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vi

everyday life was very refreshing.
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I thank my friends Ingrid, Bert, Beverly, Herre-Jan and the friends from
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Figure 1.1: A single-wall carbon nanotube molecule. Image : http://cnst.rice.edu

Abstract: Carbon nanotubes are molecules entirely made of carbon atoms. Owing
to their special shape, they are extremely stiff but also very flexible. The electronic
properties are determined by the exact symmetry of the nanotube lattice, resulting in
either metallic or semiconducting behavior. Due to their small diameter, electronic
motion is directed in the length direction of the nanotube, making them ideal systems
to study e.g. one-dimensional transport phenomena.

1 Introduction

Carbon nanotubes were discovered in 1991 by S. Iijima [1]. They are molecules
entirely made of carbon atoms. Initially, lijima discovered a variety of nanotubes
consisting of multiple coaxial cylinders, known as multi-wall nanotubes. Later,
however, both Bethune et al. and S. Tijima and T. Ichihashi discovered that under
specific synthesis conditions, single-wall nanotubes may be formed (Fig. 1.1) [2,3].
This variety is studied in this thesis. After their discovery, scientists from a wide
variety of disciplines became fascinated in their properties. The reason for this
broad interest can be understood from the fact that nanotubes combine several
unique properties which were incompatible in the pre-nanotube age.

Firstly, the atomic lattice structure of nanotubes is associated with a high
mechanical stiffness as well as a great flexibility. Because nanotubes are highly
symmetric molecules linked by many covalent bonds which are in a parallel cylin-
drical configuration, nanotubes are both very flexible and very strong. For in-
stance, the Young’s modulus is above 1 TPa [6], which is among the highest
in the world. Regarding the flexibility, nanotubes can be bent strongly without
breaking. Together with their high aspect ratio, this makes them ideal candidates



Figure 1.2: Scanning electron microscope image of a single-wall carbon nanotube
protruding from the end of an atomic force microscope tip. The nanotubes were directly
grown on the AFM tip by the chemical vapor deposition technique [4]. The scale bar
represents 1 pm. The inset shows an enlarged scan (scale bar 50 nm). T.F. Teepen et
al., unpublished results, TU Delft.

for tips of scanning probe microscopes like the atomic force microscope (AFM),
see e.g. Fig. 1.2. If, by bending, the built up strain is increased beyond a critical
point, however, the strain localizes in a buckled structure (see Fig. 1.3). In the
macroscopic world of plumbing and drinking straws, we are used to the fact that
buckling of cylindrical structures leads to induced dislocations or even fracture.
On that scale, buckling is thus not reversible. By contrast, buckling of carbon
nanotubes is reversible! The influence of buckling on the electrical properties
has very interesting surprises (see chapters 5 and 6). This is a nice example of
how the unique and diverse properties of nanotubes can be combined to create

interesting science.

The electrical properties of nanotubes are even more spectacular than the
mechanical properties. Depending on the exact arrangement of the carbon atoms,
nanotubes can be either semiconducting or metallic. This has inspired scientists
coming from the field of molecular electronics, who study electrical properties of
single molecules because of their natural small size. Combined with the chemical
toolbox available for synthesis, it enables one to ultimately reduce the size of
electronic components. The first electronic transport measurements revealed that
at low temperatures, nanotubes act as single-electron transistors [7,8]. After

that, it was found that a semi-conducting tube functions as a single molecule
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Figure 1.3: Model of a carbon nanotube which is bent at angles as indicated until it

buckles. Reproduced from [5].

field-effect transistor at room temperature [9]. Carbon nanotubes are therefore
ideal candidates for molecular electronics.

The metallic variety of single-wall nanotubes seems to be of particular inter-
est. In a recent experiment, it was shown that metallic carbon nanotubes are
in fact ballistic conductors at room temperature [10]. This is unprecedented for
metallic conductors, let alone single molecules. In addition, the dominant in-
fluence of long-range electrostatic interaction make metallic nanotubes a model
one-dimensional system to study Luttinger-liquid phenomena. Many examples
of this can be found throughout this thesis. Other interesting fundamental phe-
nomena have been studied by many authors. For instance, it was found that
by connecting a nanotube with nearly perfect contacts to metallic leads, the
electronic states can interfere with the electrons in the leads to form a Kondo
system [11].

In this brief introduction we have described the electrical and mechanical
properties, because they are the prime properties studied in this thesis. There
are many other interesting aspects of nanotubes. As a final example, chemical
functionalization of ends of nanotubes mounted on AFM tips can be used to study

local chemical properties of anything that can be imaged with an AFM [12].

2 Electrical properties

The band structure of carbon nanotubes can be derived from the band structure

of single sheets of graphite, known as graphene. The idea is as follows [13,14].
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Figure 1.4: Typical band structure for a metallic carbon nanotube of 1.4 nm diameter.
Shown are the one-dimensional subbands which result from the periodic boundary con-
ditions in the circumferential direction. Due to the special symmetry of this nanotube,

two bands cross the fermi level Er rendering this nanotube metallic.

A carbon nanotube is thought of as a rolled up graphene sheet. The band struc-
ture of graphene has only six Fermi points where the bonding and antibonding
bands meet [15]. If the electron motion in the circumferential direction is not
subject to any dephasing mechanisms, the electronic wavefunction has to satisfy
periodic boundary conditions in the circumferential direction, leading to a quan-
tization of the circumferential wavenumber. Depending on the exact manner in
which the graphene lattice can be mapped onto the nanotube structure, the lines
with allowed values for the electron wavenumber will or will not cross the Fermi
points. In the first case, a metallic tube is realized, whereas in the second case
a semiconducting tube is found. An example of the band structure of a metallic

nanotube is shown in Fig. 1.4.

At low energy (|E — Er| < 1 eV), the conduction bands of metallic tubes
are linear around the crossing point with a dispersion relation £ = *hopk as
indicated in Fig. 1.5, where vp = 8.1 x 10° m/s denotes the Fermi velocity and

k is the axial electron wavenumber. In a recent experiment performed in our
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Figure 1.5: Low-energy band structure of a metallic carbon nanotube, revealing linear
bands. In a nanotube of finite length, k is quantized which leads to a set of quantized
energy levels as indicated. At low temperatures, all the levels are filled () up to the
fermi level, which for this example is chosen at the crossing point. The levels above
Ep are empty (o).

group, the existence of these linear bands as well as the value of vp was experi-
mentally verified [16]. In the transport experiments described in this thesis, this
one-dimensional nature affects the results in two distinct manners, namely 1. a
quantum energy level separation that does not depend on the number of electrons

in the nanotube (see below) and 2. Luttinger liquid phenomena (see §4).

