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Abstract

Electron Transport in Single-Walled Carbon Nanotubes

Meninder S. Purewal

We present electron transport experiments on single walled carbon nanotubes
(SWNTs). By measuring the linear scaling of resistance with length, we determine
an unusually long mean free path of L,, ~1 um at room temperature. From the
temperature dependence of the mean free path for over 10 samples we show that
inelastic scattering with acoustic phonons are the main source of scattering at room
temperature and experimentally determine the electron-acoustic phonon strength.
Disorder ultimately limits the low temperature mean free path (L,, ~10 gm), which
we show by employing scanning gate microscopy. We analyze the non-linear scaling
of resistance with length and temperature to further elucidate the nature of this
disorder. In general, we find that transport in 1-dimension is dominated by the
strongest defect along the channel. For larger source-drain voltage (Vsp > 0.2 V), we
show that L,, is significantly reduced in both metallic and semiconducting SWNT's,
due to electrons scattering with the higher energy phonons. In semiconducting
samples, when the Fermi energy is close to the energy band gap, we observe an
anomalous conductance dip. Finally, we utilize locally controlled gate structures to
fabricate a series of tunable barriers to form a superlattice and observe its mini-band

structure superimposed on that of the nanotubes.
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Chapter 1

Introduction to Electron
Transport in Single-Walled

Carbon Nanotubes

1.1 Wide World of Carbon Nanotubes

Carbon nanotubes are the one dimensional (1D) member of carbon’s sp? bonding
family. The three dimensional counterpart of nanotubes is the material graphite
(Figure 1.1), which has been known to exist prior to 1600 [1]. In 1985, the zero-
dimensional structure known as the fullerene molecule was discovered [2]. Shortly

after in 1991, Sumio lijima discovered that by exposing carbon material to a high
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Figure 1.1: From left to right: Graphite, Graphene, Carbon Nanotubes, and the Fullerene. These

are the 3, 2, 1, and 0 dimensional structures of the carbon sp? family.
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temperature environment, one-dimensional carbon nanotubes are synthesized [3].
Recently in 2004, it was discovered that by micro-mechanically cleaving graphite,
a single layer of graphite, or two-dimensional graphene can be obtained [4]. With
the exception of bulk graphite, it is amusing to think that carbon materials were
discovered from the lowest dimensional structures (fullerenes) to successively higher
dimensional forms (nanotubes and then graphene).

This thesis will cover electron transport in 1D carbon nanotubes (CNTs). CNTs
have the shape of a cylinder with a diameter of about 1 nm and length that can
exceed 10 cm [5] - an aspect ratio of 108! (see Figure 1.7(c)). They are known to be
remarkably strong and lightweight; they are the stiffest materials in nature with a
tensile strength in the 10’s of gigapascals [6]. This feature has contributed to the use
of carbon nanotubes in commercial products such as baseball bats, tennis rackets,
and even paint, where it is boasted that the CN'T’s make its host stronger and more
stable, while not contributing significantly to the weight. The strength is derived in
part from the strong covalent bonding between carbon atoms.

Besides outstanding mechanical characteristics, another motivation for the study
of CNTs has been their electrical properties. For multiple reasons they show promise
as the replacement to the solid state transistor pervasively used in modern elec-
tronics. This includes : (i) Current densities can exceed 10° Amps/cm? without
breakdown due to electromigration [7]. This is an order of magnitude greater than
the current density tolerance of copper. (ii) CNTs have an unusually long mean free
path at room temperature (1 gm) [8]. This allows for the possibility of ballistic con-
duction at RT, and thus lower power dissipation. It also allows for the exploitation
of quantum mechanical phenomena at room temperature. (iii) CNTs can either be
metallic or semiconducting, with an energy band gap inversely proportional to its
diameter, a property that is a direct result of the electrical properties of the parent
structure graphene. Semiconducting CNTs have been shown to exhibit transistor-
like behavior with on/off ratios of 10° [9]. This allows for the possibility of an entire
circuit to be built from CNTs, where metallic CNTs serve as interconnects to the

semiconducting CNTs, which serve as transistors.
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Figure 1.2: (a) Zhang et al. used a sophisticated micro-mechanical cleaving technique (nano-pencil)
to extract few layer graphite (from Ref. [10]). (b) Atomically thin graphene was obtained around

the same time using a relatively low-tech manner - with ordinary Scotch tape [4].

Combining all these features, CNTs show significant promise for future use in
nanoelectronics. Besides practical uses, they offer an intriguing and exciting win-
dow into 1D physics and quantum mechanics. The relatively recent innovations of
microscopy tools like scanning probe and scanning electron allows us to probe this

world as was never possible before.

1.2 A Word on Graphene

It is impossible to discuss CNT's faithfully without first addressing the recent break-
through with graphene. When I began my research in 2004, CNTs were the material
of choice for many scientists in the experimental condensed matter community. It
provided an obvious choice to study myriad fundamental 1D and quantum mechan-
ical physics, with the upside of potential nanotechnology applications. In Professor
Kim’s lab, where I was a member, my colleague Yuanbo Zhang was not working on
CNTs. He was attempting to obtain few layer graphite using mechanical exfoliation
method (see Figure 1.2(a)) [10]. While his “nano-pencil” method did not yield less
than a few layers, the Geim group in Manchester found a simple method of obtaining

single layer graphene in 2004 (Figure 1.2(b)) [4]. Since then, there has been a mass
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exodus of CNT scientists to its two dimensional cousin.

The reasons are obvious. For starters, many of the interesting electronic prop-
erties of CN'Ts are a subset of that of graphene. Secondly, many of the well estab-
lished experimental techniques developed for 2-dimensional electron gas semicon-
ductors (2DEG) could be simply be repeated on graphene. Despite the techniques
themselves being antiquated, graphene is a material that substantially differs from
conventional 2DEGs: it has a linear density of states and a linear energy disper-
sion relation, thus an effective mass of zero. Thirdly, the extraction method using
mechanical exfoliation is very simple. A few hours of work can yield a significant
amount of samples ready for lithographic patterning.

In just a few years, the progress on graphene has been remarkable. For example,
it has been shown that by reducing the width of a graphene strip, the band gap
can be controlled, effectively making it quasi-1D [11]. One can imagine a graphene
wafer, patterned from a top down approach, with all the necessary components of
a conventional electronic chip.

Still, complete abandonment of CNT's is premature because there is much science
left to explore. Recent advancements like growth of centimeter long CNTs and top
gating techniques open new avenues to address outstanding issues. CNTs still offer
an outstanding material to do research on quantum dot and single-electron tunneling
physics. Additionally, their 1D nature provides a structure to study Luttinger liquid
physics.

1.3 Electronic Band Structure of Carbon Nan-
otubes

CNTs inherit their electronic band structure from graphene. Discussing the bond-
ing of the carbon atoms that form graphene leads to its electronic properties, which
can be obtained using the tight-binding or LCAO (linear combination of atomic

orbitals) approach. We will see that this graphene is a semi-metal, or a zero-gap
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Figure 1.3: (a) Graphene is composed of a 2-dimensional array of carbon atoms arranged in a
hexagonal lattice with a two atom basis (dark and light filled circles). (b) In crystalline form, the
orbitals of the individual carbon atoms rehybridize to form three sp? orbitals 120° apart and one
p. orbital. (c) The sp? orbitals bond to its neighbors forming strong local covalent o bonds, while

the p, orbitals form a continuous non-local m-band.

semiconductor, with a linear dispersion relation near the Fermi energy. By “wrap-
ping up” a sheet of graphene the electronic band structure of CNTs can be obtained.
Depending on the way the graphene sheet is wrapped, the CNTs are either metallic
or semiconducting with an energy band gap inversely proportional to the cylindrical
diameter.

Carbon is the sixth element of the periodic table and at the top of column IV.
Each atom has 6 electrons in the configuration of: 1522s%2p®. The core electrons in
the 1s2 shell are strongly bound to the nucleus, while the remaining valence elec-
trons are weakly bound. In crystalline form, these valence electrons rehybridize to
form more energetically favorably bonds with adjacent atoms. A specific type of
rehybridization occurs in graphene, a sheet of carbon atoms arranged in a hexag-
onal lattice with a basis of two atoms (see Figure 1.3(a)). The valence electrons
rehybridize into three sp? hybrids and a fourth p, orbital (Figure 1.3(b)). The three

sp? electrons each form o-bonds in the x-y plane with its three neighbors 120° apart.
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Figure 1.4: (a) Energy dispersion relation of graphene shows that the conduction band (CB) and
valence band (VB) touch at the Fermi Energy. (b) Contour plot of the relation shows that these
points form the corners of the hexagonal first Brillouin zone. The circles at these K-points reflect
the conic structure of the band shape close to the Fermi Energy. The inequivalent K and K’ points

are a consequence of the real space lattice having a two atom basis. Adapted from Ref. [12].

The p, electron remains orthogonal to that plane in the m-orbital (Figure 1.3(c)).
The o-bonds are local in nature; the electrons are strongly localized between the
lattice of carbon atoms. When considering electron transport in graphene (and thus
CNTs), we need to only consider the electron in the de-localized m-orbital. In con-
trast, it is the o-bonds that are considered when discussing the cohesive structural
properties of the material.

To determine the electronic characteristics of this network of atoms is a relatively
straight forward solid state physics problem. In fact, P.R. Wallace completed this
exercise using the tight-binding method as early as 1947 [13]. Instead of re-deriving
the 2D energy dispersion relation here, I simply present the results as shown in
Figure 1.4. At the Fermi energy, which is located at the six corners of the hexagonal
Brillouin zone, the conduction and valence bands “touch” and the density of states
vanishes. As a result of this feature, the material is called a zero-gap semiconductor

or semi-metal. For small momentum & close to the Brillouin zone corner K (K")
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Figure 1.5: (a) The geometry of a carbon nanotubes can be conceptualized by wrapping graphene

into a cylinder. The chiral vector C, describes this wrapping and becomes the waist of the cylinder.
(b) Indices (n,m) describe C), and uniquely defines the CNT diameter and chirality. Three main
types include: (c) armchair (n,m) with n=m, (d) zigzag (n,0) and (e) chiral (n,m) with n#m.

Adapted from Ref. [6]

the energy dispersion relation is given as E = hvgpk, which in 2D represents a cone
about the K point. Here, h is Planck’s constant and vg is the Fermi velocity.

By “wrapping up” a sheet of graphene, the CNT geometry can be conceptually
formed as a seamless, hollow cylinder, although the are synthesized in a completely
different manner. This conceptualization helps predict the CNT dispersion relation
directly from the consideration of graphene. It is useful to define the chiral vector CTh,
which uniquely describes the variety of geometries possible for CNTs. Connecting

the origin (0,0) or tail of vector C}, to its head (n,m) forms the CNT waist or equator
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d

Figure 1.6: (a) The CNT equator, or circumferential direction perpendicular to the cylindrical
axis, is typically on the order of a few nm’s, while the direction parallel to the axis is on the order
of microns. (b) The periodic boundary conditions in this direction impose restrictions on the k|
of the 2D graphene dispersion relation. Depending on these restrictions, the CNT will be either

metallic or semiconducting. Adapted from [12]

(see Fig 1.5(a)). The length of C, divided by 7 defines the CNT diameter, while
the angle C), makes with the unit vector defines the CNT chirality. As a result of
the hexagonal lattice symmetry, 0 < m < n are the only chiral vectors necessary
to consider, as the rest are equivalent. Therefore, the indices (n,m) are a common,
and unique, way to describe the CNT (see Fig 1.5(b)).

The single-walled carbon nanotube diameter d ranges from 0.7 to 4 nm. The
length of C7h is typically much smaller than the length along cylindrical axis, which
ranges from 100 nm to 10 cm (Figure 1.6). Therefore, the energy level spacing
due to quantization in this direction is much larger. The quantization of the
waveveector results from the application of periodic boundary conditions to k| :
Ch-k=mndk, = 2mj, where j is an integer. As a result, the 2D graphene dispersion

relation is reduced to a series of 1D subbands superimposed on it.
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This quantization results in arguably the most spectacular feature of CNTs. If
the lowest 1D subband intersects the K point, the CNT will be metallic and if
not, semiconducting. The separation of the subbands is inversely proportional to
the diameter, so that the band gap, or twice the subbands’ distance to the Fermi
Energy, follows the same dependence (Fig. 1.6). In general, a tube defined as (n,m)

will be metallic if n-m = 3q, where ¢ is an integer and semiconducting if not.

