -20 V to 20 V and
for some samples -30 V to 30 V corresponding to electrostatic field of ~ 108V m~".
The current was kept below 1 1A to avoid self-heating and damage to samples.
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FIGURE 4.5 Electrical measurement set up Measurement schematic showing how
different measurement instruments are interfaced. |(b)| Measurements instruments on
our measurements rack. From top to bottom left to right are: Resistance bridge, Kei-
thyley voltmeter, SRS voltage preamplifier, Yokogawa DC voltage sources, LN1211
low noise current amplifiers, BNC connector box and data acquisition devices (DAQ)
with a PXI and a GPIB card. The 4 K dipstick is shown on the right side of the rack.



Chapter 5

Mesoscopic conducting polymer
devices

5.1 Novel fabrication concept: Nanoscale hybrid PPy-

Au device

In this thesis I present a concept for creating mesoscopic conducting polymer de-
vices which has no precedents except for a few previous work with similar fabrica-
tion ideas. The central idea is presented in Fig.

A discontinuous film of gold is placed between two electrodes as shown in
Fig5.1(a). The gaps between the gold islands are very small, also compared to the
islands. In Fig[5.1(b) an electrolyte containing the oligomer constituents of an elec-
trochemically growing conducting polymer is covering the gold island layer. A volt-
age is applied between the electrodes and the polymer begins to grow from one of
the electrodes. It grows extraordinarily quickly along the island layer, as pictured in
(b) as the growing polymer film connects from one island to the next, which then ef-
fectively become part of the growth promoting electrode. The end result is a polymer
film that covers the whole gold island layer, as shown in (c), and which is uniform
but for a certain thickness gradient. Moreover, the polymer film thickness is larger
than the island layer thickness with at most a factor of 10, so the islands may play
a crucial part in the conductive properties of the device. The structure would then
essentially be a hybrid PPy-Au device.

Since the island size can vary from a few tens of nanometers to hundreds of
nanometers polymer growth initiated at anode can reach several microns away in a

few seconds while the polymer/metal film thickness is still a few tens of nanome-
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FIGURE 5.1 Schematics of polymer film growing on discontinuous gold film. (a) We
start by fabricating a plain gold film (b) Electrolyte droplet is then placed on gold film
and a voltage of 2 to 4 V is applied across the film. Polymers starts growing from

anode and proceeds towards the cathode. (c) Polymer on a gold film after removal of
electrolyte.

ters. Using this technique we have been able to fabricate hybrid Polypyrrole-gold
(PPy-Au) nanostructures of thickness 10 nm to 200 nm and of length and width 1- 5
pm on insulating substrates. This technique also provides an opportunity to study
polymers at short length scales corresponding to nanoscale inter-island spacing of
ultrathin gold films. The width of the PPy-Au film is defined by the width of the
underlying Au islands layer and can be scalable to 100 nm if small Au islands can
be deposited in lithographic lines. The thickness of the polymer can be controlled
by synthesis duration.

5.2 Ultrathin gold films

To achieve rapid lateral growth of polymer film on insulating substrates as dis-
cussed above, we need discontinuous metallic films. Such are simply created by de-
positing ultrathin films such that the nanoscale inter-island spacing is not filled up.
Ultrathin gold films are usually fabricated using electron beam evaporation tech-
niques. During evaporation atoms falling on a silicon oxide substrate at a high tem-
perature tend to diffuse towards nucleation sites. The stability of Au against oxi-
dation, leads to weak substrate-metal interaction which favors Volmer-Weber like
island growth mode [90]. The general shape of the islands is complex, but is as-
sumed to be oblate spheroid in many theoretical conductance derivations. One can
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FIGURE 5.2 Islands of a discontinuous gold film. D is the diameter of an island, H is
the height, and S is the inter-island gap width.

derive basic equations based on average parameters such as island size and spacing
as depicted schematically in[5.2} In practice the morphology depends on deposition
technique and substrate.

The islands grow until they coalesce forming semicontinuous films. The inter-
island gap S reduces until a critical separation is reached where electrical conduc-
tion by means of electrostatically activated tunneling between the islands can oc-
cur [91]. The most applicable theory of transport is charging energy limited tunnel-
ing (CELT). Other possible transport mechanisms like percolation and fluctuation
induced tunneling (FIT) can also be invoked. The choice is guided by island size and
morphology. Since the island shape and inter-island spacings are not well defined
many energetic and geometrical parameters arise in tunneling transport equations
making estimation of conductance of ultrathin gold films rather difficult [92]], [93]. In
regard to such complexity, an experimental approach is justifiable, in which we have
studied conductance as a function of film thickness. For our purposes, we strive to
obtain films with large D/ ratio (Fig.[5.2), that is, films just below the transition to
continuity (percolation treshold).

We therefore deposited many ultrathin gold films of nominal thickness 1 nm
to 10 nm on silicon oxide substrates and measured their electrical conductances,
with the aim of identifying the nominal thickness of the gold layer ¢4, below which
electrical conduction ceases. Samples with thickness 1 to 4 nm had small islands
with large inter-island spacings as seen, from example, in a SEM image of a 2 nm
film in Fig.[5.3(a). Films of thickness 5 to 6 nm, had larger islands with smaller inter-
island spacing as shown in Fig.[5.3(b). The ratio of average diameter (D) of the gold
island to inter-island gap is in the range 10 - 100 for a 5-6 nm nominal thickness of
gold island layer. Au films of thickness 7 nm to 10 nm were more semicontinuous
as shown in Fig.[5.3|(c) and (d).

The 7 to 10 nm thick gold films were electrically continuous with two-probe
room temperature resistance in the range 10 to 500 €2 which were easily measured
with a digital multimeter. The films with thickness below 1 to 4 nm were electrically
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FIGURE 5.3 SEM images of discontinuous gold films of nominal thickness|(a)|2 nm,
5 nm, [(c)] 7 nm and 10 nm. The scale bar on the lower left corner is 100 nm in
figures (a) (b) and (d). In (c) the scale bar is 20 nm.

insulating even at very high field. This was expected given the large separation be-
tween islands. For 5-6 nm samples, whose inter-island spacing are small enough for
one to consider a possibility of tunneling at high field, we measured current as a
function of voltage as shown in Fig. (a). Within the voltage range of 0 to 1 V
the measured currents stay well below 100 pA, therefore these are insulating with
resistances exceeding ~ 10 Gf2 within the resolution of the current measurement.
However at voltages above 2 V high tunneling currents are observed that approach
1nA above 5V as shown in Fig. 5.4 (a). We estimate the zero bias resistance of 6 nm
gold films films to be ~ 100 GS2. The conductances of the Au films are plotted as a
function of nominal thickness in Fig.|5.4|(b).

From these conductance measurements and SEM studies discussed earlier we
chose gold films of thickness 6 nm (that is, just below the percolation treshold) and
below for polymerization studies as discussed in the next section.
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FIGURE 5.4 Room temperature electrical properties of ultrathin gold films.
Current-voltage characteristics of a gold film before deposition of polymer. |(b)| Room
temperature Au films conductance as a function of thickness.

5.3 Fabrication of polypyrrole on insulating substrates

Preparation of the PPy-Au devices in this work involved fabrication of microelec-
trodes and the ultrathin gold films, and electropolymerization on top of these.