In a carbon nanotube with a finite length L, the wave number k in the length
direction is quantized (assuming no dephasing), i.e. k, = wn/L. With the
dispersion relation £ = thvpk, this leads to a quantized set of energy levels F,, =
thvpn/2L separated by an energy difference AE = hvp/2L. In this picture,
the energy values F, on all branches of the dispersion relation are degenerate.
This simple picture does not hold in general, however. In fact, the two forward
and backward oriented bands can mix by reflection at the nanotube ends [17].
This mixing causes a splitting between the energy levels in two sets of levels,
which are shifted with respect to each other by an amount E. The value of §F
depends on the exact boundary conditions at the nanotube ends. The two sets
are individually still separated by AFE. This energy level separation is observed

in a coulomb blockade measurement.



3 Coulomb blockade

The experiments described in this thesis are performed on carbon nanotubes
connected to metallic electrodes. It is difficult to make a perfect adiabatic contact
between the electrodes and a nanotube. Therefore the nanotube resistance in
experiments is often orders of magnitude larger than the quantum resistance of
h/4e? =~ 6.5 k2 expected for nanotubes. The theoretical framework for a small
conducting island connected by weak links to electrodes is well established and is
generally known as the theory of Coulomb blockade [18]. The central idea is that
if the thermal energy is smaller than the energy required to add a single electron
to the island F,qq, current is blocked, except for special situations. The smaller
the conductor is, the larger this addition energy will be. With the rapid growth
of methods to design sub-micrometer structures during the last two decades,
samples have been fabricated with a charging energy of the order of typically
millielectron volts, opening up this regime to experimentalists working at a few
Kelvin and lower. By contrast, in chapter 6, we describe experiments where we
have observed Coulomb blockade at room temperature.

A typical device layout is schematically drawn in Fig. 1.6. For simplicity, we
assume that the contacts to the nanotube behave as tunnel barriers. In order to
run a current through the system, electrons have to be added to and removed
from the nanotube. In doing so, all capacitors connecting the nanotube to the
surroundings (indicated by Cp,Cg, Cyaie, and Clyyqy) have to be charged and
uncharged. For a single electron, the addition energy associated with this process
reads E,qq = €*/Cs, where Cx = Cp 4+ Cg + Cyate + Cstray- For small conductors,
i.e. with a small Cy, this single-electron addition energy is very large compared to
the thermal energy kg7, where kp is Boltzmann’s constant and 7" is the absolute
temperature. It turns out that current is blocked in this regime, the so-called
‘Coulomb blockade’, and the number of electrons on the nanotube is fixed at,
say, n. The blockade can be lifted by adjusting the electrostatic potential of the
nanotube by means of the capacitively coupled gate. Then, a single electron can
tunnel onto and off the tube and current can flow. Increasing the gate voltage
further, however, blocks the current again and the number of electrons is fixed,
but now at n + 1. In between these two ground states, a resonance peak in the
conductance is observed. Because the conductance can be turned ‘on’ and ‘off’
by means of a third terminal, this device is called a single-electron transistor.

When the thermal energy kg7 is smaller than the quantum energy level sep-
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Figure 1.6: Schematic drawing of a typical measurement layout of a nanotube con-
nected with bias- and gate-voltage sources and a current meter as indicated. The
capacitive coupling between the nanotube and surrounding is decomposed in four sep-

arate capacitors. The dashed lines indicate electric field lines.

aration AF, another interesting situation arises. Adding individual electrons to
the nanotube now also requires supplying this energy (Fig. 1.5). The addition en-
ergy for individual electrons thus becomes E,q4q = ¢2/Cx, +AE. With a Coulomb
blockade experiment, we can thus probe the energy of electronic quantum states
confined to the nanotube. This is experimentally observed in chapters 2 and 6.

4 Luttinger-liquid model

Carbon nanotubes have a very small diameter (~ 1 nm). This has a very profound
effect on the electrostatic screening properties which is most easily demonstrated
by a comparison to the situation in a three-dimensional metal. In the latter case,
if one electron is moved slightly from its equilibrium position, all the surrounding
electrons can rearrange themselves to screen the change in the electric field. In
this manner, the long-range electron-electron interaction is screened effectively

by the excitations of plasmons in the surrounding electron system. In the case



of a carbon nanotube, there are no electrons surrounding the electron under
consideration on a length scale larger than the diameter. So, while the short-
range electron-electron interaction is screened due to the finite diameter, the
long-range interaction is not.

This intuitive picture does not capture the full complexity of the 1D case. We
again compare to the 3D case. There, the Pauli principle, combined with energy
and momentum conservation cooperate to generate a very large lifetime for the
electron states. To qualitatively understand this, we consider electron-electron
scattering processes between pairs of electrons. Consider an electron above the
fermi level with energy energy E; > Ep and momentum k. By scattering off an
electron below the fermi level with energy Fs < Er and momentum EQ, they can
scatter into states with energy Fs,4 and momentum l;374. Both energies F3 and
FE4 must be larger than the fermi energy, since all states below the fermi level are

occupied. Then energy and momentum conservation for the total process
Ei+Ey=Es+E;, and ki +ky=ks+ky

reduce the phase space available for these scattering processes. When E; ap-
proaches the fermi level, all these scattering processes freeze out, and the electron
lifetime becomes very large. In 1D, the situation is dramatically different, since
these two separate conservation laws are essentially the same. Therefore, the
electron lifetime vanishes.

It turns out that electron states are no longer well defined. Instead, the 1D
system is described in terms of plasmons and this system is called the Luttinger
liquid [19-21]. As a consequence of the long-range electrostatic interaction, how-
ever, the plasma velocity v, = vp/g is larger than the fermi velocity vp. The
Luttinger parameter g characterizes the strength of the electron-electron interac-
tions, which can be estimated from

1

= —F—
v/ 14 2eVy/hop

Here, Vj represents the long-range component of the coulomb interaction. For no
interaction, Vo = 0, we find g = 1, whereas for very strong interaction, 26‘70 >
hvg, we find g = 0. Throughout this thesis, values for g are found in the range of
0.2 — 0.3. One can calculate that it suffices to simply replace v¢ by v, to obtain

the dispersion relation of a Luttinger liquid,

E = thv,k
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Bulk contact

End contact €
' o .
L>>1g Luttinger liquid

Figure 1.7: Schematic representation of metallic tips in tunneling contact with a Lut-
tinger liquid. We distinguish between two tunneling positions, a bulk and an end

contact.

Up to this point, we have neglected the spin excitations in a Luttinger liquid,
which exist next to the plasmons we mentioned above. These spin excitations,
however, are not affected by the electrostatic interaction and their velocity v,
remains the same as in the non-interacting case, i.e. v, = vp. This implies that
after an electron tunnels into a Luttinger liquid, the spin and charge information
propagate with different velocity. The effect is known as spin-charge separation.