1.4 A Brief Introduction into Electron Transport

Soon after the electron was discovered by J.J. Thompson in 1897, P. Drude was able
to apply the kinetic theory of gases to metals to form a highly successful electron
transport model. He surmised that a steady-state process takes place when an
external electric field is applied across a conductor. The loosely bound electrons
are accelerated in the direction of the field, while scattering of the electron sent
it in the opposite direction. Incidentally, he did not need to specify the type of
scattering mechanisms, only that it existed and occurred on average intervals. With
these assumptions, he solved the classical Newton’s Second Law of mechanics and
found a linear relationship between the electric field and the current density, with a
proportionality constant o. From this picture, the average scattering time 7 was able
to be estimated from known parameters like electron mass and charge, along with
measurable intrinsic material quantities, such as charge density and conductivity
(1 = mo/ne?). This linear relationship can be extended to reflect Ohm’s Law.
Drude’s crude model is a rather remarkable achievement. However, this simple
model breaks down when the conductor is larger than three characteristic length
scales: the Fermi wavelength, the electron mean free path, and the phase coherence
length, which are each discussed below.

(i) Fermi wavelength (Ap) is the de Broglie wavelength of the electron. When
the conductor is comparable to this length, the wave properties of the electron must
be accounted for. In a neutral CNT, \p = 27/kr = 3a, = 0.75 nm, independent

of channel length. Hence, only in the circumferential direction where the CNT has



Chapter 1 10

values on the order a nanometers is Ar relevant. Considerations of the electron wave
properties leads to quantization in this direction and ultimately to the 1D nature of
CNTs.

(ii) Electron mean free path (L,,) is the average length an electron travels before
a scattering event occurs. In a perfect crystalline lattice, electrons move freely
through the lattice without any collisions. This simple picture breaks down, as there
are deviations that destroy lattice symmetry that come from numerous sources such
as phonons (lattice vibrations), impurities, defects, and environmental conditions
(charge traps near the material). When the conductor is much larger than L, the
electron undergoes many collisions in the conduction channel, transport is diffusive
and an averaging picture works well. When the channel length is on the order
of L,, or less, transport is considered ballistic. Early theoretical work on CNTs
before transport experiments were preformed predicted that L,, in CNTs would be
anomalously long [14]. The work presented in this thesis experimentally confirms
that at room temperature CNTs have an electron mean free path of ~ 1 um, an
order of magnitude greater than conventional 2DEGs [15], as well as other materials
such as copper and silicon.

(iii) Phase coherence length (L) is the length over which the electron maintains
its phase information. This length can be longer than L,,, since elastic scattering
preserves phase. When the relevant length scales are comparable to L4 phase co-
herent transport occurs. For channel length L of a device with L < L,, < L4, a
Fabry-Perot-like resonance phenomena has been observed in CNTs [16]. When the
channel length is very large, and L,, < L4 < L, the electron wavefunction becomes
localized and Anderson localization has been observed [17].

As nanomaterials approach dimensions on the length scales described above, it is
necessary to consider more complex descriptions of electron transport. For example,
Ohm’s Law suggests that as channel length tends towards zero the device resistance
should also tend toward zero. Experimentally, it is found that when the conductor
has a small number of conducting channels, the resistance tends noticeably towards

a specific, finite value known as the quantum resistance. Furthermore, in mesoscopic
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2DEGs, the resistance does not scale continuously linear with inverse width. Instead,
the scaling of width introduces discreet modes that contribute to transport. The
Landauer formula incorporates both of these attributes of smaller conductors in
its formula for the conductance, G: G = (2¢2/h)MT, where M is the number of
modes, and 7' is the transmission probability of the conductor. In the ballistic case
of T' = 1, the finite contact resistance is recovered. For large length scales, it can be
shown that Ohm’s Law is reproduced. For an excellent description of the Landauer

formula, see Datta [18].

1.5 Fabrication

As a graduate student studying physics on the nanoscale, much time is devoted
to device fabrication. While some device geometries are more difficult to fabricate
than others, all CNT fabrication processes follow similar steps: (i) growth of carbon
nanotubes on clean substrates (ii) lithography of alignment marks (iii) identifying
CNT locations and performing atomic force microscopy to determine the CNT di-
ameter (iv) device lithography (v) burning off excess CNTs on substrate (vi) dicing,
bonding, and measurement. On paper, each individual step may seem trivial and
easily reproducible. However, each step has the potential for failure of some sort
(there is always a way!) and requires constant fine tuning to reflect the condition of

the fabrication equipments.

Growth

The device geometries described in this thesis required long (>100 pm) CNTs.
While there are multiple methods available to synthesize long CNTs, I exclusively
used a method developed by a post-doc in our group, Byung-Hee Hong, who took a
novel approach to the well-studied chemical vapor deposition (CVD) method. For
a detailed explanation of CVD growth methods, please see Ref. [19]. In brief, FeCly

catalyst was applied to a Si/SiO, substrate, which was then loaded into a quartz
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Figure 1.7: (a) Typical CVD method has methane gas flowing turbulently, resulting in curvy
SWNTs that terminate with smaller lengths. (b) A smaller diameter quartz tube allows for laminar

flow of methane gas and as a result, ultra-long SWNTs (c). Adapted from Ref. [5].

tube located in an oven. Once the temperature reaches ~ 950°C, methane gas
is flowed through the quartz tube (Fig. 1.7a). Hong showed [5] that introducing
a smaller, inner quartz tube allows for laminar flow of methane (Fig. 1.7b). The
results were astonishing (Fig. 1.7¢): SWNTs with a diameter of ~ 2 nm and lengths
that exceeded 10 cm - an aspect ratio of 108. To put this aspect ratio in perspective,
if a human hair (which has a thickness of ~100 pm) had the same ratio it would be
10 km long! That is enough to wrap around the “big loop” in Central Park, NYC.
As far as we could tell, the length of the ultra-long SWNTs were only limited by the
substrate and the oven size. This was the method we used to grow all our SWNTs.
By changing the concentration of FeCls, the density of growth and CNT diameter

could be controlled, as well as the ratio of single-walled to multi-walled CNTs.

Lithography: Alignment Markers

To build a device, it is necessary to determine the SWNT location. For this we
use alignment markers, which are fabricated using electron beam lithography. We

spin a layer of poly-methyl methacrylate, or PMMA onto the substrate and bake
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Figure 1.8: Typical fabrication process flow used to make samples discussed in this thesis. After

CNT synthesis, it is necessary to fabricate alignment markers. This is done by (a) spinning
PMMA on the substrate followed by using (b) electron beam lithography to design the markers.
Afterwards, this is (c) developed, (d) metallized and then put in acetone overnight for (e) liftoff. A
scanning electron microscope image shows our substrate with CNTs (arrows) and metal alignment
markers. By specifying the location of the CNT relative to the alignment markers, devices can be

fabricated using a similar fabrication process, but with a different pattern.

for 10 minutes at 180°C (Fig. 1.8a). We using a scanning electron microscope at
30 kV to “write” alignment markers randomly on the substrate (Fig. 1.8b). This
is followed by development, where we immerse the substrate in a 3:1 mixture of
isopropyl alcohol (IPA) and methyl isobutyl ketone (MIBK). The “written” areas
of PMMA dissolve (Fig. 1.8c). Next, we metallize the entire chip (Fig. 1.8d) and
then place it in a beaker of acetone overnight. The acetone dissolves the rest of the
PMMA resulting in a “lift-off” of the metal that is not in contact with the substrate
(Fig. 1.8e).



Chapter 1 14

Image and Atomic Force Microscopy

Once there are alignment markers on the substrate, we can take an image of our
sample with reference to the markers. Figure 1.8(f) shows a low-magnification,
low-voltage scanning electron microscope image of the substrate after growth and
alignment marker lithography. Two CNTs are visible and their locations relative to
the alignment markers are well-determined. Sometimes, growth conditions shift so
that single-walled and multiwalled carbon nanotubes grow on the same run. Before
making contact to the CNTs, we AFM them to determine the diameter is less
than 2.5 nm. While this does not screen multiwall CNTs with 100% certainty, it
works well enough. Once the complete devices are fabricated, we probe the device

electrically as another test.

Fabrication of Electrodes

Electron beam lithography of electrodes are similar to what is described above and
displayed in Figure 1.8. However, in the case of electrode fabrication, the pattern
design and metal used are both different. The design requires fine electrodes (1 pm)
to contact to the CNT (Figure 1.9(c)) as well as macroscopic leads (100 pum) that
can be wire bonded to for subsequent measurement. Typically, PMMA A5 is used in
conjunction with scanning electron microscopy at 30 kV to perform electron beam
lithography with dosages of 500 uC/cm?. The finer patterns are written with spot
size 1 (Ipeam = 25 pA) and magnification 1200x, while the larger patterns are written
with spot size 5 (Lpeam = 2500 pA) and magnification 100x.

For transport experiments that measure the CN'Ts intrinsic characteristics, it is
absolutely essential to obtain transparent contact to the CNT's, so that the electrode-
CNT interface does not dominate transport. We found that palladium metal works
best, which agrees with other experiments [20]. Using a thin (1 nm) adhesion layer
of titanium helps the metal stick, but adds a resistance of 10 - 50 k2. On the other
hand, we found that the chrome/gold hybrid adds 100 k2. In addition to choosing

the proper metal for contact, it is necessary to avoid excessive exposure of the CNT's



Chapter 1 15
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Figure 1.9: (a) Optical microscope image of a typical device. The large pads will be wirebonded
into a ceramic chip holder so that it can be measured at low temperatures in a cryostat. (b) A
schematic of the the real device (c). Typically, a small DC voltage is applied to the source (S)
and the DC current is measured from the drain (D), while the Si/SiO4 substrate serves as a global

back gate electrode.

to invasive imaging, such as scanning electron microscopy at 1 kV. It may result
in the deposition of unwanted carbon soot and create additional contact resistance.
This is one benefit of the ultra-long growth: the CNTs can be imaged at relatively

low magnification to obtain its position relative to the alignment markers.

Packaging and Measurement

If possible, we fabricate an extra two-terminal device away from the desired sample,
but on the same CNT. On this expendable device, we do an electrical high-bias test

where we use a large source-drain bias and measure current, which should saturate
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Figure 1.10: With the source-drain voltage fixed, the back gate voltage can be tuned to reflect (a)
a semiconducting CNT, where the current becomes small when the Fermi energy lies in the energy

band gap or (b) a metallic CNT, where the current is independent Fermi energy.

to &~ 25 pA for single-walls, reflecting the 4 conducting channels [7]. We do this on
an expendable device because the high bias may incur some damage to the CNT
or the CNT-electrode interface. With this process, we confirm that the CNT is
single-walled, beyond AFM measurement of the diameter.

Before we can measure the completely fabricated device, we must dice the sub-
strate and glue it into a “chip holder”, which we can make macroscopic bonds to.
This allows us to secure the device in a cryostat, where we can measure the sample
at various temperatures. We highlight some important ways to electrically probe it
to learn about its transport properties. First, in a two-terminal setup, a small DC
voltage is applied to a “source” contact and the current going through the device
is measured from the “drain” contact. This allows for measurement of an IV curve
and provides information of the device resistance. Secondly, it is possible to control
the Fermi energy in the CN'T because it is capacitively coupled to the substrate.
By applying a “gate” voltage V to the degenerately doped silicon, the charge in
the CNT is changed and effectively tunes the Fermi energy Er. For fixed Vsp, the
current can be measured as a function of V,, which is roughly the same as tuning
Er (Figure 1.10).