5.3.1 Fabrication of microelectrodes and ultrathin gold films

In Fig. 5.5|\we show optical and SEM images of the real device based on the concept
presented above. Electron beam lithography was used to fabricate microelectrodes
on a silicon oxide substrate as described earlier in Chapter 4. In Fig. electrodes
A and B are anode and cathode, respectively, that drive the electropolymerization.
Electrodes C1 and C2 are inserted for measuring purposes and electrodes labeled D
are used for optional dedoping of the polymer films. The C1, C2 and D electrodes
do not participate in the polymerization process.

Next, a patch of discontinuous gold films (1 to 5 ym wide) was fabricated
on/between the microelectrodes using four alignment marks as shown in Fig.
The alignment marks facilitates the placement of the gold film on the right location.
Figures|5.6/and 5.7|show AFM images of the gold film layer before polymerization.

We had two cathode-anode configurations, see Fig/5.8) namely a gapped con-
tiguration as in which the top edge of the ultrathin film overlaps the anode while the
lower edge of the film is not in contact with the cathode, and a bridging configura-
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FIGURE 5.5 Electrodes and ultrathin film layout. The Au layer is the vertical strip in
the middle of the images. In the lower right image, the black arrow points towards it.
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FIGURE 5.7 Close-up AFM images of a 6 nm thin gold film islands. AFM image of
Au film height profile a sample with deposition nominal thickness 6 nm. The thickness

measured by AFM is 14 nm.
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FIGURE 5.8 Schematic showing side section views of the two configurations of the
deposited island layers.

tion in which the film is in contact with both electrodes. The bridging configuration
ensures that polymerization terminates automatically when the conducting polymer
bridges the anode and cathode, thereby reducing the electropolymerization poten-
tial to zero.

5.3.2 Electrochemical Synthesis of polypyrrole on substrates

An electrolyte consisting of 0.1 M pyrrole monomer (C,;H;N), 0.05 M tetrabutylam-
monium hexafluorophosphate in propylene carbonate was prepared. The hexafluo-
rophosphate is the dopant ion. A 2 mm wide electrolyte droplet was placed on the
chip to span the cathode and the anode as shown in Fig5.1]and a voltage of 2 V to
4 V was applied. Electropolymerization was done under nitrogen flow and at room
and low temperature (=~ 230 K) to prevent oxygen induced degradation of polymer
observed in polymers synthesized in ambient conditions.

The Atomic force microscope (AFM) (Figit.4(b)) was used to determine thick-
ness and morphology of the polypyrrole films. In general the films exhibited a more
granular surface morphology as shown in [94]. The thickness of polypyrrole
films ranged from 10 nm to 200 nm. The films were thicker at the anode side and
thinner at the cathode side. This is seen as a color gradient in figure[5.9]

AFM images of very thin PPy-Au films in Fig. show that the polymer fol-
lows the profile of the gold island with narrow polymer links between gold island.
However, in thicker films the surface has a more granular morphology like pellets

as shown in Fig.
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FIGURE 5.9 Optical image of sample after polymerization. The separate strip to the
upper right is another gold island layer that remains unpolymerized and thus shows
the contrast between pristine and polymer-covered island layers.

FIGURE 5.10 AFM images of samples before and after polymerization.(a) A gold
island layer before deposition of polymer.The nominal thick of this film is 6 nm.(b)
Surface of sample of PPy/Au with total thickness (¢4, + tp) ~ 45 nm and room tem-
perature resistance 770 k<. (c) Surface of sample B with thickness 120 nm and a room

temperature resistance of 1.2 k{2
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5.4 Results on transport measurements in PPy-Au struc-

tures

In this section we present the results of electrical conductivity measurements we
took on polypyrrole-gold samples which we fabricated in this work. We first present
room temperature conductivity measurement results in section and highlight
the dominant conduction path in a composite system. Temperature dependence
measurements of conductivity, from which transport mechanisms are deduced are
presented in section Field dependence measurements are provided in section
5.4.3]

5.4.1 Room temperature conductivity of PPy-Au:Role of gold is-

lands

Some of the samples that were fabricated and measured are presented in Table 5.1
The table presents the essential data for each sample. From a total of 10 samples, 4
samples with low room temperature resistances were selected and used in low tem-
perature measurements reported in section m

Sample Config. Gold Film Sample PPy-Au Resistance
layer width, Length, Thickness, at300 K
thickness, w (um) L (um) fpl s, (M) Q)
14, (M)
(Sections: ACY/C1C/C:B)  (Sections: ACH/CICr) (Sections: AC/C1Cy)

I-A I 6 5 3/5/7 25-75/25-40 2626 M
I-B I 6 5 5/5/5 100-120/70-80 12k26k
I-C II 5 1.5 3/3/2 14-20/10-15 105 k370k
I-D II 6 1.5 3/3/2 10-25/8-12 740 k6.4 M
I-E II 6 1.5 3/3/2 Not Meas. 18 M/-
I-F II 6 1.5 3/3/2 50-75/35-45 48k/113k

TABLE 5.1 List of PPY-Au samples. The table provides sample details such as elec-
trode configuration (discussed in Fig[5.8), width(w) and thickness of Au film (t4.),
combined thickness of Au and PPy, room temperature resistance (1) and sections of
sample where R was measured.

PPy is one of the more stable polymer in the doped state such that its conduc-
tivity is quite stable for long duration in air. Our PPy samples exhibited good resis-
tance stability for many days in ambient conditions as shown in Fig Samples
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FIGURE 5.12 Model for conduction in hybrid PPy-Au structure.

with resistance below 100 k(2 exhibited less than 10 percent variation in resistance
for several weeks. This good resistance stability ensured that our samples had re-
tained their conductivity during the time frame between polymerization and low
temperature conductance measurements, which usually could take place a couple

of days after polymerization.

In a hybrid system like our PPy-Au samples the central question is whether
the conduction is dominated by gold islands, through the nanoscale polymer filled
interisland gaps, or by the doped PPy film itself. To address this question we con-
sider the values of room temperature conductivity and the geometrically simplified
conduction model in Fig. which assumes a smooth homogeneous polymer film
with islands of width D separated by distance S.

We first consider the ideal case where the polymer is only between the gold
islands and not above the gold island height (i.e tp = 0). The conductivity of bulk
gold is 5 x 10° S cm™!, while that of highly doped PPy varies in the range 1-10° S
cm ™. From SEM and AFM images the ratio D/S ranges from 10 to 100 for island
layers with nominal thickness of 5-6 nm. One can then assume that the combined
resistance of the island layer and the polymer is dominated by the polymer, even
neglecting interfacial resistance.

In practice there is a polymer layer above the island layer (tp = 0). Within the
ohmic regime, the ratio of resistance of PPy above the island to the resistance em-
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bedded in the island layer can be given by the following relation:

RP DtAu
~———,D>> 5. 5.1

The resistance ratio %I:, that may either be > 1 or < 1, can determine whether
the dominant path of charge transport is the polymer above the island layer or via
the polymer filled island layer. In this work we focussed on samples with ¢4, =5 or 6
nm. Since ¢p varies from 100 nm to 10 nm, we get % ratios in the range 0.1 to 1 and
hence %’; > 1 implying that conduction of the composite system will be dominated
by the intrinsic conductivity of the polymer between islands. The effective resistance
of the hybrid system, should therefore remain ~ R, as tp approaches t4,. However,
we found as shown in Table. that as the thickness of polymer decreases, the
resistance increases faster than predicted by the ohmic model. This behaviour can
be explained in two ways. Either, the intrinsic conductivity of the polymer improves
with increasing thickness or there may be resistive barriers between the gold islands
and the polymer. The latter case is more likely if we consider the rough morphology
of the films.