Luttinger liquid behavior is observed in the following experimental situation
(Fig. 1.7). In a tunneling transport experiment, the differential conductance
dI/dV reflects the probability for electrons to tunnel into the LL by exciting
plasmons. At zero energy, this process is suppressed completely. With increasing

energy, the probability increases as a power law

% x B ,

where E denotes the energy available for transport. The exponent « depends
on the strength of the electron-electron interactions via g, but also depends on
the position of tunneling, as indicated in Fig. 1.7. When electrons are added
to the end of the nanotube, plasmons are excited in one direction only and the
tunnel conductance is suppressed strongly with an exponent ae,q = (1/9 —1)/4.
Tunneling into the bulk of the nanotube is more weakly suppressed, with ag. =
(1/g+g—2)/8, since plasmons are now excited in both directions away from the
contact.

What distinguishes a bulk from an end contact? Consider a contact located
a distance L away from the end of the nanotube, see Fig. 1.7. In order for
this contact to qualify as a bulk contact, it must be possible to excite plasmons

in the segment between the contact and the end. As we noted above in §2, the
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momentum k in such a finite system becomes quantized, which in its turn leads to
energy quantization with a separation AFE = hvp/2L [22]. If the energy available
for transport E is lower than this, excitation of plasmons is not possible and
therefore this is an end contact. If, however, E is larger, this is a bulk contact.
Solving for L, we obtain the length that distinguishes a bulk from an end contact
Lg = hvp/2F.
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Abstract: We present mK-temperature non-linear current-voltage characteristics of
an individual single-wall carbon nanotube as a function of magnetic field. The mea-
surements show Coulomb blockade and resonant tunneling through single molecular
levels. Correlations between the addition spectrum and the excitation spectrum are
observed. The magnetic field dependence of the addition and excitation spectra is
discussed.

1 Introduction

Carbon nanotubes are conducting molecules with either semi-conducting or metal-
lic electronic properties [1]. The combination of their long length of several mi-
crometers and small nanometer diameter make them ideal candidates for study-
ing the effects of one-dimensional confinement of the electrons on their transport
properties.

Previous studies of carbon nanotubes have shown that their low-temperature
transport properties can be described by Coulomb blockade theory [2-4], where
the thermal energy kgT is smaller than the charging energy of the nanotube
Ec = €2/2Cupe. In the quantum regime at lowest temperature, the single-particle
level spacing AE can be resolved, i.e. kgT < AFE < Eg, in contrast with the
classical regime at higher temperature, where AE < kgT < E¢ [5]. It has been
shown that the value of AE is equal to the expected ‘particle-in-a-box’ energy
level separation of electrons confined to the nanotube [3]. The magnetic field
dependence of the molecular energy levels of carbon nanotubes is dominated by
the spin degree of freedom. This Zeeman effect has been observed both in ropes
[4](bundles of nanotubes) and in individual nanotubes [3,6]. The corresponding
filling of single-particle levels however appears not to be straightforward. Both
singlet-doublet [4] as well as spin-polarized filling [6] have been observed.

Coulomb blockade phenomena in small confined systems, where the two en-
ergy scales Ec and AFE are both important, have been well studied [7]. The energy
one needs to apply to add an electron to the nanotube is €?/C+AFE = 2Ec+ AFE
[5]. When the thermal energy is lower than this, current through the system is
blocked. The blockade can be lifted, however, by changing the electrostatic po-
tential of the nanotube, e.g. by applying a voltage on a nearby gate electrode

that is coupled capacitively to the nanotube. At that point, current is allowed to
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flow and a conductance peak is observed. As the gate voltage is changed further,
a series of conductance peaks will become visible. In between these, the number
of electrons is fixed. Whenever a peak is crossed, the number of electrons on the
nanotube changes by one. The single-particle level spacing may be different for
different numbers of electrons on the nanotube. This will lead to a variation in
the distance between the conductance peaks AVgqe = (2E¢ + AE,)/eq, where
a = Cyate/Cruve 18 the capacitive coupling of the nanotube to the gate and n is
the number of electrons on the nanotube. We thus obtain the variation of ad-
dition energy with number of electrons and this is called the addition spectrum.
It is related to the energy difference between consecutive ground states of the

nanotube.

The blockade can also be lifted by raising the bias voltage. The two bias elec-
trodes are coupled to the nanotube by tunneling contacts, but also capacitively.
In a differential conductance measurement as a function of bias and gate volt-
age, the combination of both voltages leads to the well-known Coulomb blockade
diamonds in the (Vyae, Viias) plane, with corner points (v, £ AVyu./2,0) and
(Un £ 0Vgate, £AVhigs) [7]). Here v, is a constant and dVyge < AVpae/2 is an
asymmetry parameter which depends on the exact values of all capacitances to
the nanotube !. Within this diamond, current is blocked and the number of elec-
trons is fixed. The ‘width’ of this diamond is the distance AV between the
conductance peaks mentioned above. From the ratio of the ‘height’ AVj;,s to the
‘width” AVgase, we can find o = AVyies/AVjgse.

The energy levels of the nanotube are also accessible in another way. At the
point where the Coulomb blockade has been lifted by increasing the bias voltage,
transport through the nanotube can take place because a molecular energy level
is inside the window created by the applied bias voltage. The occupation of the
nanotube then oscillates between say n and n + 1. When the bias voltage is
increased further, a higher lying energy level can enter the bias window. Now,
electron transport can also take place via this level. The increased probability in
transferring electrons leads to a stepwise increase in the current and a peak in the
differential conductance. Note, however, that the occupation of the nanotube still
oscillates between n and n + 1. Because the next energy level is higher in energy
then the ground state which was already contributing to the transport, this level

is called an excited state. If the capacitive coupling of this excited state to the

! Here AVyias, AVgate >0 and 7Avgate/2 < (H/Qate < Avgate/Q
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N gate

Figure 2.1: Tapping-mode AFM amplitude image of the nanotube, lying over two
electrodes. The length of the nanotube segment in between electrodes is 540 nm while
the total length is about 3 um. The gate electrode is not visible in the AFM image

and is indicated schematically. The bias voltage is applied asymmetrically.

bias and gate electrodes is equal to that of the ground state, these excited states
are visible as lines running parallel to the sides of the diamond. The distance in
gate voltage between this line and the side of the diamond is AE/ea. A collection
of excited states in the nanotube will give rise to a collection of extra lines. Since
we can now determine the energies of the excited states of the nanotube, this
collection is called the excitation spectrum.

Within the constant interaction model [8], the excited states of the nanotube
are simply the energy levels of the next ground states, as visible in the addition
spectrum. The addition and excitation spectra are thus simply related. Although
the extension of this idea to correlated systems where electron-electron interac-
tions are important is not trivial, support for its validity in quantum dots has
been reported [9].

In this chapter, we present measurements of the addition and excitation spec-
tra of a carbon nanotube and discuss the correlations between these. The mag-

netic field dependence of the states is reported as well.