The capacitance of a CNT is described in Ref. [21]. Briefly, there are two main
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components to the capacitance of the CNT. The classical component is strictly
based on the geometry. The geometrical capacitance of a CN'T on substrate is
well described by approximating it as a cylinder on a two-dimension plane: C' =
2meL/In(4h/d), where e= 3.9¢, for SiOs, h is the separation, and d is the diameter.
The other main component to the total capacitance is related to the density of
states. As the Fermi energy is shift, it requires additional energy to add electrons.
By tuning Vj, it is possible to measure the transport properties from deep in the
valence band to deep in the conduction band. This is one way to tell if the CNT
is semiconducting (V, dependence as in Fig. 1.10(a)) or metallic (no V, dependence
as in Fig. 1.10(b)). In the case of semiconducting CNTs, an additional factor in
transport is the Schottky barrier. Since the CNT is typically p-doped, device prop-
erties in the valence band (negative V, values) are easier to measure. Finally, a way
to extract rich transport information about the CNT is the stability diagram. To
perform this measurement an IV curve is taken for a fixed value of V. Subsequently,
Vy is stepped and the process is repeated. In this way, it is possible to extract the

size of the band gap and see how transport properties are effected for various values

of EF
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Electron Mean Free Path in
Single-Walled Carbon Nanotubes

2.1 Introduction

Background

The mean free path is the distance an electron traverses before it scatters. In this
chapter, we report on the electron mean free path (L,,) in single-walled carbon nan-
otubes (SWNTs) [8]. It is a fundamental length scale because of the role it plays
in determining a conductor’s transport regime. Its magnitude relative to the phase
coherence, localization, and channel lengths determine the transport phenomena
observed: (i) diffusive or ballistic conduction [22, 23, 16, 24, 20], (ii) strong localiza-
tion [17], or (iii) co-tunneling and variable range hopping [25]. These regimes have
been observed in SWNTs despite the lack of a comprehensive and explicit deter-
mination of L,, in SWNTs over a range of temperatures, which is the focus of this

work.

18
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Previous Estimations and Experiments

In a limited fashion, the mean free path in SWNTs has been measured in a variety
of ways. One method to estimate L,, is to observe ballistic conduction. This is
an indication that the electron has traversed the conduction channel without the
occurrence of a scattering event. In a ballistic SWNT, the device resistance ap-
proaches R, = (h/4e?) without an explicit dependence on the channel length L.
Here, the factor 4 reflects the 2 independent conduction channels for spin and 2 for
the band degeneracy [6]. This method determines a lower limit for L,,: L,, > L.
Experiments of this kind at low temperature and low bias yield estimates of: (i)
L,, > 200 nm [16], (ii) L,, > 500 nm [24], and (iii) L,, > 4 pm [20]. At higher
bias (>0.16 eV), where temperature does not matter since 300 K ~ 26 meV, an
L,, >15 nm was estimated [22]. This method produces an order of magnitude esti-
mate of L,, and only gives a lower bound instead of a precise value. Furthermore,
this method works only at lower temperatures for low bias, so it does not provide
any information on temperature dependence.

An alternative method to experimentally determine L,, uses non-invasive probes
to obtain the four-point resistance and effectively eliminate contact resistance [26].
At lower temperature, however, quantum interference leads to a measurement of
negative resistance, so L,, is often not well defined where the phase coherence L
becomes longer than the channel length (L < Ly). Another experimental approach
uses scanning probe microscopy to measure the linear scaling of the resistance [27].
Unfortunately, due to experimental limitations imposed by their scanning probe
setup, only room temperature values were measured. Both of these exciting experi-

ments estimated L,, to be on the order of 100 nm for 7= 300 K.

Our Approach

Our experimental method allowed us to obtain well-defined values of L,, for a range
of temperatures on the same SWNT. This is in contrast to the vague low temperature

estimates in the works described above. This experiment also fills the void of L,



Chapter 2 20

.. Catalysts

Growth
continues

Figure 2.1: A scanning electron microscope image of a SWNT from Ref. [5]. The inset shows
SWNTSs spanning the entire chip (10 cm). As far as we can tell, the fundamental limitation to
length we can grow the SWNT is imposed by the size of the substrate and the CVD oven it is

grown in.

estimates between low temperature (7" ~ 1.6 K) and room temperature. The recent
advances in the growth of extremely long SWNTs (>1 mm), particularly in our
lab [5] (see Fig. 2.1), has allowed for an intensive study of their intrinsic properties.
In this Chapter, I present experimental measurements on the scaling behavior of
resistance in individual, millimeter long SWNTSs for the temperature range of 1.6 -
300 K. From the linear scaling of resistance, the temperature dependent electron
mean free path is calculated for each temperature. In Chapter 3, I will discuss results
beyond the linear scaling regime, where we observe that the resistance increases

exponentially with length.

2.2 Fabrication of Multi-Electrode SWNT Devices

Macroscopically long and straight individual SWNTs were grown on a degener-
ately doped Si/SiO substrate (¢,, = 500 nm) using the chemical vapor deposition
method described in Ref. [5] and the previous chapter. This was followed by the
fabrication of multiple palladium (Pd) electrodes with various separations (200 nm
- 400 pm) (Fig.2.2(a)). Pd electrodes were chosen to create highly transparent
SWNT-electrode contact [20]. The diameters of the SWNTs were measured by
atomic force microscope (AFM). We chose SWNTs with diameter d less than 2.5
nm to exclude any possibility of including multiwalled nanotubes (MWNT) in this
study. In addition, we confirmed that the high bias saturation current is < 30 pA
for all SWNTs studied, assuring that the samples consisted of single SWNT's rather
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Figure 2.2: (a) Optical image showing typical SWNT devices with multiple Pd electrodes. (Inset)
Scanning electron microscope image of an isolated SWNT contacted with these electrodes. Room
temperature Isp(V;) of selected channel lengths for (b) metallic SWNT (M1) and (c) semicon-
ducting SWNT (SC3) with Vsp = 6.4 and 2.7 mV, respectively.

than small bundles or MWNTSs [7].

2.3 Measurement Methods

Conductance Curves

The substrate was used as a gate electrode to tune the chemical potential of the
sample by the application of a gate voltage (V;). A small dc source-drain bias

voltage (Vsp < 10 mV) was applied between pairs of consecutive electrodes and
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the two-terminal linear response conductance was determined from the measured
source-drain current Igp. Fig. 2.2 (b-c) shows the measured Igp as a function of V
for selected channel length sections on two representative SWNTs.

All curves exhibit a “gap” like feature - a range of V,, where Isp is suppressed.
On the same SWNT, every device (pair of consecutive electrodes) shows a similar
Isp(V,) up to a length-dependent multiplicative factor, once we align the centers of
the gap region for each curve. The similarity of the Isp(V,) behavior in different
sections for each SWNT sample indicates that the corresponding “gap” features are
derived from the intrinsic electronic structure of the SWNT rather than the effects
of random local variation. For approximately 3 out of 50 samples measured we
observed the Igp(V;) behavior change in various sections of the same sample over
a length scale of a few millimeters, i.e. changing from a small gap to a large gap.
The change was discrete, implying that there may have been an abrupt variation in

chirality during the growth. We did not use these samples in our analysis.

Metallic and Semiconducting SWNTs

We use the qualitatively different Isp(V;) behaviors of different SWNTs to catego-
rize them as metallic (M-NT') or semiconducting nanotubes (S-NT). Typical S-NTs
(Fig. 2.2(c)) exhibit an off current region of Isp < 107'°A when the Fermi energy
Er lies in the energy band gap [28, 9]. On the other hand, a weaker suppres-
sion of Isp(V,) is observed in the “small gap” region in M-NTs (Fig. 2.2(b)). The
‘small gap’ in M-NT's has been attributed to the curvature-induced energy band gap
E, <100 meV [29], which is distinguished from the S-NT energy band gap, which
scales with diameter as E, ~ 450 eV/d [nm] [6].

The size of the smaller energy gap can be experimentally determined at lower
temperatures. We characterize the M-NT in Fig. 2.2(b) at 1.6 K using a stabil-
ity diagram, or 3-dimensional plot (Fig. 2.3). The differential conductance dI/dV
is plotted as a function of Vgp (vertical axis) and V, (horizontal axis). We plot

log(dI/dV) to distinguish the lower conducting regions (dark scale) from the higher
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Figure 2.3: Stability diagram for the M-NT sample in Fig. 2.2 (b) at 1.6 K and L = 5 pum. The
logarithm of the differential conductance is plotted to highlight lower conductance regions (dark
scale) from the higher conductance regions (lighter scale). An energy gap of 40 meV can be read

directly from the diagram (white arrows).

conducting regions (lighter scale). The benefit of plotting the data this way is that
the energy band gap can be read directly off the diagram: the white arrows indicate
E, ~ 40 meV. This is consistent with the energy scale of a curvature induced gap
on a M-NT [30]. Among the 11 SWNTs we studied in this letter, we found 4 M-NTs
and 7 S-NTs. Each of these SWNTs exhibit a gap centered at V, > 0, indicating
their p-doped nature.
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2-Terminal Measurements in SWNTs

At large negative gate voltage (V, <-20V), E lies well outside of the energy band
gap region and Isp(V,) saturates to I§% (Fig. 2.2(b) and (c)), whose value depends
only on the applied Vgp and channel length L of the SWNT section. The two-
terminal resistance of the SWNT section is then obtained from R(L) = Vsp/I5%.
When Ef lies well outside the gap region in a 1D SWNT the energy dispersion
relation is linear so that the density of states and Fermi velocity is constant. Thus,
a saturated Igp(V,) implies that the scattering time 7 and mean free path is inde-
pendent of Fr in this regime.

Four-terminal resistance (Ry;) measurements are possible for each section by
utilizing the available multiple electrode configuration. However, in our experiment,
four terminal measurements yield similar results to the two terminal resistance (Ry:)
(Fig. 2.4). In general, contact resistance is a significant obstacle when dealing with
transport measurements in SWNTSs. Inseparable contact resistance of the SWNT
and metal electrodes interface was reported to be caused by the invasiveness of
metal contacts [31]. Electrons traveling from the outer electrodes are inelastically
scattered by the inner voltage terminals, which is precisely why they are considered
invasive. These scattering events equilibrate the local chemical potential around the
electrode and effectively segments the tube. As a result, Ry is roughly equal to
Ry;. Indeed, Makavorski et al. estimated that only 10% of the electrons maintain
their initial chemical potential after passing an electrode probe [32]. In our own
experiment, we show the negligible differences between 4-terminal and 2-terminal
measurements at different V, in Fig. 2.4. Generally, the difference between R,; and
Ry becomes negligible as V;, moves away from the band gap, where the interfacial
Schottky barrier becomes transparent.

By considering the scaling of R(L), the contact resistance contribution can be
estimated and thus removed from our analysis. This attribute of our experiment is

one of the aspects that make it appealing. We are able to extricate which part of



Chapter 2 25

100 v 2 terminal 4K
v 4 terminal 4K
o 2terminal 300K
1= 4 terminal 300K
~—~
G o
X 50
N—" E E E ||
oC
| 4 v
v v Y \%
0 T T T T T T T T
-25 -20 -15 -10
(V)

Figure 2.4: (Inset) Resistance can be measured in a 4-terminal geometry, where a current is
supplied from the outside electrodes and a voltage is measured by the inside electrodes or a 2-
terminal measurement where Vgp is applied to one electrode and Igp is measured from the next
consecutive one. (Main) In many mesoscopic structures, 4-terminal measurements are a way to
eliminate contact resistance, but not in a 1-D SWNT. The difference in the resistance is negligible

because the electrodes themselves are invasive.

the measurements are intrinsic to the SWNT and determine contact related contri-

butions separately.

2.4 Linear Scaling of Resistance

Scaling of Resistance

We designed many pairs of electrodes with channel lengths spanning 4 orders of

magnitude on each SWNT so that the scaling of R(L) can be studied for a specific
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Figure 2.5: (a) (Inset) R(L) for sample M1 at select temperatures ranging from 1.6 - 300 K. (Main)
A log-log plot highlights the behaviors at different lengths scaling 3 orders of magnitude. From
the linear fits (solid lines) of these data points, we obtain the 1D resistivity (b) and the contact

resistance (c) at different temperatures. The dashed line in (c) represents Rg.
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sample at a given temperature 7. Figure 2.5(a) shows R(L) of a representative
SWNT measured in the temperature range of 1.6 - 300 K and with a channel length
range of 200 nm - 50 gm. In these ranges, R(L) increases linearly and appears to
converge to a finite value for small L . This scaling behavior can be described well
by a simple linear dependence with an offset: R(L) = pL + R., where p and R,
are interpreted as the 1D resistivity and contact resistance, respectively. The solid
lines in Fig. 2.5(a) are the two parameter line fits of the data points at a given T’
value. From these fits, R.(T) and p(T") are obtained as shown in Fig. 2.5(b) and
Fig. 2.5(c), respectively. For this sample, R, remains fairly constant at ~8 kQ and
p(T') exhibits typical metallic behavior, i.e. it decreases with 7" and saturates to
a value pg, at low temperatures. Similar scaling behavior of R(L) is observed in
other SWNTs, from which both R, and p(T") are extracted within the linear scaling
regime. Table 2.1 and Table 2.2 summarizes d, R., and ps, for the 4 M-NTs and 7
S-NT's considered in this study.