The room temperature conductivity of our thicker polymer samples is domi-
nated by the intrinsic conductivity of the polymer above the island layer. We may
then calculate the values of conductivities of our thicker samples as 0 = L/Rpwtp.
The values are shown in Table We find that the PPy in the samples we synthe-
sized in this work exhibit zero-bias conductivity ranging from 10 to 100 S/cm at
room temperature (300 K). Such values indicate that the PPy is of a relatively good
quality.

5.4.2 Temperature dependence of conductance

Samples (II-A, II-B, II-C, II-D), listed in Table exhibited negative temperature co-
efficients of resistance. At low temperature 4 K the samples are more insulating with
resistances R > 10 G(). These samples have a resistivity ratio (Ryx/Rso0x) » 10 and
therefore fall within the insulating regime of the disorder induced metal-insulator
transition (MIT) [4]. It is reasonable then to expect hopping transport mechanisms
in these samples. The plot of resistance vs. 7-'/* in figure shows that within
temperature range 20 K to 300 K the zero-bias resistances of samples IIA to IID obey
a 3D variable range hopping (Mott VRH) transport model [95]. The resistance of the

T, 1/4
(7)

samples can be written as in equation

R(T) = Ryexp (5.2)
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Sample Measured L /w (um) U I+ s, (nm) R (k) ogT (S/cm)
Section
II-A CiC; 3/5 4 70 1.2 71
II-B CiC: 5/5 4 200 15 33
II-C CiC: 3/5 4 30 11.5 17
II-D ATy 3N 2 50 40 i5

TABLE 5.2 Parameters for selected samples on which low temperature measurements
were done. Sample configuration, width, combined thickness of Au and PPy, room
temperature resistance and conductivity is given for each sample.

02 03 04 05 06 07
T'1/4(K)

FIGURE 5.13 Temperature dependence of zero-bias resistance of PPy-Au samples.

where R, is characteristic of the sample T;, determines the thermal activation
energy for hopping among localized states. Slopes of log R vs T~/ are smaller
in thicker and wide samples (IIA and IIB) and greater in thinner and small width
samples (IIC and IID).

The fact that both these mesoscopic PPy — PF; Au samples (thickness 30 -
200 nm) and bulky PPy — PFy samples (thickness 5 ym to 15 pm) [4] can all fit
to 3D VRH model can be explained in that all samples in insulating regime have
localized states domains, between which hopping occurs, which are nanoscale and
thus hopping is dominant in both types of samples regardless of size of the overall
sample. The conductivity of the bulky samples were also in the range 10 to 100
S/cm [4].

5.4.3 Field dependence of conductance

A current-voltage (I-V) spectroscopy technique is used to probe the transport mech-
anisms in the PPy-Au samples within a temperature range 300 K to 4.2 K. This
method is chosen because it is well known to be a powerful method that provides
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good insight into tunneling like transport behavior and rectification in CPs at low
temperature. This technique is a good supplement to temperature dependence, mag-
netoresistance and thermoelectric power studies [20], [96], [97]. I-V spectroscopy is
also widely applied in studies of tunneling junctions in general [98]. This I-V ap-
proach is justifiable to our mesoscopic samples as they constitute Au-PPy-Au struc-
tures in series especially at low temperature.

In samples IIA, IIB, IIC and IID, the I-V characteristics are linear in tempera-
ture near 300 K and nonlinear at low temperature. Regardless of temperature all the
samples exhibit symmetrical I-V curves implying that the PPy-electrode interface
is smooth and ohmic and not rectifying as seen in other works reported in litera-
ture [99], [20]. As the temperature is lowered there is a transition to nonlinearity at
some low temperature that varies from sample to sample as seen in Fig. In gen-
eral, it is seen that the higher the conductivity the lower the transition temperature.

All samples show a zero bias anomaly (ZBA), or the reducing or vanishing
conductivity at V' = 0, at low temperature (7' < 20K) as shown in plot of differ-
ential conductance versus bias voltage in Fig The zero bias anomaly is more
pronounced for samples with lowest conductivity. The reason for the ZBA is the
Coulomb gap, the dip in density of states in disordered materials, as a consequence
of enhanced electron-electron interactions.
ly (ZBA), or the reducing or vanishing conductivity at V' = 0, at low temperature
(T' < 20K) as shown in plot of differential conductance versus bias voltage in Fig
The zero bias anomaly is more pronounced for samples with lowest conduc-
tivity. The reason for the ZBA is the Coulomb gap, the dip in density of states in
disordered materials, as a consequence of enhanced electron-electron interactions.

Large current fluctuations are observed in low temperature I-V curves of the
narrowest sample IID of width ~ 1um around a bias voltage of +200 mV (5.16).
This is not seen in IIB, IIC and IID which are 5 pm in width. Repeated measure-
ments on this sample indicate that the fluctuations are intrinsic to the sample and
not measurement artifacts. Such type of fluctuation have been reported in nanoscale
CP wires and have been attributed to switching between the reduced and oxidised
states of the doping of the polymer [21]. Strong noise arising from two-level fluctu-
ators are a general feature of carbon based electronic devices [100], [101]. It is seen
that the fluctuations in our sample IID are more prominent at low carrier density.
The exact cause of these fluctuations is not very clear.

The field scaling of our samples at low temperature is examined by plotting
logarithm of current vs V/4. From Fig it is seen that the log of I follows V1/4,
The data fits well to this equation especially at low temperature and high field. There
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FIGURE 5.14 Current-voltage characteristics of PPy-Au sample IIA at various
temperatures. |(b)| Corresponding differential conductance curves of sample IIA.
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FIGURE 5.15 Current-voltage characteristics ofPPy—Au sample IIB at various tem-
peratures and [(a)]sample IIC.

is deviation from the V'/* at high temperature and low field. In the higher conduct-
ing sample IIA, the data fits well to the V'/* power law only at T < 10K. This is
because IIA is very close to the metal-insulator transition and field dependent hop-
ping conduction is only dominant at very low temperature. These plots of log I vs.
V1/4 may indicate that electric-field induced hopping is dominant transport at high
tields and low temperature [20]. It is also seen that the I-V curves at low temperature
(<10 K) tend to converge at high field and low temperature in samples IIA and IIC.
This is a signature of self-heating.

Itis seen in fig. that slopes of the portion of the curves that fit /4 law tend
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FIGURE 5.18 Field and temperature dependence.

to increase with decreasing temperature. The slopes vary from 0.6 to 2. Plotting these

slopes of Fig. as a function of 7" in Fig e see that the field dependence of
all the samples can be described by a phenomenological model

Kv1/4>

where K is a fitting constant.

This model is very different from conventional V2 and V~'/* field dependen-
cies predicted by theory [102]. Gence et al. [20] reported a V~'/* behaviour in Au-
PPy structure with similar Au-PPy interface but with longer PPy sections. We are
unaware of a transport theory that would exactly match our measurement results,
which is not surprising considering the composite character of our system. This pe-
culiar field dependence shows that hybrid systems like metal-CP nanostructure are

interesting for exploring novel charge transport mechanisms.