2 Sample description

Single-wall carbon nanotubes were produced by the group of R.E. Smalley at

Rice university, USA [10]. A small amount of this raw material is ultrasonically
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dispersed and spin coated on top of a SiO,/Si-substrate containing a large array
of predefined Pt electrodes. These electrodes are fabricated using a double layer
(PMMA/MAA) resist, electron beam lithography, Pt evaporation and lift-off.
The resulting electrodes are 20 nm high, 250 nm wide and 8 pum long and are
separated from each other by 500 nm. The gate electrode is placed perpendicular
to the other electrodes and separated from the ends by 2.5 pm. After deposition
of the nanotubes, adjacent pairs of electrodes are checked for conduction due to
the nanotubes, which corresponds to a typical resistance of 1 to 10 M. The
metallic nature of the nanotube is established by checking that the conductance
cannot be modulated by a gate voltage [11]. Single nanotubes are selected by
their apparent height of 1.4 nm or less in Atomic Force Microscopy (see [12] and
chapter 4).

A tapping-mode AFM picture of the sample that is being studied in this chap-
ter is shown in Fig. 2.1, along with a schematic view of the electrical connections.
The segment of this nanotube between electrodes is 540 nm, while its full length
is about 3 ym. The room temperature resistance of this sample is 4 MQ and
increased upon decreasing the temperature. It was cooled down in a dilution

refrigerator with a base temperature of 5 mK.

3 Experimental results and discussion

We have measured the current through the nanotube as a function of Vs and
Vgate- Typical I — Viqs curves are shown in Fig. 2.2. Around zero bias voltage,
the current is blocked by Coulomb blockade. At higher bias, the blockade can
be overcome and a step in the current is observed. Increasing the bias voltage
further, beyond a point that is set by the level spacing and the values of all
capacitances, current through the nanotube can also flow through a next level
and another step in the current is observed.

Additional features can be seen in the positive bias part of the curve obtained
at Vyate = —225 mV. Here peak structures are observed in addition to the steps.
This peak-like structure leads to negative differential conductance (NDC). Several
mechanisms may lead to this NDC. For example, one possibility is residual carbon
particles from the raw material, which may be lying between the nanotube and
the contacts. Whenever one of the energy levels of this particle crosses the bias

window, a peak in current is observed. In a conductance spectrum, the positions



Ch.2 Electron addition and excitation spectroscopy of an individual single-wall

18 carbon nanotube molecule

0.5 T T T

Current (nA)

05 - - -
-10 -5 0 5 10

Bias voltage (mV)

Figure 2.2: Bias voltage dependence of the current through the nanotube at the two
indicated values of the gate voltage. Around V3;,s = 0, current is blocked by Coulomb
blockade. The plateaus in the current are due to resonant tunneling through molecular

energy levels. Peaks are oberved as well (see discussion in text).

of NDC will not shift in a similar manner as the excited states, because the
capacitive coupling of this particle with the leads and gate electrode can be

expected to be very different. We will not discuss these effects any further here.

Figure 2.3 shows the current through the nanotube as a function of gate volt-
age. A series of peaks is visible. In between these, the current is blocked by
Coulomb blockade, and the number of electrons on the nanotube is fixed. The

distance in gate voltage between peaks is (2E¢ + AE,)/ec.

One of the conductance peaks is examined in more detail as a function of tem-
perature in Fig. 2.4. The solid lines are fits with G = Go(T")/ cosh® (Vyaze/2w(T))
[5], where w = kgT/ea and o = Cyape/Crupe. The left and right insets show
the obtained inverse maximum conductance, 1/Gg, and width, w, versus tem-
perature, respectively. Both are fit with a linear function. From the linear fit
of the width versus temperature we obtain 1/a = 35 £ 5. The fact that the
maximum conductance is proportional to 1/7T is evidence for resonant tunnel-
ing through single molecular levels [5]. A continuum of levels would lead to a

constant maximum [5].

We have measured current through the nanotube as a function of V4. and

Vhias and differentiated this numerically. The differential conductance spectrum
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Figure 2.3: Current through the nanotube as a function of gate voltage at Vj;qs = 400

uV. A series of conductance peaks is clearly visible.

we thus obtain is shown in Fig. 2.5a. The large light grey areas are the Coulomb
diamonds mentioned earlier, the regions where current is blocked. Lines with the
same direction appear to be parallel. From the ratio of AVjs to AVye we find
1/a =35 £ 2, in good agreement with the value found earlier. Several boundaries
of the diamonds appear to have small kinks at Vj;,s & —5 mV (see in particular
the n+1 diamond). Here the slope changes by 20 to 30 %. These kinks have been
observed before and can be taken as a signature of ground-state to ground-state
transitions due to electron-electron correlations [6].

The lines running parallel to the boundaries of the diamonds can be associated
with excited states. They are separated from the boundaries by AF /e« in the
gate voltage direction. Viewed from the ground state of occupation n — 1 we
identify an excited state running parallel to the border at positive bias voltage
and at the high gate voltage side. This state is associated with transport through
the first excited state and must thus be correlated with the width of the next
coulomb diamond (occupation n) which in the simplest model is (2Ec+AE,,)/ec.
At the lower gate voltage side another excited state can be seen. This is associated
with depletion of the nanotube through the lower-lying level and thus must be
correlated with the diamond with occupation n — 2.

We have examined several excited states in a similar fashion, focussing on
those positions in the diagram where these can be identified unambiguously. In
Fig. 2.6 we have plotted the distance in gate voltage between ground state and

excited state versus the corresponding diamond width. The addition and exci-
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Figure 2.4: Linear conductance of the nanotube as a function of gate voltage and
temperature at Vy;,5 = 10 V. Shown is the transition from n—2 to n—1 at temperatures
of 74 (sharpest), 362, 465, 637 and 889 mK (widest). The solid lines are fits with
G = Go(T)/ cosh? (Ve /2w(T)), where w = kpT/ea. The insets show the obtained
inverse maximum conductance 1/Gy and width w as a function of temperature. The
deviation at the lowest temperature is probably due to the finite bias voltage (10 pV

corresponds to 120 mK) and a higher effective electron temperature.

tation spectra are clearly linearly related. Note that this is a remarkable effect
in the case of carbon nanotubes where electron-electron interactions are impor-
tant [6,13,14]. The slope of the linear fit, however, is 2.1, i.e. not equal to the
value of 1 that is expected from the previous formulee. It should be noted that
this value is independent on any calibration errors in both Vjqte and Vj;qs since we
are comparing distances in Vi only. This deviation is currently not understood,

but may be a renormalization due to electron-electron interactions.