To understand the scaling of R(L) in Fig. 2.5 we begin with the two-terminal
Landauer-Buttiker formula applied to SWNTs [27]. If we consider 4 low-energy
channels in the SWNT, 2 each for spin and band degeneracy, then the scaling of
resistance is given by R(L) = (h/4e*)(L/L,, + 1) + Ry, where e and h are electron
charge and Plank’s constant and L,, and R,. are the electron mean free path and
the non-transparent contact resistance, respectively. Note that we separate out
the contribution of R,,. from the total contact resistance R., so that the contact
resistance becomes the quantum resistance Rg = h/4e? when the contacts become

fully transparent.

Table 2.1: Device characteristics for metallic SWNTs used in this study.

M1 M2 M3 M4
d(nm) 20+ .2 1.3+ 4 1.7+ .6 1.6+ .4
R (k) 7.9+ .8 115+29 | 83+£25 | 120+44

psat(KQ/pm) | 0.76 £ .02 | 0.87+.02 | 0.93+.01 | 6.5+.08
Lot (um) | 8.564.23 | 7.65+.17 | 7.07+.08 | 1.00 + .01
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Table 2.2: Device characteristics for semiconducting SWNTs used in this study.
SC1 SC2 SC3 SC4 SC5h SC6 SC7
d(nm) 1.6+ 4 1.8+ .6 19+ 4 2.1+ .2 22+ .2 20+ .6 2.2+ .2
R (k) 10.2+£45 | 149+5.7 | 104+.9 7.0+23 | 25.44+4.2 6.9 + 40 21.8+ 14
Psat(kQ/pum) | 2.954+.05 | 3.61 +£.05 | 4.64+.01 | 591 +.12 | 813+ .31 | 14.1+.19 | 16.3+.13
L% (pm) 224+£.04 | 1.834+.03 | 1.40+ .01 | 1.10£.02 | 0.80£.03 | 0.47+ .01 | 0.40+£ .01

Resistance versus Channel Length & Temperature

From the experimentally obtained data, we explore the resistance of SWNTs in a
2 parameter phase space: resistance as a function of L and 7. In Figure 2.6, we
show this in a 3-dimensional plot for representative metallic and semiconducting
SWNTs, which each show distinct behavior. For example, the resistance of the
metallic sample decreases with temperature for all channel lengths (Fig. 2.6 upper
right) and it also scales linearly with length. In contrast, the resistance of the
semiconducting sample SC3 (Fig. 2.6 upper left) decreases with temperature only
until a critical value T*. Below 7™, which has higher values for longer channel
lengths, the resistance does not scale linear with length. In some semiconducting
devices, this increase in resistance at lower temperatures is much more pronounced,
as in sample SC6 (Fig. 2.6). For all samples, however, at higher temperatures and

shorter channel lengths, the scaling is linear and will be the focus of this chapter.

In the next chapter, we will discuss the regime where the scaling is non-linear.

Determining Linear Regime

It is clear from Figure 2.6 that at lower temperatures and longer channel lengths
the SWNT resistance does not scale linear with length. In order to determine the

temperature ranges and length scales for linear scaling analysis, we use the following
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Figure 2.6: A 3-dimensional plot of device resistance as a function of 7" and L for 3 different
SWNTs: (clockwise from upper right) M1, SC6, and SC3.

phenomenological criterion. First, we observe the temperature dependence of the
resistance for a device of fixed channel length (Fig. 2.7). The resistance decreases
with T until it reaches a length dependent T™. All data points with T° > T™ are
included in the linear scaling analysis. Since metallic behavior (i.e. dR/dT >0) is
well correlated to the linear scaling of R(L), this criterion works well to study the
resistivity of SWNTs. Data points for T' < T™ are analyzed in the next chapter,
where we consider non-linear effects. Although the resolution is limited to £20 K

because of the lack of temperature data points, in general T* decreases with channel
length.

100
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Figure 2.7: R versus T for devices with different L on the same SWNT. The general trend observed
is that the resistance decreases with temperature until a length dependent T™* (indicated by arrows).

For the linear scaling analysis, only data points for T > T™ are included.

2.5 Mean Free Path in SWNTs

From p(T) to L,,(T)

From the experimentally obtained p(T") and R., we can deduce L,, = Rgo/p(T)
and R,. = R. — Rg for each of our SWNT samples. In particular, we note that
R,. < R for the majority of our samples, suggesting that the barrier at the contacts
is very thin and adds only a negligible contribution when L becomes substantially
large. We now discuss the temperature dependent behavior of the electron mean free
path. Figure 2.8 is the central result of this chapter, showing L,,(T) for the SWNTs
listed in Table 2.1. Each color represents a different SWNT; open circles are the



Chapter 2 31

10f :
S NI N 5
| D
L @ \\\\ -
_ TR
! . @ -
I ® ol
£ RN X TN
5;15‘ [ 7 T %%%g'ﬁgeﬁ
- =5
| " e %]
s VP!! T
Ot
1 10 100

Figure 2.8: The electron mean free path for the samples listed in Table 2.1 at different temperatures.
Most metallic SWNTs (open circles) saturate at higher values than that of semiconductors (closed

circles). The dashed line represents 7! dependence.

M-NTs, while filled circles are S-NTs. Overall, L,,(T) exhibits different behaviors
in two regimes separated by T.,: (i) the high temperature regime (7' > T.) where
Ly, ~ T~ (dashed line in Fig. 2.8) and (ii) the low temperature regime (T < T.,)
where L,, saturates to the the sample specific L?*. Note the strong grouping of
L,,’s at room temperature and the extraordinarily long values. This is an order of

magnitude larger than the mean free path of carriers in the cleanest 2DEGs [15]. The
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occurrence of two regimes is the result of two scattering mechanisms that dominate
at different temperatures. This is the inelastic scattering with acoustic phonons for
T > T, and elastic scattering with static defects for T' < T,... Each contributes
to the overall L,, by Mathiesson’s rule: L' = L7 + L' and will be discussed

static

below.

Inelastic Acoustic Phonon Scattering & Temperature Depen-

dence

At higher temperature where T" > T, our data suggests that inelastic scattering
between electrons and acoustic phonons are dominant, similar to the observation in
Ref. [27]. Since these measurements are performed at low bias (Vsp < 10 meV),
we do not expect any contribution from high energy (E > 180 meV) optical
phonons. Empirically, the temperature dependence closely follows L,, ~ T~!. The
only temperature dependence expected in L,, is related to the electron scattering
time 7, since L,. = vp7, where Fermi velocity vg is constant in both semiconducting
and metallic SWNTs in the degenerate limit (V, < —20V'). 7 is directly proportional
to the acoustic phonon population, which has a 1/7" dependence [30]. This is the
dependence we observe for ' > T, and thus conclude that acoustic phonon-electron
scattering is the dominant scattering mechanism.

Theoretical work suggests that the scattering rate from acoustic phonons in
SWNTs should depend on diameter and temperature: 77! = oT'/d [33, 34, 30].
Filling in this expression for 7, we expect the length an electron travels before
scattering with an acoustic phonon to be: L,. = v¢d/aT. Now, plugging this into
Mathieson’s Rule with two scattering mechanisms we obtain the full expression for
the L,, dependence:

L)t =L, .. +aT/vd (2.1)

static

where L. is the temperature independent static impurity and the second

term is the inverse of the temperature dependent acoustic phonon scattering L.
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Figure 2.9: (inset) L,}(T) for three SWNT samples (circle) and a linear fit (solid line). (main)
Besides the two points circled that have anomalously short Lgi.eic, all values of a0 appear to be
in the 2 - 6.5 m/K-s range (dotted line), with the trend of decreasing o for SWNTs with less

impurities.

Thus, L,;!(T) should be linear with 7', with an offset equal to L., and a slope
multiplied by the diameter and vy equal to «, as shown in the inset of Fig. 2.9 for
three SWNT samples. The main plot in Figure 2.9, shows the obtained « values for
each sample as a function of L. The two data points circled are of anomalously
low Lgiasie, far smaller than the other 9 samples measured. Three other samples
with Lgaie > 5 pm are not shown, but are close to the lower dotted line.
Empirically, there is a clear relationship between o and Lgqy.: for smaller Lgqyic,

a becomes larger. Theoretical estimates of « include 6.25 m/K-s by Pennington et

al. [33], who solve for the scattering rate analytically using Fermi’s Golden Rule
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and 1.6 m/K-s by Perebeinos et al. [34], who obtained the scattering rate by nu-
merically solving the Boltzmann equation. The dotted lines in Figure 2.9 represent
these values. Both these methods used perfectly clean, defect-free SWNTs in their
analysis. Although there is no a priori reason why « should depend on the disorder
in the SWNT, we observe that the cleanest samples approach theoretical estimates.
An experimental value of v 210 m/K-s was obtained in Ref. [30]. While they could
not explain the discrepancy, our analysis shows that this might be explained by an

abundance of impurities in their samples which resulted in a higher estimation of «.

Elastic Defect Scattering & Scanning Gate Microscopy

For T' < T,,., the acoustic phonon occupation is small and the temperature in-
dependent elastic scattering with static impurities becomes more dominant. This
scattering determines the value of L3%. We believe the widely spread L5 values
(0.4 - 10 pm) for T' < T, are a result of each SWNT sample having static disorder
of different strengths and densities. We employ scanning gate microscopy (SGM)to
image this static disorder [35]. Figure 2.10 (a) shows a schematic of the setup. The
sample is electrically connected and a small bias Vgp is applied while simultaneously
measuring Isp. By applying a voltage V, to the substrate, the Fermi level is tuned
so that the device is remains in the threshold region, where conduction is between
the on and off state. An electrically conducting AFM tip with an applied voltage,
Viip, is brought within 10 nm to a local region of the sample and acts as a local
gate. The resulting Isp is recorded as a function of the tip spatial position. The
SGM images of select S-NT's are shown in Fig. 2.10(b) and (c¢). When the negative
tip is brought close impurities, Igp increases, indicating that this local region is
responsible for the suppression of current. This corresponds to the lighter areas in
the diagram. On the SWNTs that we performed SGM on, it was revealed that the
SWNT with a shorter L** shows more defects, thus confirming our belief that the

upper limit for L3 is restricted by the static impurity scattering length.
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Figure 2.10: (a) Device geometry used when employing Scanning Gate Microscopy on a SWNT.
Scanning gate microscopy images taken on devices (b) SC2 and (c¢) SC7. Lighter color corre-
sponds less current in the SWNT. The defects in the SWNT are highlighted by the bright region
(suppressed current) on the SWNT. The scale bar is 500nm.

2.6 Summary

We have experimentally confirmed that L,, is generally much higher for M-NTs
than that of S-N'T's. This is an indication that the scattering of electrons is strongly
suppressed in M-SWNTs; as predicted by Ando et al. [14] and McEuen et al. [36]. In
M-NTs, we have experimentally shown that ballistic electron conduction is possible
for lengths up to 10 pum at low temperature and even 0.8 pym at room tempera-
ture. While L,, is limited at room temperature by inelastic scattering with acoustic
phonons, elastic scattering with impurities sets the limit at low temperatures. This
is an exciting confirmation of the unusually long scattering length at room temper-

ature (0.8 ym) in SWNTs and is an order of magnitude greater than that measured



Chapter 2 36

in conventional 2DEGs. Thus, the realization of quantum mechanical phenomena

at room temperature in SWNTs is a real possibility.
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Non-Linear Scaling of Resistance
in Single-Walled Carbon

Nanotubes

3.1 Introduction

Background

In the previous chapter, we show that SWNTs have an unusually long electron
mean free path as a consequence of the reduced dimensionality [36, 14]. Here, we
address a contrasting property of low dimensional materials: the profound effect
of disorder. Even small amounts of disorder introduced to the system have large
impacts on electron transport [37]. In 1D electrons have no alternative trajectories to
circumnavigate defects. Furthermore, as the mean distance between defects becomes
comparable to the phase coherence length of the electronic wavefunction, quantum
interference effects need to be considered. Previously, we were able to deduce the
mean inelastic and elastic electronic scattering lengths from the linear scaling. In
this chapter, we discern the effects of static disorder on transport in SWNTs from
non-linear scaling. Specifically, we observe that the resistance scales exponentially

with channel length for lengths and temperatures beyond sample dependent critical

37
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values.