5.5 Future outlook

In this thesis a novel technique for fabricating hybrid conducting polymer-gold
tilms of thickness 10 to 200 nm and width 1 yum to 5 um by electrochemical synthesis
on ultrathin gold films has been successfully demonstrated. The next step will be to
reduce the width of the polymer-gold films to the nanoscale regime (20 - 200 nm)
by using narrower underlying gold island layers or by etching some areas of the
polypyrrole-gold films and fabricating a backgated field effect transistors based on
this hybrid material. Further experiments are need to understand the effect of gold
islands on transport in the hybrid material and also on how these islands would
affect the performance of FET transistors based on these systems.
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In light of a recent scaling analysis of field dependent conductance in conduct-
ing polymers where the field scales for non-linearity is set by the intrinsic disorder
of the samples and not the temperature, it might be worthwhile to look at the field
dependent transport in this nanostructures to relate the physical length scales such
as localization length or hopping length which can be related to the origin of the
field scale [96].
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Chapter 6

Transport measurements on
intermediate sized MWNTs

6.1 The goal: Experiments on electron transport in in-
termediate sized MWNTs

This thesis is focused on size dependence studies in a rather unexplored interme-
diate diameter range 3 nm to 10 nm and length 200 nm to 4 ym to understand the
scaling of transport properties with diameter in particular but also length. In addi-
tion, we have a few samples with diameters 1.3 - 2 nm and 11-13 nm. From diameter
dependences of transport properties it is possible to see signatures of size constric-
tion and interwall interactions and from length dependences we can learn of the
transport regimes of our samples. If one imagines unwrapping our nanotubes of di-
ameter 3 nm to 10 nm tubes one would get graphene nanoribbons of corresponding
width ranging from 9 nm to 32 nm. This is significant because it is relatively difficult
to fabricate good nanoribbon devices with such small width and indeed there has
been not much work on nanoribbons in that width range. Related work on influ-
ence of size have been on transport properties of graphene nanoribbons of width
20 < W < 120 nm [87], [72]. In the latter work the size of nanoribbons correspond
to unwrapped nanotube of diameters in range 6.5 nm to 38 nm. This thesis work
therefore fills the size gap that has not been studied extensively. Our approach has
been to fabricate nearly 100 devices with fixed palladium electrodes (metal-on-tube
architecture) while varying length from sample to sample and in some cases making
2 to 3 devices on one single tube. The advantage of such an approach is the ability
to make near-ohmic contact.

61
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6.2 Fabrication of MWNT samples

The electron transport studies reported in this work are focussed on MWNTs of a
special diameter range, 3 nm to 10 nm, which were previously rare owing to synthe-
sis problems. In light of this, we first discuss how these nanotubes were synthesized
and characterized in section and then discuss how we fabricated the devices in
section

6.2.1 Nanotube material with a special diameter range

MWNTs used in our transport experiments were obtained from the group of S. lijima
[66]. The nanotubes were synthesized via a catalyst-free arc-discharge technique
achieved by direct vaporization of a graphite rod using radio frequency plasma. To
verify that these were MWNTs and not SWNTs a sample of the purchased MWNTs
powder was imaged with high resolution transmission electron microscopy (HRTEM).
The results of these TEM measurements showed that the powder was composed of
predominantly MWNTs as shown in Fig. The results of this atomic scale char-
acterization show that the samples were relatively clean and indeed predominantly
MWNTs in agreement with supplier specifications.

The nanotube powder was specified to have MWNTs with outer diameters
about 5 nm and smallest inner-most wall diameter of 0.4 nm via TEM studies. Our
AFM studies of MWNTs from this material found that most tubes were in the range
3 nm to 6 nm with occasional nanotubes with diameters in the range 6-8 nm or be-
low 3 nm as shown in Fig. Rarely did we find tubes with more than 10 nm
diameter. Taking the inner-most wall diameter into account we can deduce that our
nanotube devices in the range 3 to 10 nm have the number of walls (shells) ranging
from 5 to 15.

6.2.2 Fabrication of backgated MWNT devices

A meaningful study of size dependence of properties of many individual devices on
different silicon chips requires that all the devices are fabricated in the same way and
that the only fabrication variables are the nanotube diameter and channel length.
To meet this requirement, all nanotubes reported in this work were selected from
the same batch of MWNTs and processed with the same solvents and fabrication
techniques. The architecture of all MWNT devices was that of a backgated CNT-FET,
described in section (Fig. and also in Fig. 4.1((b), in which the bulk silicon
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FIGURE 6.1 (a)HRTEM image of MWNTs taken a batch of nanotubes synthesized by
lijima group. The image is adapted from [66]. Note that our nanotube powder material
was taken from this batch. (b) HRTEM of nanotubes from same batch. Courtesy:Hua
Jiang, Aalto University.

layer is used as a backgate and a 300 nm thick silicon oxide layer is the dielectric
material that separates the backgate from the nanotube.

A powder of catalyst-free arc-discharge grown multiwalled nanotubes was
dispersed in 1,2-dichloroethane and the resultant suspension was sonicated for 30
minutes. It is well known that random atomic defects may be present in solution
processed nanotubes [5]. In view of this, we carried out scanning tunneling mi-
croscopy (STM) studies of our nanotubes and found them to be atomically clean.
The use of catalyst-free nanotubes precludes the possibility of p-type doping which
is known to arise from reaction products of halogen solvents and some catalytic
nanoparticles such as iron [103].

A droplet of the nanotube suspension was spinned on the substrate. The nan-
otubes are randomly oriented on the chip. The surface of the chip was scanned with
an atomic force microscope and the positions of individual nanotubes was deter-
mined using micron sized markers. Clean and straight nanotubes were selected and
their diameters were measured using an atomic force microscope (AFM) with + 0.1
nm specified accuracy. The accuracy of our diameter measurements is 0.3 nm on
account of substrate roughness. During diameter measurements a very small force
was applied to the sample to avoid pressing the tubes which would result in an un-
derestimation of diameter.

Nanotubes with varying diameters were selected and two or several palla-
dium electrodes of 100 nm - 300 nm width were fabricated onto the nanotubes using
PMMA based lift-off electron beam lithography. A recent study has shown very
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weak dependence of contact resistance on contact length (electrode size) [104]. In
our samples the inter-electrode spacing (or channel length), L varied from 0.3 - 4
pm. Clean and straight nanotubes were selected and the tubes were not subjected
to high energy plasma to avoid creating more defects. Thus the nanotubes studied
can be considered relatively clean and any atomic scale disorder may be associated
with inevitable synthesis impurities and defects. Figl6.2)shows AFM images of many
kinds of nanotubes that we found. Most of the nanotubes studied in this work were
clean, straight and had uniform diameter. On some nanotubes several devices of
different lengths were made as shown in Fig.|6.3| The sample yield varied from chip
to chip, and was generally less than 60 percent due to damages of microelectrodes
during fabrication, leakage via substrate and electrostatic discharge (ESD) damage.

B S e

T EE o

_200nm

00nm

FIGURE 6.2 AFM images of nanotubes on SiO; substrate. (a) Nanotubes and marker
structures for mapping. (b) Clean nanotube with uniform diameter. (d) Telescope-
shaped nanotube with non-uniform diameter.
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FIGURE 6.3 AFM images of typical MWNT devices showing drain and source elec-
trodes. (a) Single device on a tube. (b) Two devices on one tube. In our sample notation
we refer to shorter section as Sample Xa and the longer section as Sample Xb (This
particular sample consist of B5a and B5b with data in Table}6.16]in section[6.4.5). Such
devices were useful in testing length dependences without structural considerations
that may vary from tube to tube.

6.3 General transport features in MWNTs

Electron transport in MWNT devices measured in this work is presented in terms
of diameter and length dependences of several gate voltage dependent conduction
properties measured at various temperatures and drain-source voltages. The mea-
sured CNTs are divisible into "semiconducting” or "gapped" nanotubes, which have
a clear transport gap in the I vs. V; data (and so can be called CNT-FETs), or "gate
curves', as illustrated in Figl6.4 (a), (b) and (c), and on the other hand, into "metal-
lic" nanotubes, shown in Figl6.4] (d), that do not have strong gate dependent vari-
ation on conductance, even at low temperatures. In the semiconducting samples,
the transport gaps (offstate regions) sometimes become more pronounced only as
temperature is lowered, whereas metallic/quasimetallic samples are those which
exhibit finite resistances at the so called charge neutrality point (‘offstate’) at low
temperatures. The gate dependent conductance characteristics that we find in our
devices are similar to those generally reported in the literature, with stronger p-type
conductance levels than the n-type.