Independent of this, we can determine the charging energy from the inter-
section, 2E¢/ea = 265 mV, yielding Ec = 3.8 meV. The geometrical self-
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Bias voltage (mV)

Gate voltage (mV)

Figure 2.5: Differential conductance (dI/dVjiqs) spectrum of the nanotube as a func-
tion of bias and gate voltage at 0 T (a) and 5 T (b). Light grey tones correspond to
dI/dViyiqs = 0. Darker shading corresponds to higher conductance. White regions are
positions of NDC, dI/dVy;es < 0. a) B = 0 T. The distances in gate voltage from the
ground to the first excited state are labeled with AE, /ea. The stars (x) above the
graph indicate positions where a sudden shift in the diagram occurs in the gate voltage
direction. This is probably due to a switching offset charge that shifts the potential
of the nanotube. We have corrected for this effect in determining the width of the
diamond. b) B = 5 T. At the sides used to construct Fig. 2.6, the levels split due
to coupling of the magnetic field with spin. Exceptions to this are the sides labelled
AE, 1 in (a).
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Figure 2.6: Coulomb diamond width, AVyqe = (2E¢ + AE,)/eq, versus corre-
sponding distance in gate voltage between ground state and excited state, AE,,/eq, for
various numbers of electrons on the nanotube. The addition and excitation spectra are
clearly linearly related. The slope of the linear fit is 2.1. The abscissa yields the value
of Ec = 3.8 £ 0.2 meV.

capacitance of the nanotube is C' = 2mepe, L/ In(2L/d) [15], where d = 1.4 nm and
L are the diameter and length of the nanotube respectively and ¢, is the relative
dielectric constant of the surroundings. We thus obtain L = 3.2 ym when taking
€. = 1, which is equal to the total nanotube length. This is comparable with
earlier experiments in a similar geometry [3,15].

From Fig. 2.6 we find that the average value of the separation in gate voltage
between ground state and excited state in the excitation spectrum (horizontal
axis) is 59 mV, which yields (AE)_,. = 1.7 meV. When measured in the addition
spectrum, however, we find (AFE)_,, = 3.5 meV, which is different by a factor 2.1
as expected from the slope of the linear fit. The particle-in-a-box level spacing is
given by AE = hvp /2L, where h is Planck’s constant and vp = 8.1 x 10° m/s is
the Fermi velocity [3]. We thus find a nanotube length of 1.0 gm or 0.50 ym from
the excitation or addition spectrum respectively. The calculated length from the
charging energy E¢o and level spacing AF thus do not yield the same value. In
order to force them to be equal, we need to set ¢, to 2.8 or 5.2 respectively. The
relative dielectric constant of SiO, is 4.4, which is indeed in this range.

Up to this point, we have neglected spin degeneracy. In a finite carbon nan-

otube there are two sets of energy levels available, both of which can be filled
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with two electrons due to spin degeneracy. If these energy levels are degenerate,
we expect the addition spectrum to be a series of 2Eq, 2F¢, 2E¢q, 2Ec + AE,
etc. If this degeneracy is not present, we expect the addition spectrum to be
2Fc, 2Ec+ AE, ete. Neither the first, nor the second is observed in the addition
spectra presented here. If two ground-state energy levels for the nanotube with,
say, n — 1 and n are degenerate, this leads to an addition energy of 2E for n
electrons on the tube. In a series of 8 consecutive conductance peaks, the addi-
tion energy was always found to be larger than 2FE¢ by at least 2.3 meV. This
implies that the spin degeneracy is not present [16]. We can now investigate this
issue by applying a magnetic field.

Figure 2.5b shows the conductance spectrum in a perpendicular magnetic
field of 5 T. Some of the lines which were identified as excited states as well
as some of the ground states appear to have split. This splitting is due to the
Zeeman coupling of magnetic field with the spin of the electrons and is equal
to AVae(B) = grpupB/ea, where pp is the Bohr magneton. g, is the Landé
gr-factor and has been reported to be 2 £ 0.5 [6]. In a similar experiment on
ropes [4], a pattern of alternatingly splitting lines and non splitting lines was
observed. This is not present in these data.

The evolution of this splitting with magnetic field is examined further in
Fig. 2.7a. Shown is dI /dVju as a function of Vi, and B at a fixed bias voltage
of 2.5 mV. This graph can be considered as a cross-section at constant Vj;,s of the
conductance spectra in Fig. 2.5 where the white colour corresponds to the low
gate voltage boundary of the transition between n — 1 and n. This side shows a
linear splitting with magnetic field. From this splitting, we obtain g, = 1.9+0.2.
Measurements on other transitions yield values of g7, of 1.5 to 2.5.

The distance between the lower (white) and the upper (black) boundary of
the current stripe in Fig. 2.7a does not change with magnetic field and is equal
t0 Viias/a = 88 mV. This current stripe shifts with magnetic field. This shifting
is related to the shifting of the zero-bias voltage conductance peak. In Fig. 2.7b
we show the position of the zero-bias voltage conductance peak as a function of
magnetic field for several consecutive peaks. The shifting of the current stripe of
Fig. a is clearly due to the shifting of the conductance peak between n — 1 and
n. In the simplest model, this shifting is equal to grupB/2ea. From this we find
values for gy ranging from 0.2 to 2.8. This is in direct contrast with the values
found earlier and cannot be explained within a simple model. Furthermore, the

first excited state in Fig. 2.7a is in the simplest model the next ground state,
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Figure 2.7: Magnetoconductance measurement on a nanotube. a) Current through
the nanotube at Vj;s = 2.5 mV on the transition from n — 1 to n as a function of gate
voltage. Shown is dI/dVyqse, where white (black) corresponds to positive (negative)
values. The low gate voltage ground state splits in two as the magnetic field is increased
from 0 to 8 T. This splitting is linear and yields a Landé gr-factor of 1.9 + 0.2. b)
Zero-bias voltage conductance peak position as a function of magnetic field. The curves
are shifted along the gate voltage axis for clarity. The solid lines are guides to the eye.

The stars (x) indicate kinks in adjacent lines.

i.e. the transition from n to n + 1. The shifting of this conductance peak in
Fig. 2.7b, however, appears quite different. Measurements on other transitions
yield similar discrepancies between excitation and addition spectrum regarding
the spin-degree of freedom.

It appears that this spin degeneracy is visible in the excitation spectrum, but
not in the addition spectrum in B = 0 T. Recently, it has been shown that the
transport properties of nanotubes can be interpreted in terms of the Luttinger
liquid model (see [13,17] and chapters 3, 5, and 6), in which spin and charge
are separated. This spin-charge separation turns the spin degree of freedom into

a neutral collective excitation. We hope that the present studies will encourage
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theoretical studies on the role of spin-charge separation on the addition and
excitation spectra of carbon nanotubes. The first excitation spectra have been
theoretically studied already for carbon nanotubes [14]. The predicted structure,
however, is too simple to account for the structure in the present data.

In a nanotube, a pattern of either peaks going up, down, etc. or up, up,
down, down, etc. is expected, depending on whether the two sets of energy levels
are degenerate or not. This pattern is not present. In a previous experiment, it
was found that all conductance peaks go down in gate voltage with increasing
magnetic field [6]. This pattern is also not present.

Very recently the effect of a non-uniform gate potential profile on spin-flip
scattering has been studied theoretically [18]. In this study, the particular poten-
tial profile gives rise to various internal spin flip processes, leading to a counter-
intuitive shifting of the ground state with magnetic field. This may provide an
interesting starting point to explain our data, but further research is needed to
experimentally address these issues in a controlled way.