Effect of Disorder in 1D materials

In an idealization of a solid with a perfect crystalline lattice, an electron wave-
function can be described by Bloch’s theorem. This wavefunction has a probability
amplitude that extends over the entire lattice and does not scatter as it traverses the
conduction channel. In reality, this simple picture breaks down because all materials
are far from perfect; translational symmetry of the lattice is generally broken. This
may come from lattice vibrations (phonons) that create an asymmetric, dynamic
potential landscape. Another mechanism that breaks symmetry is disorder, which
can occur in the form of (i) impurities, (ii) defects, such as mono- or di-vacancies,
or (iii) external environment, such as trapped charges in the underlying substrate
or molecules adsorbed to the surface of SWNTs.

The breaking of lattice symmetry by phonons and disorder result in electron
scattering, or in macroscopic terms, resistance. Furthermore, the electron wave-
function becomes non-vanishing for a finite length of the crystal, the localization
length L;,.. If the electron’s phase coherence length, the length which the wave-
function preserves its phase, is comparable to L,,., then the expected transport falls
into the Anderson Localization category [18, 6]. A characteristic of this regime is

that the resistance scales exponentially with length: R ~ e%/Ftoc,

Previous Experiments and Estimate of L,

Experiments on understanding disorder in SWNTs has been limited. Bockrath et
al. [38] showed that defects, as determined by scanning gate microscopy, are en-
ergy dependent scatters. Gao et al. used the temperature dependence of SWNT
resistance R(T") to classify the non-linear behavior in terms of variable range hop-
ping [25]. In this case, electrons co-tunnel through a series of quantum dots formed
by consecutive defects. In contrast, Gomez-Navarro et al. used the length depen-

dence of SWNT resistance R(L) [17]. They observed an exponential scaling that
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they explained in terms of the phase coherent transport phenomena of Anderson Lo-
calization. At room temperature, R(L) was measured for lengths up to 2 pm after
successive bombardments of the sample with high energy argon ions, which created
defects. Each time, more disorder in the form of vacancies was introduced. This
resulted in further localization of the electron wavefunction and thus a more steeply
exponential scaling, from which they determined L;,. < 100 nm. They used simula-
tions to determine the average spacing between defects, or equivalently, the elastic
mean free path. This value multiplied by the number of channels (4 in SWNTs)
equaled the experimentally obtained L;,., confirming their observation Anderson

Localization in these strongly disordered SWNTs.

3.2 Identifying the Non-Linear Regime in SWNT's

In order to determine whether our non-linear scaling transport data was due to a
phase coherent phenomena, we investigate the dependence of resistance on both
length and temperature. Fabrication and measurement processes are identical to
the method described in the previous chapter. The difference is the inclusion of
the non-linear data in our analysis. First, it is necessary to clarify the criterion
of the non-linear regime. Figure 3.1(a) is a 3D plot of resistance versus length
and temperature for a representative semiconducting SWNT (SC3). Note that the
resistance trends in the opposite manner for longer L and lower T than for the
shorter L and higher 7" counterparts.

This is easier to see by taking cross-sections of the 3D plot. For example, R(T) is
plotted for fixed L in Figure 3.1(b). The trend below the length dependent critical
temperature (in this case 7* = 50 K) is in the opposite direction as above T*.
In general, we observe a qualitative dependence of 7™ decreasing with L. This is
exemplified in Figure 3.1(c), where R(T") decreases for the entire temperature range
for data with smaller L. The lack of temperature data points limits the resolution
to determine 7™ within 420 K.

Alternatively, we take cross-sections of Figure 3.1(a) in the other direction by
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Figure 3.1: (a) 3D plot of resistance as a function of both temperature and channel length for
sample SC3. To highlight the general trends, a cross-section R(T') for (b) longer L, which shows

a resistance upturn and (c) shorter L, which does not.
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Figure 3.2: The alternative cross-section, R(L), shows (a) linear scaling at higher T'. (b) At lower

T, the scaling is exponential above critical length scale L., which decreases with T (c).
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plotting R(L) for fixed T. For this particular sample, the scaling is linear for
T > 110 K (Fig. 3.2(a)). However, for lower T" the longer channel lengths deviate
from the linear dependence. To experimentally determine the temperature depen-
dent critical length scale L., beyond which non-linear behavior is dominant, we fit
the data with a phenomenological equation: R(L) = R, + Rg(L/L,, + e*/*) (solid
curves in Fig. 3.2(a) and (b)), where R., Rg, and L,,, are the contact resistance,
quantum resistance and electron mean free path, respectively. This is motivated by
the expectation that the non-linear behavior is due to Anderson localization. This
model uses only L. as a fitting parameter since all other values are previously deter-
mined, as described in Chapter 2. From this fit at each T', L. is shown to decrease
with decreasing T' (Fig. 3.2(c)), which is reflected in the increase in non-linearity of

R(L) with decreasing T

3.3 Exponential Scaling of Resistance with Length
in SWNTSs

We consider two more samples that show non-linear R(L) scaling: a representative
metallic (M3) and semiconducting (SC6) SWNT (main panels of Figure 3.3). The
deviation from linear behavior may be difficult to see because the data spans over
3 orders of magnitude. To quantitatively address this, we plot Ry, = |R(L) —
R. — RoL/L,,| at T = 110 K (lower inset a) and at 7" = 1.65 K (lower inset b).
This is the absolute value of the difference between the actual device resistance and
the corresponding linear resistance and thus highlights the extent of the non-linear
behavior.

Also plotted for these samples is the critical length L. which show the same gen-
eral trend. Firstly, L. decreases with decreasing temperature. Secondly, L. >> L,,
in all temperature ranges, as shown in Fig. 3.2(c) and the upper insets of Fig. 3.3.

This observed behavior of L.(T) allows us to exclude the phase coherent quantum
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Figure 3.3: R(L) in the non-linear regimes for samples (a) SC6 (L:* =~ 460 nm) and (b) M3
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of the linear regime and the solid line is a fit for all data. Rge, shows the absolute value of the

difference between the actual device resistance and the corresponding linear resistance at 110 K

(lower inset a) and 1.65 K (lower inset b). The non-linearity increases with decreasing temperature,

which is reflected in the value of L.(upper insets).

interference of Anderson localization [17] as the reason for non-linear scaling by con-

sidering the following argument. At high temperature, the phase coherence length

Ly is limited by the inelastic electron-acoustic phonon scattering. Thus Ly ~ L,,,

and are both much smaller than L., whereas the opposite behavior expected if
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Figure 3.4: R(T) for various channel lengths on the same sample (SC6). Below T ~ 50 K, the
resistance increases with decreasing T' and is best described by activation energy behavior. The
solid lines are these exponential fits with a value of the energy barrier AE (inset) that increases

with channel length.

Anderson Localization was to be observed. While the exponential scaling is appar-
ent and suggests Anderson Localization, this argument clearly indicates otherwise.
Hence, we call L. the “anomalous” localization length and search for alternative

explanations for the non-linear behavior in the next section.
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3.4 Activation Energy Behavior

From the exponential scaling of R(L), we extract an “anomalous” localization
length. To obtain further transport information, we exploit the alternative dimen-
sion in our parameter space: we fix channel length L and observe R(T) in the
non-linear regime. Chapter 2 addresses the T > T™ regime where a decreasing R(T")
reflects the depopulation of acoustic phonons that are primarily responsible for elec-
tron scattering. Here, we focus on T' < T™, where R increases with decreasing T
and ultimately manifests in the non-linear scaling of R(L).

Below T, the resistance is described well by an activation behavior: R = Rye®F/FT
where AE is the size of the energy barrier in the conduction channel that requires
electrons to be thermally activated over. A representative sample (SC6) with the fit-
ted activation behavior equation (solid lines) is plotted on a log-log scale in Fig. 3.4.
While the energy barrier AFE (inset) is sample dependent, the general trend is the
same: increasing AF for longer L.

We now discuss possible origins for this data. One possible mechanisms for acti-
vation behavior is either Schottky or fixed energy barriers at the interface between
the metal electrode and semiconducting SWNT. However, in this case AE would
be the same for all channel lengths, instead of the observed trend, AE oc L. More-
over, our data is computed for Er sufficiently away from the energy band gap by
tuning V to large negative values (< —30V'). This suppresses any Schottky barriers
between the metal electrodes and SWNTs by narrowing the distance an electron
needs to tunnel and thus making the probability for tunneling sufficiently high [39].
As for any other contact related barrier, note that R in Figure 3.1(c) approaches
the theoretical minimum of R, = 6.5k€2, which confirms transparent contact to the
SWNT. All devices on the sample were fabricated simultaneously, so we expect sim-
ilarly transparent contact throughout the sample. Thus, any activation behavior
observed is solely due to occurrences in the bulk part of the SWNTs, rather than at
the interface between the electrodes and SWNT.

Another possibility that would result in activation behavior involves electron
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co-tunneling through a series of quantum dots created by consecutive impurities, a
scenario presented by Gao et al. [25]. In this case, the charging energy (E. = €?/C)
of the smallest quantum dot (L) in the conduction channel would create the largest
barrier and hence determine the overall measured AE. For our samples, E,.- Ly is
approximately 5 meV-um [40]. The largest experimentally obtained value of AE in
our data is ~0.5 meV, which corresponds to Ly, > 5 um. On the other hand, from
previous analysis on the sample, we estimated the average distance between defects
(L) is on the order of 100 nm. Such a large discrepancy between Lgy, and L
make the co-tunneling model an unlikely fit for our data.

Finally, we believe the impediment that limits electron transmission is due to
defects with various strengths randomly distributed in the conduction channel. In
longer segments, there is more of a likelihood that a stronger defect exists. This
qualitatively explains AE increasing with channel length and the large sample de-

pendent variation of AE, as we will discuss in the next section.

3.5 Multiprobe Experiment

In order to determine the validity of this hypothesis, we divide long semiconducting
SWNTSs into multiple segments with equal length. Here, we focus on one sample,
where we separate a 140 um long SWNT into 14 sections, each of channel length
10 pm (Fig. 3.5(a)). To be consistent with previous experimental data, we measure
the differential conductance at a fixed back gate voltage of -30 V. This keeps Er
sufficiently away from the energy band gap and makes any Schottky barriers at
the contacts sufficiently transparent. In a SWNT that is completely defect-free or
has a uniform distribution of defects all segments should have identical transport
characteristics. With randomly distributed defects the transport characteristics of
each segment should differ.

Consistent with our previous observations, device resistance at room temper-
ature is similar for each segment with little variation (Fig. 3.5(b)). However, at

lower T, the resistance values are more scattered. In particular, a few segments
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Figure 3.5: (a) A 140 pm long semiconducting SWNT is divided into 14 different 10 pum seg-
ments. (b) At room temperature, device resistances are similar, but (c) and (d) at 4 K it becomes
more scattered, with one device particularly more resistive than the rest. (Inset) Temperature

dependence of R shows the one device diverges from the rest as T' decreases.

are much more resistive than the other segments(Fig. 3.5(c) and (d)). The inset
of Fig. 3.5(d) shows how the device resistance is tightly grouped at room tempera-
ture, but diverges at lower temperature. This data is consistent with our previous
assumption that the spatial distribution and the potential magnitude of the defects
are randomly distributed. In general, transport in 1D is dominated by the strongest

defect in the channel. It also suggests that there are segments of the SWNT that
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dominate transport more than others by limiting electron transmission. At higher
temperatures, phonons and thermal activation assist the electrons past this defect.
At lower T' these mechanisms are not present and the SWNTs are more resistive. In
longer channel SWN'T's, there is more likelihood of strong defects, resulting in more

non-linear scaling with length at lower temperature.

3.6 Summary

We presented data on the resistance of SWNT's in the non-linear regime. We showed
that while the scaling of R(L) is exponential beyond a critical length scale this is not
believed to be related to the phase coherent phenomena of Anderson Localization.
Instead, the thermal activation behavior that adequately describes R(T) for T' < T*
indicates the non-linear scaling is most likely due to randomly distributed defects
with varying strengths. The data from the multiprobe experiment qualitatively

corroborates this possibility.
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High Bias Electron Transport in
Single-Walled Carbon Nanotubes

4.1 Introduction

Motivation

Carbon nanotubes are promising materials for high performance electronics. They
have current carrying capabilities that allow up to 10° Amps/cm?, an order of mag-
nitude larger than conventional metals. The mobility at low fields have been shown
to be 79,000 cm?/ Vs, exceeding any other semiconductor at room temperature [41].
Another feature at room temperature is the extraordinarily long mean free path of
1 pm, an order of magnitude longer than the cleanest conventional 2DEGs. At higher
fields, the mobility and the mean free path are significantly reduced. To exploit their
extraordinary features and use SWNTs as building blocks in nanoscale devices, it
is necessary to understand performance limitations imposed at large source-drain
voltage Vsp.