Of the 121 nanotube devices measured in this work, 20 devices exhibited very
high contact resistances and were excluded from further studies. 101 nanotubes
with good contact resistances were selected for temperature dependent gate re-
sponse measurements (300 K to 4 K). Of these, 76 were semiconducting (gapped
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FIGURE 6.4 Typical temperature dependent gate curves. Their form varies from sam-
ple to sample. The letter and number at lower left corners are names of samples. [(a)]
Gate curves of a hard gapped nanotube sample (J13) with a small diameter and short
channel.[(b) Gate curves of an intermediate gapped nanotube (G12) with a large diam-
eter and long channel. [(c)] Gate curve of small band gap nanotube [[d)| Gate curve of a
metallic nanotube that exhibits finite resistance at very low temperature.

samples) and 25 were metallic or quasimetallic and their diameter distribution is as
shown in Fig. The distribution of both the diameters and lengths of the mea-
sured devices is shown in fig. (for D < 10 nm). The discussion in this thesis
is mainly focused on the gapped MWNT devices. However, some data on metal-
lic/ quasimetallic MWNTs is included and is presented separately in section[6.5]

Figl6.4shows a selection of gate curves for different MWNT devices, taken at
different temperatures. It is seen that the gate voltage dependent features vary from
sample to sample. As will be demonstrated, this variation is strongly related to the
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FIGURE 6.5 Diameter distribution of gapped and metallic nanotubes. |(b)) A 3D
plot showing length and diameter distribution of our nanotube devices.

size dependence (diameter (D) and length (L)) in MWNTs as discussed in section
Moreover, one common feature in all the gate curves is that as temperature is
lowered, they exhibit more pronounced oscillations in both metallic and semicon-
ducting nanotubes. These oscillations are due to a combination of quantum trans-
port phenomena and the band structure of the CNTs, as will be discussed further in

sections[6.4.5] and [6.5]

Length dependences of transport in MWNT devices are also examined in de-
vices with two or more sections of different length on the same tube as shown in
Fig. A close inspection of Fig.|6.6((a) and (b), which show gate curves of sections
of different length (0.3 and 0.6 ym) of the same 5 nm tube, reveal that the structure
of the gap region is similar. For another set of device (G19a and G19b) with L ~ 0.4
pm and 1.1 pm, the width of the gap region (Alf) is greater in the longer section
as shown in Fig. (c) and (d). The shorter section exhibits one major offstate peak
whereas the longer section has two major peaks. For this nanotube the onstate con-
ductance levels for two sections are nearly equal.

Another feature in our measurements is the hysteresis in the gate curves as
shown in Fig. The position of the transport gap in the gate curve depends on
the direction in which the gate voltage is sweeped. This feature complicates stud-
ies of temperature dependence of the offstate conductance, as the exact location of
the charge neutrality point is not certain, and creates uncertainty in measurements
of transport gap widths AVj; at high temperature. This phenomena is known to
be caused by mobile ions in the dielectric or at the interfaces [105]. Our systematic
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FIGURE 6.6 Gate dependent transport of samples with two sections on one tube. Gate
curves|(a)land|(b)|are for two sections of sample C7 of D ~ 5 nm nanotube and lengths
0.3 um and 0.6 um respectively. Gate curves|(c)|and [(d)|are for two sections of sample
G19 of D =~ 3 nm nanotube and lengths 0.4 ym and 1.1 um respectively.

studies have shown, as expected, that the hysteresis is highly temperature depen-
dent, with hysteresis shifts up to 30 V (in gate voltage) at room temperature, but is
strongly suppressed at low temperatures. It is also seen that the offstate locations
are affected by the gate voltage range at room temperature. Although a nuisance for
us, the hysteresis behaviour is a useful property for memory applications [106].
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FIGURE 6.7 Hysteresis in gate curves |(a) at room temperature, at 4 K. [(c)| The
locations of offstate depend on gate voltage range. [(d)| The effect of gate scanning
speed was also investigated. The arrows on each figure show the directions of gate

voltage scanning.

6.4 Measurements on gapped MWNTs

The MWNTs with a transport gap are the main focus in this part of the thesis. They
constitute a clear majority of the investigated samples (Fig6.3). The gate curves have
several features that are analyzed in this thesis, some of which were illustrated in
tigure 3.7|in section Significant quantities are the zero-bias (low field) on-state
minimum resistance (Roy) and the maximum offstate zero-bias resistance (Rorr).
Roy is nearly always found in the p-type part of the gate curve. Ropr again usually
becomes immeasurably large at cryogenic temperatures so mostly it is available at
the higher temperatures. A main issue is the characterization or quantification of the
transport gap in the gapped CNT devices. As will be discussed below, such quan-
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tities are the room temperature resistance ratio (Rorr/Ron), the bias voltage gap
within the transport gap (defined in section6.4.4), and temperature dependence of
the transport gap, quantified as the temperature dependence of Ropp.

Our aim was to investigate how the basic transport properties of MWNTs re-
late to their diameter (D) and length (L) (i.e., the inter-electrode spacing). The fol-
lowing issues are considered for this purpose:

® Size and temperature dependence of the minimum onstate resistance (Roy).
@ Size dependence of the resistance ratio(Rorr/Ron)-
@ Size and temperature dependence of maximum offstate resistance(Rorr).

@® Size dependence of the bias voltage gap(AUp).

6.4.1 Size and temperature dependence of the minimum on-state

resistance

The gate curves of many samples studied in this work exhibit a strong p-type on-
state, an offstate and a relatively weaker n-type onstate. This indicates that hole
transport is more dominant in these nanotube devices. Roy at a certain tempera-
ture is determined as the minimum zero-bias resistance along the gate curve. As
was already stated above, nearly always the minimum on-state resistance Roy is
from the p-type part. This p-type dominance behavior is typical for palladium con-
tacted clean nanotubes on silicon oxide substrates. Palladium (Pd) contacted nan-
otubes tend to have a Fermi level that is aligned closer to a valence band edge. At
room temperature transport in onstate is mainly due to hole injection across a weak
Schottky barrier. Some samples are more ambipolar while others exhibit no n-type
on-state in the entire gate voltage range (-30 V to 30 V).

Figure|6.8/shows Roy at 300 K and 4.2 K as a function of length (L), for a num-
ber of samples for which both these values are available. The data is presented such
that the dots (whose color is indicative of diameter (D)) are at the 300 K value while
the arrow that begins from this dot ends at the 4.2 K value. The onstate conductance
at 4 K is oscillatory with local peak resistances lower than the baseline onstate resis-
tance and local valley resistance higher than baseline values. The resistance values
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given in this work are the baseline values.

The room temperature Roy values of these nanotubes range within 13 k(2 -
170 k2 as shown in Fig. There were other MWNT devices with Ron up to 800
k) probably due to poor metal-tube contact or presence of local defects in some
nanotubes. The lowest achievable Roy at 300 K is nearly twice the quantum limit
of resistance in SWNTs (h/4e? =6.5 kQ). In general, nanotube devices with small di-
ameters have higher Rox at room 300 K as compared to those with large diameter.
However, the diameter dependence of Roy is weak for tubes with length below 1.5
pm, indicating that transport in the nanotube is more ballistic in nature in short nan-
otubes and the resistances are largely from the contacts to the metal electrodes. Sim-
ilar weak diameter dependence has also been reported in Pd contacted SWNTs [86].