Two positions in Fig. 2.7a, marked by stars (), show changes in the trend
of the peak position versus magnetic field. In the simplest model, this can be
explained as follows. When the ground state and the first excited state both
split with magnetic field, this splitting is equal to grupB/a. When this splitting
becomes equal to the level-spacing AFE, the energy-levels of the excited state
with up spin (or down) and the ground state with down spin (or up) cross. This
crossing then gives rise to kinks in the peak-position versus magnetic field [6].
From the condition AFE, = grupB/a, gr = 2 and the values for AE, from
Fig. 2.6, we find magnetic fields larger than 10 T where these crossings may
occur. This simple model of crossing can clearly not explain the present data.
This may be due to e.g. electrostatic repulsion between the energy levels, i.e.
exchange interaction.

Summing up, while some features in the spectra can be understood from avail-
able models, the general conclusion is that the excitation and addition spectra,

and their relation, are very complex and not well understood.

4 Conclusions

We have observed resonant tunneling through single molecular levels in a carbon

nanotube. The obtained addition and excitation spectra in zero magnetic field are
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linearly correlated. In a magnetoconductance measurement, Zeeman splitting of
the molecular levels has been observed. The filling of single particle levels appears
not to behave as expected from simple models. Internal spin-flip processes and

interaction mechanisms may be important.
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Abstract: The ultimate device miniaturization would be to use individual molecules
as functional devices. Single-wall carbon nanotubes are promising candidates for
achieving this: depending on their diameter and chirality, they are either one-dimensio-
nal metals or semiconductors [1,2]. Single-electron transistors employing metallic nan-
otubes [3,4] and field-effect transistors employing semiconducting nanotubes [5] have
been demonstrated. Intramolecular devices have also been proposed which should
display a range of other device functions [6-11]. For example, by introducing a pen-
tagon and a heptagon into the hexagonal carbon lattice, two tube segments with
different atomic and electronic structures can be seamlessly fused together to create
intramolecular metal-metal, metal-semiconductor, or semiconductor-semiconductor
junctions. In this chapter, we report electrical transport measurements on carbon
nanotubes with intramolecular junctions. We find that a metal-semiconductor junc-
tion behaves like a rectifying diode with nonlinear transport characteristics that are
strongly asymmetric with respect to bias polarity. In the case of a metal-metal junc-
tion, the conductance appears to be strongly suppressed and it displays a power-law
dependence on temperatures and applied voltage, consistent with tunnelling between
the ends of two Luttinger liquids. Our results emphasize the need to consider screening
and electron interactions when designing and modelling molecular devices. Realiza-
tion of carbon-based molecular electronics will require future efforts in the controlled
production of these intramolecular nanotube junctions.

Figure 3.1a and b display examples of atomic force microscope images of nan-
otube junction devices. Each nanotube consists of two straight segments, both
with measured heights of ~ 1 nm, connected by a sharp kink of about 40°. In
principle, such kinks can originate from two different mechanisms: a pentagon-
heptagon (5-7) topological defect pair as illustrated in the inset to Fig. 3.1a, or
a local mechanical deformation in a uniform nanotube. Both experiments and
simulations [13,14] have shown that a nanotube will elastically deform under a
small bending stress, and buckle if the local curvature exceeds a critical value. In
this case, a height increase at the buckling point is expected (chapter 4). From
our microscope images, however, the kinks appear to be very abrupt, and there
seems to be no height increase at the kinks. This suggests that the kinks are due
to 5-7 defects. Insertion of a pentagon (or heptagon) into the hexagonal carbon
network creates a caplike (or saddlelike) curvature. A 5-7 pair will in general

lead to a kink (see inset to Fig. 3.1a). In order to generate a kink of a large
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Figure 3.1: Tapping-mode atomic force microscope amplitude images of examples of

nanotube junction devices. a), b), Nanotubes that contain a single kink of 36° and
41° respectively. We have detected in total four single-kink and one double-kink (c)
samples out of the ~ 500 devices we have inspected. These kinks can be associated
with pentagon and heptagon defects which join two nanotube pieces with different
diameters and chiralities. Inset to (a) Illustration of the carbon-bond network of a kink
junction constructed between an ‘armchair’ tube and a ‘zigzag’ tube, where 5 denotes
a pentagon, 7 denotes a heptagon, and the atoms in the pentagon and heptagon are
highlighted by dark balls. The nanotube in (a) is on top of three electrodes. Device
(b), with four leads connected, represents the ideal geometry, where both straight
segments, I and II, and the kink can be characterized separately. The 250-nm wide,
20-nm-thick titanium-gold electrodes are embedded in SiOy with a height difference of
less than 1 nm, which minimizes the deformation of the nanotubes. This is achieved
by standard electron-beam lithography, evaporation and lift-off, combined with an
additional step of reactive-ion etching. A highly-doped silicon substrate below SiOs is
used as a gate to vary the carrier density of the nanotubes. Nanotubes are deposited on
top of the electrodes by spin coating of a drop of nanotube suspension in dichloroethane.
The two-terminal resistance of an individual straight metallic nanotube is typically
<100 kQ at room temperature [12], more than an order of magnitude less than in
earlier experiments [3,5]. The low tube-electrode contact resistance proves essential in

this work.
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angle, the pentagon and heptagon must be placed on the opposite sides of the
kink [7]. Further structural evidence for the occurrence of 5-7 pairs comes from
a double-kink sample shown in Fig. 3.1c.

The nanotube shown in Fig. 3.1a is lying on three electrodes. The upper
straight segment has a two-terminal linear resistance of 110 k) at room temper-
ature (inset to Fig. 3.2a) with no gate-voltage dependence, indicating that it is
metallic [5]. In striking contrast, the current-voltage (I — V) characteristic across
the kink (shown in Fig. 3.2a) is highly nonlinear and asymmetric, resembling that
of a rectifying diode. The current rises sharply above a threshold voltage for a
positive bias applied to the upper electrode. There is a small increase in current
for large reverse bias. Around zero bias, the junction impedance is immeasurably
high. Rectifying behavior as a possible signature for metal-semiconductor (M-S)
heterojunctions was previously observed in a film of entangled nanotubes [15].
However, the junctions were not explicitly observed, and contact with metal elec-
trodes and intertube tunnelling, which can also give rise to the observed behavior,
cannot be excluded. The I — V' characteristics presented here are clearly asso-
ciated with the kink defect. We have also measured I — V' characteristics for
different gate voltages V; (Fig. 3.2b). The I — V' curve seems to shift along the
bias voltage axis as a function of V, (inset to Fig. 3.2b). Upon application of
a negative Vi, the I — V curve becomes increasingly asymmetric. The curve at
Vy, = —4 V shows almost perfect rectifying behavior up to the largest bias voltage
(—4 V) that we have applied. The strong gate modulation demonstrates unam-
biguously that the lower nanotube segment is semiconducting and that the kink
is an M-S heterojunction.