In Chapters 2 and 3, we discussed electron transport in SWNTs for small Vsp,
where the applied bias was close to or less than the thermal energy (eVsp < kT).
We found that scattering was temperature dependent: acoustic phonon scattering at

higher temperature and at lower temperatures where the acoustic phonon modes are

48
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depopulated the dominant scattering mechanism is the sample-dependent disorder
density. For higher bias, where the applied bias is much greater than the thermal
energy (eVsp > kT'), we expect temperature independent phenomena.

Much work has been done to understand electron transport at high bias in metal-
lic SWNTs (m-SWNTs) [22, 42, 27, 43, 44, 7], but relatively few experiments have
been performed on semiconducting SWNTs (s-SWNTs) [45] despite intense theoret-
ical interest [34, 33, 46]. Here, we present our results of high bias electron transport

on both metallic and semiconducting SWNTs.

Previous Experiments and Estimations of Scattering Length

In his seminal paper, Yao et al. demonstrated that optical phonon emission was the
main source of scattering at high bias in metallic SWNTs [7]. It was argued that
optical phonon absorption was not present because of its high energy and thus low
occupation at room temperature and below (A2 > kT'). The emission of optical
phonons sufficiently explained the source-drain current saturation of 25 pA for large
Vsp. On suspended devices, where no substrate is present to serve as a heat sink,
the heat generated by high energy scattering creates a non-equilibrium population of
optical phonons [43]. In this case, phonon emission and absorption both contribute
to the scattering resulting in reduced the current carrying capabilities.

In addition to the current saturation at high bias in m-SWNTs, Yao et al. were
able to estimate the optical phonon scattering length, L, [7]. They fit experimentally
obtained current versus source-drain voltage (IV) curves using Boltzmann formulism
to estimate L, = 10, although they also used a simple tight binding calculation to
obtain L, = 100 nm. While these two estimations are an order of magnitude apart,
it provided a rough approximation of the short scattering lengths relative to the
acoustic phonon scattering length. Scattering lengths add inversely according to
Matheisson’s Rule, so it was clear from these estimates that high energy phonons
would dominate transport properties of SWNTs at high bias.

Javey, et al. provided similar optical phonon arguments and from experimentally
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obtained IV characteristics of m-SWNT with different channel lengths confirmed
L, =15 nm [22]. In addition to this, they were able to observe ballistic conduction
for devices with channel lengths shorter than L,, indicated by the device resistance
approaching the quantum limit of 6.5 k2. The current for this device exceeded the
25 A at high bias, indicating the absence of optical phonon scattering.

Park et al. considered the scaling of resistance with length to estimate L, ~ 10 nm.
They used the optical phonon deformation potential to theoretically estimate a value
for L = 180 nm for optical phonon emission and L2° = 30 nm for a zone-boundary
phonon emission. Since both mechanisms contribute to the total scattering length,
they used Mattheison’s rule to obtain the theoretical value of L, = 38 nm [27], but
were unable to reconcile theory with experiment. Sundqvist et. al. also considered
the scaling of resistance with length, but for much longer channel lengths up to
6 pum [44]. For fixed voltage, they observed a decrease in resistance after 1 pm.

We explore the high bias resistance scaling with channel length. In our exper-
iment we analyze electron transport in both semiconducting and metallic SWNTs
for channel lengths up to 50 pm. Also, we present the data in a variety of formats

to elucidate different features of high bias transport.

4.2 Current-Voltage Characteristics at High Bias

To study high bias transport in SWNT's, we use the devices presented in Chapters 2
and 3. Briefly, multiple two-terminal devices with varying channel lengths ranging
from 0.8 to 50 pum are fabricated on a Si/SiO, that serves as a back gate which can
tune the Fermi energy with the application of a voltage V. Previously, a sufficiently
small source-drain voltage was applied so that the linear response characteristics
were measured. These energies were small relative to room temperature, so temper-
ature dependent transport was observed. In comparison, at higher bias the energies
exceed the thermal energy so that transport is temperature independent. Thus,
unless specified otherwise, all data presented is taken at 1.6 K.

We apply a voltage V;, = —30 V so that Er is sufficiently away from the energy
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Figure 4.1: DC current Isp measured as a function of applied source-drain voltage Vgp for (a)
metallic (sample M1) and (b) semiconducting (sample SC5) SWNT at T= 1.6 K. The Fermi
energy is tuned sufficiently away from the energy band gap by the application of a back gate

voltage V,, = —30 V. The inset in (b) shows the IV curves appear symmetric about Vsp.

band gap. The DC current Isp is measured as a function of Vgp for channel lengths
that range from 800 nm to 50 pm. The IV curves are taken for both a metallic
(sample M1) and semiconducting (sample SC5) SWNT, as shown in Figure 4.1 (a)
and (b), respectively. Unlike a previous report by Chen et al. [45], the ssSWNT
shows symmetric behavior for negative and positive Vgp and appears to saturate
in both directions (inset Fig. 4.1(b)). For both SWNTs, the low bias IV is roughly
linear up to 0.2 V, which reflects a constant resistance due to scattering with low
energy acoustic phonons, as discussed in the previous chapter where we consider
the linear response regime in which transport is voltage independent. In the next

section, we discuss transport beyond this regime.
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Figure 4.2: For large Vsp, the current saturates in both (a) metallic (M1) and (b) semiconducting
(SC5) SWNTs. For smaller channel lengths, the electrons reach the energy threshold faster and
saturation occurs at higher values. The semi-empirical equation (Eq. 4.2) that governs this behavior
is plotted in red. The inset shows the plot of V /T used for estimating I3 for specific channel length
(a) L =20 pm and (b) L = 10 pm. Here, I§% is obtained from the inverse of the linear fit.

4.3 Current Saturation

As Vsp is increased beyond the linear response for devices with L > 2um the
Isp clearly appears to saturate (Figure 4.1). In other words, the current becomes
constant and the resistance increases with voltage: Vsp = IZ%R(V). For devices
shorter than 2 pm, this saturation is less clear unless plotted in a manner that
highlights this behavior. It is simplest to estimate by fitting the data with R(V) =
R, 4+ Vsp /I (Figure 4.2 insets). For the shorter lengths, this type of plot allows
for a crude estimate of a saturation current, despite the lack of a clear saturation
of Isp. The trend for IZ} in M1 indicates that for smaller channel lengths, the
saturation current is higher.

To explain this, we return to the argument for high bias scattering presented by
Yao et al. [7]. It was argued that an electron must travel a specific length Ly in an

electric field € to gain sufficient energy to emit a phonon. This “threshold” length
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Ly is given by:

R0 hQ

Lt =
ee eVsp

(4.1)

where h§2 is the energy of the phonon emitted. Once it gains enough energy
after traveling Ly, it travels an additional L, before it emits a phonon. In all,
the total mean free path, or distance it travels before scattering, is L 4+ L,. The
effects of this argument is elucidated by taking limits of the channel length. In the
case of long L, Eq. 4.1 shows that Ly is large and the resistance can be written
as Riong = (h/4€*)L/Ly. Plugging in for Ly and using Ohm’s Law, we get the
current is: I§% = (4e/h)hS2. This is 25 pA for AQ =0.16 eV, which corresponds
to the zone-boundary phonon. In the other limit of small channel lengths, L, is
more relevant and Rguore = (h/4€?)L/L,, for a current: Isp = V/[(4€*/h)(L,/L)],
which does not saturate. Combining these two values, we obtain an expression the

describes both regimes:
4e® L,V

sa 4e

(4.2)

where the first term is the saturation current I$%. We use this equation to fit

the data in Figure 4.2 using the empirically observed I£% ~16 pA and 25 pA for
the metallic and semiconducting SWNTs, respectively. The one parameter fit yields

L, = 95 nm for the metallic and L, < 10 nm for the semiconducting SWNT.

4.4 Electric Field

The channel lengths and resistances of the SWNT devices span many orders of mag-
nitude, so it is convenient to normalize the data so that the quantitative comparison
between different devices can be facilitated. This can be done by dividing Vsp by
the channel length L to obtain the electric field € (e = V//L), which normalizes the
total force an applied bias imposes on an electron in the conduction channel. Fur-

thermore, we calculate the resistivity by taking the numerical derivative of the IV
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Figure 4.3: The resistivity for each channel length on the same SWNT is equivalent over a range
of electric field in (a) metallic (M1) and (b) semiconducting (SC5) SWNT samples. The resistivity
increases with increasing field until €., (arrow), where p saturates. In (b), p does not saturate,
presumably because € is not large enough. The inset in (a) shows a smaller range of ¢ to highlight

the overlap of longer length scales.

curves to obtain the differential conductance, G = dI/dV. The inverse of this is
the differential resistance R, which we scale with length to obtain the 1D resistiv-
ity p = dV/dI. Figure 4.3(a) and (b) show device resistivity versus electric field
for M1 and SC5, respectively. As the electric field increases, the SWN'T resistivity
significantly increases. Figure 4.3(a) shows that p increases until €, = 0.3 V/um
(black arrows), where p then saturates to a constant value of ps, ~ 200 k§2/pum.
In Fig. 4.3(b), crossover to ps, is not observed, presumably because € is not large
enough. In both cases, all devices for the respective SWNT exhibits the same de-
pendence, implying that resistance scales with length for fixed € and there is a
well-defined mean free path L,,. If we follow previous arguments, the increase in
p at higher € is related to phonon emission. This implies that L,, = Ly + L, and
allows us to write the full expression for p(e), where € is large and beyond the linear

regime:
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RQ_ Rq
Ln M4,

ple) = (4.3)

where R, is the quantum resistance of h/4e?, hS) is the energy of the phonon
emitted, and L, is the mean free path once the electron has sufficient energy to emit

the phonon. It is instructive to view this equation in the limit of high and low e:

R
li S — 4.4
Jm =7 (4.4)
€€

lim p=R,

Jim e = Rogg (45)

Using Equation 4.4, it can be directly surmised that L, = R;/psat- For psu =~
200 k/pm, this corresponds to a value of L, = 33 nm, which is slightly higher
than all previous experimental estimates identified in Section 4.1. By equating p

from the low limit (Eq. 4.5) and high limit (Eq. 4.4) we obtain an expression for the

crossover electric field e,,.:

e€er Lo = hS) (4.6)

where we can plug the experimentally obtained values to the left-hand side of
Eq. 4.6 and obtain an estimate of the energy of the phonon emitted by the electron.
Using €,,= 0.3 V/pm and L, = 33 nm, we get A2 = 10 meV. This surprising value
for A€ is an energy in the neighborhood of the radial breathing mode phonon (RBM),
which has been shown to be Erpy = 28 meV-nm/d[nm], where d is the diameter
of the SWNT. For our samples, d = 2.0 and 2.2 nm for M1 and SC5, respectively.
If the scattering was due to optical or zone boundary phonon emission, which has
been the basis for most literature on high bias transport in SWNTs (Section 4.1),
this would involve Af) ~150-200 meV, which we are an order of magnitude away
from.

For the applied Vsp in our experiments, we certainly expect electrons to interact
with phonons of higher energies than the acoustic phonon modes. Verma et al.

suggests that for intermediate fields, the RBM mode has a significant impact [47].
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Indeed, the values of the Vgp used correspond to electric fields below 0.5 V/um,
which Perebeinos et al. suggest is a threshold to observe behavior related to higher
energy phonon interaction [34]. On the other hand, some experimental work point
to 0.5 V/um being sufficiently large enough [45]. Note that the theoretical work
from Ref. [34] highlights the RBM mode as being the most significant scattering
component on the energy scale between acoustic and optical phonons.

The apparent observation of scattering due to the radial breathing mode seems
to contradict the observance of current saturation because using the argument of
Yao et al. would require A2 = 150-200 meV. At this point, we cannot account
for this discrepancy. However, we note the € range in Yao et al. is much larger
(~10 V/pum) than the typical fields discussed in this chapter. Further careful study

of the cross over electric field range is needed to provide elucidation to this issue.