On the other hand, it is observed that, as a function of length, the minimum
Ron increases as the length L increases beyond 1 zm. The length dependence of Roy
is also consistent in nanotubes where two or three devices are made with different
lengths. We may apply equation [3.10]from section[6.6]to this length dependence and
to fit the formula to the black solid line in figure This would give:

R3oox = Reontact + Riupe = 10 EQ 47 kQ/,um * L (61)

From this we would infer, as the best values obtained among our devices, a
contact resistance of 10 kS2, which is ~ 4 k{2 more than the quantum of resistance
in SWNTs, and a one-dimensional resistivity of 7 k/um. The scaling of resistance
with length is evidence of localization effects, as discussed in section [6.2.1]

The temperature coefficient of resistivity is the derivative of R(T") with respect
to the temperature. From figure we see that for the 300 K Rox ~ 27 k), the
temperature coefficient of resistivity is about constant and this value is a kind of
demarcation line, indicated in the figure with a dashed line, between positive val-
ues for the coefficient, for 300 K Ron < 27 k€, and negative values for Roy > 27
k. At 4.2 K Roy ranged from 13 k(2 to several megaohms, beyond the scale of fig.
The lowest achievable minimum onstate resistance at 4.2 K is also nearly twice
the quantum limit of resistance in SWNTs (h/4e? =6.5 k). The only exception was
one sample with D ~ 7 nm which exhibited Roy ~ 5 k2. The onstate conductance
variations in the intermediate temperature range are shown in more detail in fig.
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6.4.2 Size dependence of the Resistance ratio

In this and the following sections the transport gap is investigated. The visibility
or shape of the transport gap at room temperature varies significantly among the
samples. A quantity that describes it in a simple way at room temperature is the
resistance ratio R, = Rorr/ Ron, Wwhere Rorr (and Roy) was defined earlier in this
section. The resistance ratios are shown in two separate figures in In (a) are
shown samples with D <5 nm and in (b) with D => 5 nm. On inspection of the fig-
ures we see that among the small D devices there is a huge, overwhelming scatter
of the R, values, while among the larger D tubes this scatter is clearly connected to
a L-dependence; at small L, all tubes have a low R, value, which then increases as

L increases.
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z . 3
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FIGURE 6.10 Size dependence of resistance ratios at room temperature for |(a){small
diameter nanotubes and [(b)|large diameter nanotubes.

6.4.3 Size and temperature dependence of maximum offstate resis-

tance

The transport gap becomes increasingly prominent as temperature is decreased. We
characterize this with the temperature dependence of Rorr. The relation of this
quantity to the semiconducting gap, under certain simplifying assumptions, was
discussed in section The resistance of the MWNT device can be related to the

temperature using equation (6.2)

e
Ropr o< exp (/{B_T> (6.2)
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where we have replaced E, with «, for reasons to be discussed later. The tem-
perature dependence of the logarithm of Ropr vs. the inverse temperature 1/7 is
shown in Figl6.11] for two samples. The data was collected from gate curves at dif-
ferent temperatures, so it represents Rorp very well, but is composed in most cases
of rather few data points, since taking a gate curve at a steady temperature is time
consuming. Within some temperature range near room temperature the log(Rorr)
is inversely proportional to temperature. The overall temperature dependence of
minimum conductance of these MWNT devices bears some resemblance to temper-
ature dependence observed recently in graphene nanoribbons, as was discussed in

section[3.3.§]

For each sample this Arrhenius type activated transport model fits rather well
the inverse 7" dependence transport at higher temperatures. Generally, this ther-
mally activated transport behavior is seen in the temperature range 300 K to 150 K.
Below 150 K (varies from sample to sample) there is deviation of Ropr from this
behaviour as the resistance saturates, in some cases slightly and in others strongly.
As with most high resistance measurements (in range 10 M2 to 100 Gf2), there arise
a question of whether such kind of deviation or saturation is real or a reflection
of instrument measurement limitation. In our work, we measure large offstate resis-
tances by taking slowly scanned 'V curves with amplifier sensitivity or gain settings
that allow reliable sub-pA current measurements allowing zero bias resistance mea-
surements up to 50 G€2.

10°¢ .
§: v}r = e 10
& N\ w107F
o) s A\ S
« x B G-12
5 "
10°F : : 10 Vo ~1mV 3
a~2l0au 14 D ~6nm
10‘“-20 A5 10 -SVQ 5 10 15 2

. . . ) ‘ L ~1.56 um
0004 0006 0008 0010 0012 0.004 0006 0008 0010 0012
UT (KT UT (K

(a) (b)

FIGURE 6.11 Temperature dependence of Rorr for sample I4 and |(b){sample G12.
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FIGURE 6.12 Plot of slopes a vs. L for tubes of different diameters.

From the slopes of log Rorr vs. 1/T, we obtain the a-values for each measured
MWNT. For a large set of samples, the o values are plotted as a function of length in
Fig. with different diameters represented with separate labels, just as with the
plot of fig. for the resistance ratios. In the figure, there is a significant scatter,
but we have placed three lines as a guide to the eye. The three lines represent rough
average behaviour for the L-dependence of the o values for MWNTs of diameter 3-4
nm, 5-7 nm, and 8-9 nm, respectively. Again, the scatter of the data is strong but the
overall trend for the combined D- and L-dependence is unambiguous. We can thus
observe that the slopes of a vs. L plots dramatically increase with diameter. We may
note here, that in samples with two devices on one tube (e.g. G19a and G19b) the
longer section shows a larger value of slope («).

Moreover, as we noted in section nearly all previous published work on
MWNTs has been done on tubes of D > 10 nm. Since in the previous works trans-
port gaps have very rarely been observed, in the figure above we see that all of that
would be placed on this kind of a plot along the x-axis at the bottom of the plot.
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6.4.4 Size dependence of the bias voltage gap

Within the TG (= transport gap), the zero bias conductance ultimately becomes zero
upon decreasing temperature, in the zero temperature limit. One may characterize
the TG at low temperature by measuring conductance at the gate voltage corre-
sponding to the charge neutrality point. In this case, where the zero bias conduc-
tance disappears, one can increase the bias voltage both on the negative and posi-
tive sides until a measurable current/conductance appears. In other words, taking
an I — Vpg curve at the gate voltage corresponding to the charge neutrality point.
By adding the magnitudes of the voltages on the negative and positive sides one
obtains the total bias voltage range, labeled AUg, within which the nanotube device
remains nonconducting (in the limit of resolution of measurement). Moreover, this
quantity is sought at the gate voltage that maximizes it, which is usually near the
charge neutrality point. Fig. shows how this quantity can be obtained from
an IV-curve at the particular gate voltage.
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1ol V, ~ 49V (Offstate) sorror 300V
.0X r |—— 400 mV
wi0°| e
L m
2107 4.0x10° - 1—omy
o[ d ’ ——-600 mV
- 1x10 AU - . 20x10° 1 sm
< . — 550m
= 2— b fvg 00l :1 A . |—-520mv
-1x1079 F ] 2.0x10° b
-2x107 -4.0x10°
-3x10° ] 6.0x10°
D~5nm ~ o010
4x10° [ |_4 T~42K | ; G12
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-5x10° 0.01 0.00 0.01 1.0x10° L L71%un T
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(a) (b)

FIGURE 6.13 Methods of measuring nonlinear gaps.|(a)|IV curve for sample 14 show-
ing the nonlinear gap AUgry of 25mV.[(b) A typical measurement of AUp that in-
volves taking gate curves at different bias voltages,in this case for sample G12. We call
this gap AUpg. The AUp is estimated from the gate curves whose offstate current is
approximately 1 nA, in this case the red gate curves.