For an isolated nanotube containing an M-S junction, the Fermi energy of
the metallic segment is aligned with the middle of the energy gap of the semi-
conducting segment. The alignment is modified when the sample is connected to
metal electrodes. Owing to the higher work function for the metal, both pieces
will be hole-doped by the electrodes [1,5]. The difference in electronic structures
and screening properties of metallic and semiconducting nanotubes will give rise
to different band-bending profiles in the tube segments away from the electrodes
and subsequently a Schottky-type barrier at the M-S interface, which may ex-
plain the rectifying behavior across the junction. Further modelling is required
to understand the details of the I — V' characteristics.

Each of the two straight segments of the sample in Fig. 3.1b lies on two

electrodes, which permits their separate characterization and also two- and four-
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Figure 3.2: Current-voltage characteristics across the metal-semiconductor junction
of Fig. 3.1a, showing rectifying behavior. The data are taken at 100 K. The results at
room temperature are similar, but the data are noisier. Inset to (a), the I —V curve for
the upper straight segment measured at room temperature. The low resistance value
and the absence of a gate effect indicate that this segment is metallic. In (a), the gate
is grounded. In (b), the gate voltages from right to left are 2 V, 1 V, 0 V, -1 V,
—2 V and —4 V respectively. Inset to (b), expanded view of the small-current region
which shows more clearly the onset of conduction for both bias polarities. The junction
resistance around zero bias is > 250 G{2. The strong gate modulation demonstrates

convincingly that the kink is a metal-semiconductor heterojunction.
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terminal measurements across the kink. Figure 3.3 shows the temperature (T')
dependence of the two-terminal conductance (G) measured between different elec-
trodes at zero bias. At room temperature, the resistances of the two straight seg-
ments are 56 and 101 k(2 respectively, with no gate-voltage dependence, demon-
strating that both are metallic. The resistance across the junction is 608 kS2,
which is much higher. As the temperature decreases, all the conductances de-
crease monotonically. The conductance across the junction depends much more
on temperature than that of the two straight segments, and decreases over one or-
der of magnitude as the temperature decreases from 300 K to 50 K. Four-terminal
and two-terminal measurements across the kink give essentially the same conduc-
tance value, indicating that the observed temperature dependence is completely
dominated by the junction itself.

Although a defect is always expected to degrade the conductance, simple
tight-binding calculations, which neglect electron-electron interactions, of the
conductance across a metal-metal (M—M) kink junction cannot produce the large
suppression seen in our experiments [18]. In Fig. 3.3 the data are plotted on
a double-logarithmic scale. It appears that all the conductances can be fitted
with a power-law function of T', G o« T'“, which is particularly convincing for the
conductance across the junction because of its strong temperature dependence.
Power-law behavior of G versus T was reported recently for metallic ropes of
nanotubes [16], and was interpreted as a signature for electron-electron corre-
lations [19,20]. It has been known for decades that electron interactions are
of great importance in one-dimensional transport [21]. Electrons form a corre-
lated ground state called Luttinger liquid (LL), in which the tunnelling density
of states is suppressed as a power-law function of energy, p(E) o E%. Tunnelling
into the end of an LL is more strongly suppressed than into the bulk, that is, the
exponent for end tunnelling ap,q is larger than the exponent for bulk tunnelling
puk- For an LL connected to three-dimensional reservoirs by tunnel barriers, the
tunnelling conductance in the linear-response regime should vary as G(T') o< T
(for eV <« kpT, where e is the electron charge and kp is the Boltzmann constant)
and the differential conductance dI/dV at large bias (eV > kgT') should vary
as dI/dV o« V*. An interesting question arises when a tunnel junction is placed
between two LLs [21]. To a first-order approximation, the tunnelling conductance
across the junction is proportional to the product of the end-tunnelling density of
states on both sides and therefore still varies as a power law of energy, but with an

exponent twice as large as the end tunnelling exponent, that is, aeng—end = 20end-
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Figure 3.3: Linear-response two-terminal conductances G of segments I and IT and
across the metal-metal junction of Fig. 3.1b, plotted versus temperature 7" on a double-
logarithmic scale. The data are fitted (solid lines) by the power law, G(T) « T,
which is associated with the suppression of tunnelling density of states in a Luttinger
liquid. The exponents « for the two straight segments are 0.34 and 0.35 respectively.
The fit is particularly convincing for the data across the kink. An exponent of 2.2 is
obtained, which is consistent with end-to-end tunnelling between two Luttinger liquids.
A thermally activated form for transport over a tunnel junction of barrier height U,
G x exp(=U/kpT), does not fit well. For the two straight segments, the overall
behavior is similar to that reported for ropes of nanotubes [16], and is typical for our
samples of individual nanotubes with similar conductance values (see [17] and chapter
5). The low-temperature deviation from the power law is due to the Coulomb-blockade
effect, which sets in when kT becomes comparable to the energy e2/C, needed to put
an extra electron onto the nanotube, where C' is the total capacitance of the tube (e.g.

see chapter 2).

Single-wall carbon nanotubes are truly one-dimensional conductors and are
thus expected to behave as LLs. The strength of electron interactions is described
by the so-called Luttinger parameter g. For non-interacting electrons g = 1,
whereas for repulsive Coulomb interactions g < 1. The exponents « for tunnelling
into the bulk and end of a nanotube are related to g as apur = (1/9+ g —2)/8
and aeng = (1/g — 1)/4 respectively [20]. In our experiments, bulk tunnelling
is expected for the measurements of the straight segments. Fitting the high-

temperature data for the two straight segments yields similar exponents o =
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0.34 and 0.35, which gives a value of g ~ 0.22 using the above expression for
bulk tunnelling. This g value agrees with theoretical estimates [19,20] and with
that reported for ropes [16] and clearly indicates the strong electron-electron
interactions in carbon nanotubes. Having established that both straight segments
are LLs, we expect that the conduction process between the middle two contacts
takes place via end-to-end tunnelling between the two LLs as well as tunnelling in
and out of the two LLs through the contacts. However, the end-to-end tunnelling
dominates the energy dependence of the process. Substituting the above g value
into Qeng—ena = (1/g — 1)/2, an exponent of 1.8 is expected for the tunnelling
conductance across the junction. Fitting the experimental data with a power law
yields a = 2.2, which is indeed close to this value. This analysis is not based on
any presumed g value (which is sample-dependent). The self-consistency of bulk
and end-to-end tunnelling thus provides strong evidence for the Luttinger model.