4.5 Resistance versus Length

Another way to present the data is to observe the resistance for fixed voltage scaling
with length (Fig. 4.4), instead of the resistivity scaling with electric field . The
scaling is separated into three regimes: (i) small channel length, where scattering
is mostly due to high energy phonon emission; (ii) long channel length, where the
threshold length for electron scattering is long so that scattering with lower energy
acoustic phonon modes is more dominant; and (iii) intermediate length, where scat-
tering by low and high energy phonons is approximately equivalent. For high bias,
Park et al. observe only regime (i) because they measured channel lengths shorter
than 1 pm. Sundqvist et al. measured channel lengths up to 6 pum for biases of 0.1
to 2 V [44]. They found a general trend of resistance saturation at SWNT channel
lengths of 1 um followed by a decreasing resistance and explained this using a Monte
Carlo solution of the one-dimensional Boltzmann’s equation.

In our data, we observe no such trend. In fact, the data is well described by the
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Figure 4.4: For a fixed bias voltage, the slope of the linear resistance scaling with length is more
steep for shorter lengths compared to longer lengths. This reflects the short mean free length at
stronger fields. The red line is Eq. 4.7 with AQ) = 20 meV and L, = 45 nm showing excellent
agreement. For comparison, the blue dashed line is Eq. 4.7 with 722 = 160 meV.

semi-empirical equation:

L L
"L I,

eVsp

R=R (4.7)

The first term is the resistance due to acoustic phonon scattering and has been
established for this sample, as described in Chapter 2. The second term is Eq. 4.3
multiplied by length and is the resistance due to high bias scattering. This model
has two fitting parameters: €2 and L,. For hf2 = 20 meV and the L, =45 nm, the
red line in Figure 4.4 shows the model fitting to the data with reasonable agreement.
In Fig. 4.4 we also plot Eq. 4.7 with h{) = 160 meV, the energy expected for optical

phonon emission (blue dashed line). It is apparent that this energy is not even close
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to the observed behavior.

4.6 Conductance Dips in Semiconducting SWNT's

The semiconducting SWNT electron transport data presented thus far is for a Fermi
energy in the degenerate regime, far away from the energy band gap (V, =-30 V).
In this regime, the energy dispersion relation is linear and transport is likely to be
very similar to that of metallic SWNTs. With Er closer to the energy band gap
of semiconducting SWNTs, significant differences are expected. Firstly, the band
curvature results in a larger effective mass and thus slower Fermi velocity. Secondly,
for large energy phonon emission, the small momentum emission process involves
relaxation across the energy band gap.

To address the possibility of distinct transport phenomena in semiconducting
SWNTs, we measure IV relationships with varying Vj, large Vsp, T' = 1.6 K and
different channel lengths L in 3 different samples. The numerical differentiation
of the IV curves yields identical results to measuring the differential conductance
dl/dV directly. We show the numerically differentiated dI/dV for a representative
semiconductor (sample SC5) with channel length of 5 pum in Fig. 4.5(a). For V, < -
12 V, dI/dV show typical electron transport behavior: a decreasing differential
conductance with increasing Vsp. However, for V;, > -12 V, or equivalently for Er
closer to the energy band gap, a sharp dip appears in the differential conductance
for a specific £Vsp. Although resolution depends on the quality of the data, most
often there appears to be two consecutive dips, as shown with cross section from
the stability diagram in the inset of Fig. 4.5(a). We note that metallic SWNTs
showed no such behavior for Vj close to the charge-neutral point, indicating that
the conductance dips are a consequence of the energy band gap in semiconducting
SWNTs.

From the stability diagram in Figure 4.5(a), it appears that the conductance
dips occur at higher Vgp as V, moves closer to the energy band gap. To make

quantitative comparisons with other samples and channel length scales, we define
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Figure 4.5: (a) Numerical differentiation of IV curves take for different V, for sample SC5 and
channel length L = 5 pym. For Ep far away from the energy band gap, typical dI/dV behavior is
observed. For Ep closer to the energy band gap, we observe dips in the differential conductance
(inset). (b) For three different samples, and channel lengths ranging from 3 to 50 pm, the source-

drain voltage £V}, where the conductance dips are observed scales with length.

V§h as the source-drain bias where the dip appears at the V;, where the energy band
gap opens up. Interestingly, V§], appears to scale with channel length (Fig. 4.5(b)).
In other words, the conductance dip occurs at a specific electric field ranging from
€er & 50 - 100 meV /pum.

At higher bias such as these, the simple model presented in this chapter presumes
that electrons gain energy from the electric field until it reaches a threshold value and
emits a phonon. One possible explanation for the conductance dips is that the energy
gap in the semiconducting SWNT prohibits electrons to emit phonons because the

energy relaxation corresponds to energies inside the gap. For large negative V;, there
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are enough states within the same band to relax to after emission. For Vj closer
to the energy gap, Vgp must be increased further until states open up within the
band, resulting in immediate emission and consequently the conductance dips. On
the other hand, observation of this phenomena at such large Vsp suggests that its
presence should be temperature independent. As we only observe the conductance

dips for T' < 1.6 K, further study is required to determine its origin.

4.7 Conclusion

We measure the electron transport characteristics in a metallic and semiconducting
SWNTSs at large source-drain bias. In this regime, the resistance scales with length
for fixed electric field and in turn suggests a mean free path L, > 33 nm for electric
fields ~ 0.5 V/um, which is two times higher than previous reports [7, 27, 22].
Separate scaling analysis confirms this value and determines that if scattering is
indeed a result of phonon emission, the energy of this phonon would be ~10 -

20 meV, corresponding to the radial breathing mode of SWNTs.
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Carbon Nanotube Superlattice

5.1 Introduction

A fundamental principle of solid state physics is the formation of electronic en-
ergy bands in a crystal lattice [48]. The free electron model successfully describes
several important solid state physics quantities, such as electrical and thermal con-
ductivity. However, it fails to predict the presence of band gaps, or more broadly,
metallic and insulating materials. The nearly free electron model makes a modest
perturbation by introducing the periodic potential of the crystalline lattice, which
qualitatively produces energy bands. More thorough analytical work, like the tight
binding model [48], gives a quantitative description of the band structure of mate-
rials. Briefly, coupling between discrete individual atomic energy orbitals give rise
to a crystal’s collective allowed and forbidden energy states. Fig. 5.1(a) shows the
element of sodium as an example. As the interatomic distance between isolated
sodium atoms decreases, the individual orbitals 1s, 2s, etc. form collective continu-
ous allowed energy bands interrupted by “gaps”, or energies for which electrons are
forbidden to occupy.

Our experiment aims to artificially mimic this behavior using a superlattice with
a 1D single walled carbon nanotube (SWNT) as a host material. A global back gate

tunes the electron Fermi energy in the superlattice. For specific energies, transport is
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Figure 5.1: (a) As the interatomic distance between individual sodium atoms decreases, the collec-
tive ensemble of atoms give rise to allowed and forbidden energies that electrons can occupy. (b)
Theoretical calculations of transmission through a 1D superlattice [49]. The distinction between
allowed (transmitted) and forbidden (reflected) states increases with the number of barriers (indi-
cated by “N”). For the allowed energy range, or band, the number of oscillations are correlated to
the number of barriers as N-1. The phase can be tuned by tuning the Fermi energy with a global
back gate.

either allowed or forbidden, which manifests in actual measurements as conductance,
which is proportional to the transmission. Transport through the artificial 1-D
crystal, or superlattice, can be understood in terms of resonant transmission [50].
Transmission as a function of phase through a superlattice with N barriers (N-1
quantum dots) is calculated in Ref. [49] and shown in Figure 5.1(b). It shows that
for a given phase, or equivalently energy, electrons can either pass through or not.

For a larger number of quantum dots (QDs), the range of energy (band) where
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Figure 5.2: Scanning electron microscope image of (a) a GaAs/AlGaAs vertical superlattice fab-
ricated by molecular beam epitaxy (1973 from Ref. [51]) and (b) a GaAs/AlGaAs heterostructure
where the top gates define a series of quantum dots on the 2DEG (1990 from Ref. [52]). In (a),
the Fermi energy of the system cannot be tuned independently so it must be probed by measuring
nonlinear IV transport. In (b), the top gate Vo (inset) tunes the Fermi energy, but also changes
the size of the quantum dots, as well as the coupling between them. They observe the number of

conductance oscillations to be correlated to the number of dots.

transmission is repressed becomes more distinct. Another notable feature for the
allowed band is that the number of observed oscillations and QDs in the structure

are equivalent.

5.2 Previous Experiments

The first experimental realization of a superlattice was in 1974 by Esaki and Chang [53].
Here, molecular beam epitaxy was used to fabricate a vertical structure with over
50 periods (Fig. 5.2(a)). They probe the nonlinear transport characteristics of the
device by measuring conductance as a function of source-drain voltage and observe
conductance oscillations that they believe are a consequence of the superlattice.
This is the disadvantage of a vertical structure: there is no way to tune the system’s

electron Fermi energy collectively so they rely on non-linear transport methods.
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Furthermore, the periodicity set by layer thickness and the transmission coefficient
between layers are both fixed quantities once the device is fabricated.

Twenty years later, the advancement of semiconductor technology allowed Kouwen-
hoven, et. al. to improve this geometry [52]. From the 2-dimensional electron gas
(2DEG) heterostructure of GaAs/AlGaAs, they were able to create an artificial 1D
crystal from a sequence of 15 quantum dots. The dots were defined with 16 “fingers”
gates (inset to Fig. 5.2(b) Vj1) used to deplete the local region. A second gate Vo was
used to control the Fermi energy of the conducting region. Unfortunately, implicit
to this geometry, Vo had the additional unwanted consequence of simultaneously
reducing dot area and coupling strength between dots. Still, Kouwenhoven et al.
were able to observe conductance oscillations as a function of Vs that compared
well to the simple model they developed making it apparent that the oscillations
arise from the formation of a superlattice’s mini-band structure.

There are several benefits of using carbon nanotubes as the host material to make
a superlattice. First, it is already a 1D material. Thus, unlike the 2DEGs a global
back gate can be independently used to tune the Fermi energy, instead of having the
additional duty of reducing the 2DEG channel width. The reduced dimensionality
also allows the back gate to not be intimately coupled to other gates in the system.
A second reason for using SWNTs as a host material is that single and multiple
quantum dot formations have been well studied and are straight forward [9, 54, 55,
56, 57, 58]. Thirdly, the mean free path and phase coherent length can be on the
order of microns [34]. Finally, CNTs with lengths >1 c¢m can be grown [5], so it
is possible to fabricate multiple devices on the same SWNT each with a varying
number of QDs. As the details of the mini-band structure are dependent on the
number of QD’s, clear evidence of superlattice behavior can be gleaned by observing

the dependence of transport measurements on the number of QDs.
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Figure 5.3: (a) A scanning electron microscope image of a two-terminal SWNT device on a Si/SiOq
substrate, on top of which a 10 nm layer of HfO5 was deposited using atomic layer deposition (scale
bar: 1 ym). Subsequently, a “comb”-like structure was fabricated using ultra-fine lithography (b).
The dimensions of the fingers are 20 nm wide with a 60 nm separation. (c) Applying a negative
voltage V44 to the back gate induces p-type carriers in the SWNT. Applying a voltage of opposite
polarity Vi, to the top gate causes local regions directly underneath to act as barriers to the
channel (gray). In this case, the region between the two electrodes act as an isolated quantum dot

connected to the rest of the SWNT that act as 1D leads.