The method outlined above, however, may not be satisfactory, since setting
the zero-current region is necessarily quite arbitrary, and if the bias voltages be-
come comparable to the gate voltages, then it may complicate the situation due to
so called self-gating effects. More systematic determination of the zero current re-
gion is obtained by taking gate curves with increasing positive and negative bias
voltages. Then at a certain magnitude of the bias voltage the TG no longer drops to
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zero at any V. These magnitudes of the bias voltages define the AUp. An example

is shown in Fig.

The size dependence of AU is shown in Fig. again separately for small (D
<5nm) and larger (D > 5 nm). Short nanotube devices (i.e small L) with large diam-
eters (D ~ 8 nm) exhibited very small or no transport gap AUp whereas nanotube
devices with small D (1-4 nm) had very big transport gaps regardless of length. In-
termediate sized nanotubes (5-7 nm) had gaps that were strongly length dependent.
For the later group samples with small L (0.3 - 1 m) had small gaps and those with
large L (1-3 wm) had big gaps. In other words, the results for the size dependent
behaviour of AUpg are similar to those of R, and «.

1000 | 1000

00 0 . . . 00 05 10 15 20
L (um)

(a) (b)

FIGURE 6.14 Nonlinear IV gap AUg |(a)|vs. L for samples with diameters 1 nm to 4
nm and [(b)] for nanotubes with diameter 5 nm to 7 nm.

6.4.5 Coulomb blockade oscillations

Coulomb oscillations are observed within the TG of the gate response curves at low
temperature as shown in (Fig (a) and (b). Such Coulomb oscillations corre-
spond to tunneling events within the CNTs, when the gate voltage modifies tun-
nelling barriers between the "bulk" of the CNT and the contact region to the metal
electrode. The oscillations appear only at low temperatures. Figure [6.15(c) shows
one example of their temperature dependence. At 40 K the oscillations are only
barely discernible.
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FIGURE 6.15 Coulomb blockade oscillations in a tube with different sections.
Shorter section. [(b) Longer section. [(c)] The oscillations get washed out as temperature
is increased.

It is found that the oscillations form and periodicity vary from sample to sam-
ple indicating possible length and diameter dependence. Size dependence is first
investigated in MWNT devices with two different sections of different lengths as
shown in (Fig and Table The oscillation periodicity have been measured
in both the negative and positive gate voltage sides which correspond to hole and
electron transport respectively [107]. For a fixed diameter, the oscillation period is
higher in a shorter segment than in a longer one. This result can be explained in
terms of the capacitance of the quantum dot which is proportional to the length of
the CNT segment C' =~ L. Coulomb oscillation periods in single electron tunneling
devices are given as 6V = e¢/C, on account of charging energy of the quantum dot
U= e?/2C.
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Sample p-type n-type Length Diameter
periodicity  periodicity L (nm) D(nm)
6l'c-(mV) dle+ (mV)

B 5A 75 55 0.3 5

B 5B 75t 23 0.6 5

C 7A 90 65 0.3 3

C 7B 70 20-28"" 0.6 5

C 3A 70 70 0.3 3

C 3B 35t 30-33t 0.6 3

TTrregular, ** Double peaks

FIGURE 6.16 Coulomb oscillation periodicity(peak spacings). Samples B5a and B5b
are the two sections of sample in Fig.[6.3(b)

It is further observed that the oscillations are much more regular in shorter
segments, which is understandable as a result of the better coherence of the charge
carrier wave function within the segment. The regular Coulomb oscillations corre-
spond to single electron transport on one well-defined quantum dot. The irregular
peaks in longer devices may indicate a presence of a series of quantum dots along
the CNT, due to defects. Such electronically serial quantum dots are usually mani-
fested as stochastic Coulomb diamonds in single electron spectroscopy experiments
in SWNTs and graphene nanoribbons fabricated on SiO, substrate [5], [76], [108],
[109], [1101, [71].

6.5 Metallic and quasimetallic MWNTs

Recalling figure we noted that some, but a clear minority of MWNT devices
studied in this work exhibited low finite resistances at all gate voltages point even
at low temperature as was shown in figure [6.4(d). More cases are shown in figure
Moreover, figure shows that the metallic cases began to be numerous among
the larger diameter devices. This is understandable from the point of view that the
large diameter results in small F;, and thus thermal smearing of the bandgap. Case
(c), shows that the TG can be rather small and that borderline, or quasimetallic cases
do exist.

The metallicity in small diameter devices (=~ 3 nm) indicate that they are arm-
chair or zigzag type. The metallic like behavior of large diameter nanotube may
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FIGURE 6.17 Gate and temperature dependent transport of metallic and quasimetal-
lic nanotubes devices. [(a)|Sample M12 (D 3 nm, L 0.3 um),[(b)]Sample J1,[(c)[Sample
E6a (D 7nm, L 300 nm).[(d) Temperature dependence of baseline onstate conduc-
tance of sample J1.

arise from either chirality or very small band gaps (Fig6.17(c)). For these very small
band gapped ones the offstate resistance becomes infinite at very low 7". As pointed
out in the transport theory section out that true metallic nanotubes are rare ow-
ing to pseudogaps [68] that may arise from curvature, buckling and defects, some
devices in this category may exhibit some weak semiconducting behaviour. Other
small dips observed in gate curves may be due to Coulomb gaps arising from e-e
interactions [51]].

From figures[6.17(a),(b) and (c) we find that in some samples the on-state con-
ductance increases with decreasing temperature whereas in other devices it does
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FIGURE 6.18 Onstate conductance oscillations in a metallic nanotube.

not vary with decreasing 7' save for the oscillations that get more pronounced at
low temperature. The variation of on-state conductance with temperature is also
shown in figure [6.17(d). For samples that exhibit slightly more p-type dominance
two kinds of offstate conductance temperature dependences are observed. For in-
stance, in figure [6.4(d) the offstate region conductance increases with increasing
temperature whereas in [6.17(b) there is a decrease in offstate conductance as tem-

perature is increased.

In quasimetallic nanotubes zero-bias gate curves at very low temperatures
exhibit strong conductance oscillations as shown in figure These oscillations
are not seen in room temperature data. The oscillations have multiple periodicities.
Many MWNTs devices in this work exhibited aperiodic oscillations. Oscillations in
some devices (e.g. D1) are Fabry-Perot resonances (Fig. [40], [111]] which are
known to occur in samples with high contact transparency. In the case of D1 the
onstate resistance fluctuates in the range 11 k2 to 40 kQ2 (corresponding to a con-
ductance range of 2.2 ¢?/h to 0.6 ¢*/h. Such conductances are relatively closer to
the ballistic limit of SWNTs. The oscillations are found to be irregular. Similar ir-
regularities have been observed in clean suspended SWNTs and were attributed to
imperfections in the device [37].
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6.6 Conclusions on transport in intermediate sized mul-

tiwall nanotubes

From the results presented in section on gapped MWNTs and section on
metallic and quasimetallic MWNTs, we may see that they in particular bring in new
information on the size dependence of transport in MWNTs. The combined results
presented on the gapped MWNT devices contain some sizable scatter in the D- and
L-dependence of the measured quantities, but clearly point towards some conclu-
sions.

Firstly, in the shortest devices, with L < 0.5 um, only the small diameter MWNTs
have large values for R,, o and AUg. Moreover, the small diameter MWNTs exhibit
a large distribution of values, over orders of magnitude. The large spread of data
for small diameter can be interpreted as the tendency for a share of the small di-
ameter nanotubes to form armchair structure, as observed by Hirahara et al. [85],
which then are rather metallic with small observable gaps that can be explained as
small pseudo-gaps of less than 100 meV that may arise from curvature or e-e inter-
actions [51]]. Secondly, the larger diameter tubes always exhibit small values for R,,
a and AUp at small lengths, but these values increase linearly, on the average, with
increasing length.

A primary natural explanation for this behaviour is to infer the diameter de-
pendence for the single shell E,, eq.[3.2]in section so that this relation is set
to apply for the outer layer or layers of the MWNT. The diameter dependence can
therefore be interpreted in terms of bandgaps that are theoretically predicted to be
inversely proportional to diameter, and that as such show up in the measurements
reported in this thesis. On the other hand, the linear increase of R,, « and AU with
increasing length is attributed to localization effects due to structural disorder.

The localization effects are visible also in the on-state resistances Ry of figures
and Referring in particular to the latter, the behaviour of the collection of
these devices is familiar from systems on the boundary of the metal-insulator tran-
sition. Tubes with the least disorder (with the 300 K Ron < 27 k2) have a positive
temperature coefficient of resistivity which turns to negative as Rpy increases. The
27 k) resistance may then be a system-specific metal-insulator transition boundary
marker value where the transition is driven by disorder driven localization. The lo-
calization then of course becomes more severe the longer the device is.
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The weak temperature dependence (saturation)of Roy, especially in larger di-
ameter MWNTs, in our samples is drastically different from the reported decrease in
conductance in SWNTs [33] as the temperature decreases below 150 K. Temperature
dependence in those long SWNTs of lengths about 3 - 4 1 and diameters about 1-2
nm had upturn and downturn within 4 K to 300 K which was attributed to impu-
rity scattering and acoustic phonon scattering [33]. The decrease in conductance is
also associated with Coulomb blockade [34]. That difference in behaviour is further
testimony to the strong dependence of carbon nanotubes on diameter, with respect
to their electronic properties.

6.7 Future outlook

Basic electrical properties of nearly a 100 sub-10 nm nanotubes have been explored.
Most of the nanotube devices studied in this thesis have channel length below 2
pm. More nanotubes of length 2 to 10 um will be needed to enhance the length
dependence studies. This may require nanotube materials made via CVD synthe-
sis techniques that can yield ultralong multiwall nanotubes. Combined transport,
Raman spectroscopy and transmission electron microscopy (TEM) studies would
also be important. The Raman studies will be useful in quantifying both bandgaps
and defects. The TEM studies will help in counting the number of walls in each
multiwall device. Such combined studies would require fabricating suspended nan-
otube devices. After doing the transport, Raman and TEM studies the next step
would be to exfoliate the outer walls one-by-one to study the chiralities of inner
walls. More systematic studies of field dependence of conductance will be needed
to clarify the transport mechanisms behind non-linear current-voltage behaviour in
multiwall nanotubes. Experiments on negative differential resistance, magnetoresis-
tance and noise to shed more light on electron dynamics in these complex systems.
Concerning application of these multiwall nanotube as field effect transistor and
memory devices performance analysis studies on parameters such as subthreshold
slopes and switching speed will be needed.



Chapter 7
Summary

In this thesis experimental studies of two kinds of nanoscale carbon based elec-
trically conducting materials - conducting polymers (CP) and intermediate sized
multiwall carbon nanotubes (MWNT) was presented, with emphasis on size and
temperature dependences of their electrical properties. The importance of these ma-
terials is two-fold; they offer opportunity for fundamental study of physics of low
dimensional systems and also have potential for electronics applications. The order
of presentation of material in this thesis is from conducting polymers to multiwall
nanotubes which is also the chronological order of our works on these materials.

In chapter 5 we present a novel fabrication technique for sub-200 nm hybrid
polypyrrole-gold thin films with conductivity comparable to conductivity of bulky
disordered highly doped polypyrrole CPs. The central idea is to electropolymerize
pyrrole on a gold island nanolayer of nominal thickness less than 7 nm. Such discon-
tinuous gold films are below percolation threshold and have nanoscale inter-island
gaps that are rapidly bridged by the growing polymer. The width of the polymer-
gold film can be defined by the width of the gold film which can be in nanometer
regime. This fabrication technique complements the previous works on sub-micron
CPs. It further provides a composite system where transport at nanoscale size cor-
responding to nanoscale inter-island gaps can be studied.

Temperature dependence of zero bias resistance of four samples of thickness
30 to 200 nm films show a Mott 3D variable range hopping transport behaviour in
temperature range 20 K to 300 K. At lower temperature the current voltage charac-
teristics curves are generally nonlinear with field dependences that can be described

by a phenomenological model that differ from conventional V2 and V ~1/4

reported
predicted by theory. We are unaware of transport theory that would exactly match

our our measurement results, which is understandable considering the composite
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nature of our system. This peculiar field dependence show that hybrid system like
metal-CP nanostructures are interesting to explore novel transport phenomena. In
future more systematic field dependence studies on many of these samples could
shed more light on the charge transport in these systems.

From our literature review on nanotubes, we found that most of reported pre-
vious works have been on small diameter SWNTs (D < 3 nm) and large diameter
MWNTs (D > 10 nm). The range 3-10 nm MWNT was not adequately explored. The
main reason for lack of studies in this diameter range is scarcity of clean MWNTs
nanotubes in the sub-10 nm regime due to synthesis challenges. The reason for
study bias towards SWNTs and very large diameter nanotubes relates to structural
simplicity of SWNT vis-a-vis MWNTs. We have done an extensive study of basic
transport properties of MWNT nanotubes that bridges the rather unexplored 3-10
nm diameter range. We found nanotubes of this diameter range in a nanotube pow-
der of catalyst-free arc-discharge synthesized nanotubes obtained from lijima. If one
imagines unwrapping nanotubes of such diameters the resulting graphene nanorib-
bons would have widths in the range 9 to 32 nm. It is currently difficult to fabricate
clean graphene nanoribbons this small. In a few recent works on narrow graphene
nanoribbons of width 20 to 100 nm transport gaps have been observed in gatecurves
that bear remarkable resemblance with our results on nanotubes devices.

From gate-controlled conductance measurements on 100 multiwall nanotube
devices, we found 25 of them exhibit metallic-like behaviour and 75 to be semicon-
ducting (or gapped). We focussed our studies on the gapped ones. Within the 3-8
nanometer regime we find transport gaps (or regions of low conduction in gate-
curves) that become more pronounced at lower temperature. The transport gap fea-
tures vary from sample to sample indicating diameter and length dependence.

To quantify the gaps we studied temperature dependences of offstate resis-
tance. We found an Arrhenius-type thermally activated transport behaviour within
100 to 300 K in our samples with slopes that scale with length and diameter. Current-
voltage characteristics of the offstate and field dependent gate curves were used to
measure nonlinear IV gaps that scale with length of samples. We found also some
correlations in the length and diameter dependences of «, nonlinear IV gaps and
room temperature resistance ratios. The work presented in this thesis is unique in
that it bridges previous works on SWNTs and larger diameter MWNTs, of which in
the latter transport gaps had hardly ever been observed before.
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