5.3 Fabrication

The fabrication of a SWN'T superlattice requires the formation of a series of quantum
dots. A single quantum dot from a metallic SWNT can be formed with tunneling
contacts and has been established since the first electron transport experiments
were performed [9]. Subsequently, very clean semiconducting quantum dots were
shown to have excellent electron-hole symmetry [55]. In order to fabricated multiple
quantum dots, top gates that locally deplete the region directly underneath were
required [54]. For this reason, we chose to use top gate techniques to define a series
of SWNT quantum dots with a lattice spacing of <100 nm, much greater than the
lattice spacing in a SWNT crystal (few angstroms).
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Ultra-long SWNT were grown on a Si/SiOy substrate, which acts as the global
gate electrode, as described in Chapter 2. Applying a voltage V;, to the back gate
tunes the Fermi energy Fr of the entire electronic system in the SWNT. To compare
the effect that tuning V;, has on the transmission through the superlattice with
calculations presented in Figure 5.1, we derive the relationship between V3, and ¢.
The change in phase, A¢ is related to the wavenumber k: A¢ = fOL k dx, where L is
the channel length. The dispersion relation relates kr and Er: k = Ep/hvp. Finally,
the Fermi energy Ep is related to V;, by capacitive coupling: AEp = hvpCyAV},/8e,
where e is the electron charge, and C is the capacitance per length [40]. Putting

this together, we estimate the AVj, necessary for Agp=2m:

A¢p = 1LC AVy,/4e = 21 (5.1)

For our samples, C, ~15 pF/m [40] and the superlattice channel length is
Lsp=1 pm so that AV, ~1 V. Therefore, we believe that we should observe the full
mini-band structure of the superlattice as predicted in Figure 5.1(b) for AV, ~1 V
and all other parameters set appropriately. In our device, V4, serves three indepen-
dent purposes: (i) eliminate any Schottky barriers that may exist at the palladium
electrode-SWNT interface. Thus, the SWNT acts as ideal 1D leads to the superlat-
tice region. (ii) Vi, determines the carrier type of the 1D leads (iii) V}, controls the
Fermi energy and thus relative phase of the electronic system. The third feature is
the most important and can be executed without interfering with the first two tasks
by working at a large negative or positive gate voltage.

On top of our substrate and device, a thin layer (10-15nm) of the high-x dielectric
HfO, is deposited by Atomic Layer Deposition. We expect that the capacitive
coupling of the top gate to be approximately 200 times more effective than the back
gate. The HfO, dielectric thickness ¢ is 50 times thinner and « is about 5 times
higher (k =~ 5 and 25 for Si/SiOy and HfO,, respectively). After HfO, deposition,
a “comb”-like structure with a specific number of “fingers”, or metallic electrodes,

are patterned lithographically. Figure 5.3 shows a typical sample with a comb that
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has finger width and separation as small as 20 nm and 60 nm, respectively. These
remarkably fine structures were fabricated using ultra-fine lithography techniques,
as described in Ref. [59]. In brief, a PMMA A2 resist with a thickness of 50 nm is
spun on and baked for 10 minutes at 180°. Then electron beam lithography with
relatively high dosages of 2000 xC/cm? was used to define the fingers. The key to
this fabrication is the development: 1 minute in a mixture of isopropyl alcohol and
water in a 3:1 ratio at 5°C. Although conditions shifted, this method was generally
able to produce features in the range of <100 nm.

Applying a voltage V;, to the local top gate electrodes electrostatically varies Ep
directly underneath the electrode. As a result, each electrode serves as a tunable
barrier that creates a series of quantum dots with a period of the “comb” structure
(80 nm). This periodicity is less than the mean free path SWNTs, which can be
over lum at low temperatures, thus meeting the requisite for the observation of

superlattice transport behavior.

5.4 Measurement

To measure the effects of the superlattice, we would like the phase coherent length
and inelastic mean free path to be as long as possible, so we measure at "= 1.6 K.
Furthermore, all data presented is for the same SWNT, although the number of
barriers vary. The device geometry of the SWNT superlattice allows the application
of voltages Vsp, Vig, and Vj,, the source-drain, top gate, and back gate voltages,
respectively. From the difference between the Esaki et al. [53] and Kouwenhoven
et al. [52] experiments, we know that the most effective method for observing the
mini-band structure of the superlattice is in the linear regime. This is accomplished
by measuring the zero-bias conductivity with the application of a small AC voltage
of 100 1V across the source-drain. A positive (negative) V4, tunes the Fermi energy
in the entire SWNT to the conduction (valence) band so that carriers are n-type
(p-type). The top gate Vi, works in a similar way, but tunes Er only locally. When

Vig and Vj, have similar polarities, conduction through the lattice is not suppressed.
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However, when they have opposite polarities, the local regions directly underneath
the top gate electrodes act as barriers, effectively isolating the regions between
the fingers from the rest of the SWNT, (Fig. 5.3). The isolated regions between the
fingers are quantum dots that are coupled to each other and on the ends are coupled

to the rest of the SWNT, which act as 1D leads.

5.5 Single Quantum Dot

We begin the analysis on a sample that has a channel length of 7 ym and two top
gate fingers that act as two barriers which isolate a single quantum dot (Fig. 5.4(b)).
We float the voltage to the top gates, to characterize the SWNT in the usual way:
measuring the differential conductance as a function of Vsp, while stepping Vi,
(Fig. 5.4(a)). The blue (dark) scale to red (light) scale indicates low to high conduc-
tance (full scale range is 0-1 uS). The SWNT energy band gap can be read directly
from the diagram, which we estimate to be ~ 50-100 meV. Note the diamonds for
positive V4,4, which is an indication of coulomb blockade induced disorder in the
sample. It can be attributed to either the top gate electrodes acting as scattering
mechanisms or more likely, the HfO, having charge traps that scatter electrons more
than holes (not shown is the relatively more clean p-type conduction). Also note-
worthy is that before deposition of HfOy, the SWNT was strongly p-type, showing
a higher conductance for negative V4,. After deposition, the device is more n-type
with higher conduction for positive V4, indicating the atomic layer deposition pro-
cess dopes the SWNT.

Figure 5.4 (c) shows the zero-bias differential conductance, dI/dV, of a device
with for Vj, £ 15 V and V;, £ 2 V. In the upper right (lower left) quadrant, the
1D SWNT leads and the local regions underneath the top gate electrodes are n-
type (p-type). This matching of carrier type results in little or no barrier to the
electrons and thus, a relatively high dI/dV (indicated by red, or lighter scaler). For
—10 < Vpy < 0, there is no conduction regardless of Vi, because Er in the SWNT

leads lies inside the energy band gap, as can be confirmed in Fig. 5.4(a). In the
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Figure 5.4: (a) Stability diagram for the 2 finger device with V;, floating and a full channel length
of 7 pm shows the SWNT to have a small band gap (50-100 meV). Red (lighter) and blue (darker)
scale implies high and low differential conductance, respectively, with a full range from 0-1 puS.
(b) The two finger top gate forms 1 quantum dot between two metal electrodes that is isolated
from the 1D SWNT leads. (c) The zero-bias differential conductance for a range of V3, and Vi,.
When they have opposite polarity, conduction is suppressed, as tunneling into the quantum dot

dominates transport.
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upper left (lower right) quadrant, the 1D SWNT leads are p-type (n-type) while
the regions underneath Vj, are n-type (p-type). This creates a barrier and results
in lower dI/dV through the device(indicated by blue, or dark scale).

These two barriers result in a single quantum dot connected to the 1D SWNT
leads. The strength of the barriers are related to two parameters: V;, and the size
of the SWNT energy band gap. When V,, is sufficiently negative, p-type transport
is expected. As Vj, is tuned from negative to positive, the Fermi energy directly
underneath the electrodes evolves from the valence band to the energy gap and
then finally the conduction band. Due to the very small dimension of the top gate
(20 nm) and the size of the energy band gap (50-100 meV), the barrier is thin and
electrons tunnel through the barrier [60]. Band to band tunneling in SWNTSs has
been shown to exist with simulations and experiment [61, 62]. This is the case in
the upper left quadrant, which we zoom in and analyze further in Fig. 5.5.

For fixed V44, the differential conductance as a function of V;, shows a four-fold
pattern: a large dip, followed by four peaks and then another dip. This four fold pat-
tern is explained in the constant interaction model by the shell filling of the SWNT
quantum dot, which successfully describes both “open” [63] and “closed” [56, 57]
QDs. Here, “open” or “closed” describes the transparency of the leads to the QDs,
where the Kondo effect plays a greater role with more transparency. In this QD, the
values of V,, and V}, relative to the energy band gap determines the transparancy.
The inset in Fig. 5.5 shows the conductance of a closed dot (lower conductance
curve) when Vi, = -49 V and is thus closer to the energy band gap. In the case of
an open dot (higher conductance curve), when Vi, = -53 V, the Ep in the leads are
further away. The lower conductance in the closed QD is not related to Schottky
barriers at the electrode SWNT interface. Tracing Vi, to negative values, where
the top gates do not act as barriers, the conductance reaches a maximum value of
~ 1 uS. The tunable transparency to the QD is an indication that we have control

over the barrier strength - a key element to the observation of superlattice behavior.
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Figure 5.5: The differential conductance measured for the single quantum dot, where V;4, and V4
have opposite polarities . Red (lighter) indicates higher conductance and blue (darker) indicates
lower conductance, with a full scale range of 0-1 uS. (inset) By tuning V,, and Vj, relative to
the band gap, the quantum dot can be “closed” (lower conductance curve) or “open” (higher

conductance curve). This shows that transparency and thus barrier height to the QD is tunable.

5.6 Multiple Quantum Dots

For the same SWNT sample, multiple two terminal devices were fabricated so that
the number of fingers varies on each device, while intrinsic electron transport charac-
teristics of the SWNT remain constant. Here we present data on the same SWNT as

the 2 finger device, but with 6 fingers (5 QDs) and 10 fingers (9 QDs). The stability
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Figure 5.6: (a) Zero-bias differential conductance for a SWNT with 6 fingers (5 QDs). Red
(lighter) and blue (darker) scale indicate higher and lower conductance, respectively, with a full
scale range of 0-1 uS. Zoom-in of white rectangle area (b) and additional data set (c) shows
organized conductance oscillations. Black vertical line in (a) is a cross section highlighted in (d)
that shows when V;, has opposite polarity to V;, (black square) the conductance has a period of

large dips followed by oscillations, similar to the observation of Kouwenhoven et al. [52].

diagram in Figures 5.6 and 5.7, which correspond to the 6 and 10 finger devices, are
both similar to the 2 finger device: when the polarities of V3, and V;, are opposite,
conduction is suppressed. Furthermore, the channel length, energy band gap, and
capacitive coupling of the top and bottom gates are the same as the previous de-
vice. The pattern of conductance oscillations in these suppressed regions, however,
is different. The 2 finger, single quantum dot shows oscillations reflecting the shell
filling of the 4 orbitals of the SWNT. Multiple dots are expected to be considerably
more complicated [54, 58]. Only by increasing the number of QDs beyond three or
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Figure 5.7: (a) Zero-bias differential conductance for a SWNT with 10 fingers (9 QDs). Red
(lighter) and blue (darker) scale indicate higher and lower conductance, respectively, with a full
scale range of 0-1 uS. Zoom-in of white rectangle area (b) shows organized conductance oscillations.

(c) For fixed V44 = -14 V, conductance as a function of V;, shows oscillations for positive V.

four, we expect the collective, organized behavior of a superlattice to manifest.
Like the single quantum dot, we focus on the upper left quadrant (Fig. 5.6(b)
and (c)), where the carriers in the leads are p-type. Conductance oscillations are
apparent by tuning either V4, and V. Ideally, measurements can be done such that
Vs remains fixed so that the barrier height remains fixed. However, as V;, is about
200 times more effective than V in tuning the density (factors of 4.5 and 50, for the
dielectric constance and thickness, respectively), the oscillations are much easier to
observe in this direction. In this case, Er in the superlattice structure relative to the
Er in the 1D leads that is tuned so that its band structure is probed. Figure 5.6(d)

shows that when V,, is negative the conductance is at a maximum plateau. This
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is because the local regions underneath the fingers are in the valence band and do
not act as barriers. As V;, becomes more positive, Er in the local regions enter the
energy band gap nd suppress the conductance, then moves into the conduction band,
allowing electrons to tunnel through. When V4 is large enough, the conductance
shows periods of large dips and then a series of small oscillations, similar to the
observation by Kouwenhoven et al. [52]. In the case of the 10 fingers, or 9 quantum
dots (see Fig. 5.7), we again observe organized oscillations. However, for both
multiple QD configurations, it is not yet possible to glean any quantitative period

of oscillation to correlate with the number of quantum dots in the superlattice.

5.7 Conclusion

We successfully fabricated a SWNT superlattice with a period of less than 100 nm
using top gates as a way to form multiple (2-10) quantum dots in series. We demon-
strate that top gates create effective tunable barriers to a single quantum dot andare
able to observe four fold shell filling oscillations corresponding to both a “closed”
and “open” quantum dot depending on the magnitude of V;,4. In the case of multiple

quantum dots, we see a qualitative indication that superlattice behavior is observed.
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