We have also measured large-bias I — V' characteristics across the M—M junc-
tion at different temperatures, which provide an independent verification of the
LL theory. As is evident from Fig. 3.4a, the I — V' curves are nonlinear at all
temperatures. The current is expected to increase as Vo+! for eV > kgT. We
consider the differential conductance which, assuming a constant tunnelling am-
plitude across the junction, is predicted to satisfy a scaling function:

dl eV « eV 2
2 Tosinh () P (1+ 24
v < (QkBT) ( 3 +227rk-BT)

1 eV 1 a . eV
X {5 coth <2kBT> — ;Im [\If <1 + 5 +Z—27rkBT>] }

Here « is the end-to-end tunnelling exponent and I' and ¥ are the gamma and

digamma functions respectively. For o = 2, a good approximation (exact when
a = 2) of the above expression is given by dI/dV oc T* (1 + 3(eV/2wkgT)*),
which clearly shows the expected power-law behavior at large bias. The expres-
sion suggests that if we scale dI/dV by T® and V by T, then curves obtained
at different temperatures should all collapse onto one universal curve. This is
shown in Fig. 3.4b for our experimental data. The scaled conductance is con-
stant for small V' but crosses over to a power law for eV/kgT > 3. Its behavior is
qualitatively similar to the theoretical scaling function (dashed line) in Fig. 3.4b.
The deviation at large bias may be explained by a reduced voltage drop and/or a
reduced tunnelling amplitude across the kink (see Fig. 3.4 legend). Overall, how-
ever, end-to-end tunnelling between two LLs seems to capture the main physics
of the observed data.



Ch.3 Carbon nanotube intramolecular junctions 37

25 /@

.
_ 20 15% 10
< &7 ]
3 o 4=
= 15 7100 K ~
o 7 2 o
5 10 1 =10
o #50 K =

ol 1 10'3 E " " 1 R

0 50 100 150 200 10™ 10° 10
Bias voltage (mV) eVikgT

Figure 3.4: Large-bias transport characteristics measured across the metal-metal junc-
tion of Fig. 3.1b. a) Nonlinear I — V' characteristics at different temperatures showing
consistency with the Luttinger model. The data are fitted (solid lines) by a phenomeno-
logical functional form I = C1T*V (1 + Ca(eV/kpT)®), where Cy and Cs are constants.
An exponent of o = 2.1 is obtained which is similar to the value from G versus 7" mea-
surement across the kink. The inset shows I — V' curves at temperatures of 298 K,
200 K, 150 K, 100 K and 50 K. b) Scaled differential conductance (dI/dV)/T* across
the junction plotted against eV/kgT, where a = 2.2 is obtained from the power-law fit
of G versus T across the kink. The data taken at various temperatures appear to col-
lapse onto one curve. dI/dV is obtained by numerically differentiating the I —V curves
shown in (a). The dashed line represents the theoretical scaling function expected for
the end-to-end tunnelling between two Luttinger liquids. At large bias, the measured
conductance is lower than the theoretical prediction. Several factors may be responsible
for the deviation. We have assumed that the voltage applied between the two contacts
drops entirely across the junction, which is reasonable at small bias. As bias voltage
is increased, however, more and more voltage drop will occur at the contacts because
tunnelling conductance across the contacts (bulk tunnelling) increases less strongly as
a function of voltage than that across the junction (end-to-end tunnelling). This ef-
fectively leads to reduced conductance across the junction compared to the case where
one assumes a complete voltage drop across the junction. Additionally, the tunnelling
amplitude across the junction may be energy-dependent at large bias. If the junction
is viewed as a nanometer-sized capacitor, charging it to a few hundred millivolts may
lead to a strong electrostatic force which could possibly deform the junction and reduce

the transmission.
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Abstract: The tip of an atomic force microscope is used to create carbon nan-
otube junctions by changing the position and shape of individual single-wall carbon
nanotubes on a SiO; surface. With this manipulation technique, we are able to bend,
buckle, cross, and break nanotubes, and to unravel a nanotube ‘crop circle’ into a
single tube. Tapping-mode AFM measurements of the height of a carbon nanotube
on the surface always yield values smaller than the nanotube diameter. Variation of
the scan parameters shows that this is due to a tapping deformation by the tip. The
tapping deformation of manipulated nanotube crossings and buckles is discussed as

well.

Carbon nanotubes [1] have attracted a lot of interest because of their unprece-
dented electronic and mechanical properties on a molecular scale (for a review, see
e.g. [2]). The interplay of these properties, for example, the effect of mechanical
deformations on the electron transport properties, seems to be of particular inter-
est [3-8]. While AFM manipulation experiments have been reported on multi-wall
nanotubes [3-5], the prototype single-wall tubes are much more difficult to study
since their diameter is more than an order of magnitude smaller. In this chapter,
we explore the mechanical properties of individual single-wall carbon nanotubes
and nanotube junctions by atomic force microscopy (AFM). We present manipu-
lation experiments on individual single-wall carbon nanotubes, where the tip of an
AFM is used to change the nanotube position and shape on a SiO, substrate. We
show examples where we have used this manipulation technique to locally bend,
buckle, break, and cross nanotubes, and where we have unraveled a nanotube
‘crop circle’ [9]. We also present tapping-mode AFM measurements of the appar-
ent height as a function of the feedback parameters. These measurements show
that in typical AFM imaging, nanotubes always appear lower than expected, due
to a local and reversible compression of the nanotube by the tapping tip. Height
measurements of manipulated buckles and manipulated crossings show that they

are slightly more rigid than non-manipulated, individual tubes.

In tapping-mode AFM, a stiff cantilever with a sharp tip attached to the end is
oscillated near its resonant frequency resulting in an oscillation amplitude in free
air in the range of 1 to 10 nm. When this tip is brought into contact with a sample
surface, the amplitude of oscillation is reduced. While scanning the surface, the
amplitude of the cantilever oscillation will change whenever a change in the height

of the sample surface is encountered. A feedback loop then changes the height of
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the cantilever over the surface to maintain a constant setpoint amplitude. Since
the tip is only intermittently in contact with the sample, the lateral forces acting
on the sample while scanning are negligible. This enables one to image individual
single-wall nanotubes lying on a surface without moving them. If, by contrast,
the feedback is turned off, the cantilever is pressed down onto the substrate, and
dragged along a predefined path over the surface, one can shift the nanotubes
laterally. This is the basis of our manipulation technique. We use a commercial
AFM mounted with stiff cantilevers with a force constant of about 50 N/m and
a resonant frequency of about 300 kHz. The carbon nanotubes, with an average
diameter of 1.4 nm, were synthesized by a laser vaporization technique by R.E.
Smalley and coworkers at Rice University, USA. They were deposited by spin
coating a drop of nanotube suspension on a thermally grown SiOy surface. The
experiments were performed in air at room temperature.

In Fig. 4.1 we present several intermediate steps of a typical manipulation
experiment of a carbon nanotube. The arrows in the image show the path that
the AFM tip has travelled in each manipulation step. The initial configuration of
a nanotube with an apparent AFM height of 1.8 nm is shown in Fig. 4.1a. The
result of the first manipulation step is shown in Fig. 4.1b. The tube has been
successfully dragged from its original position and is strongly bent. The tube
is held in this strained configuration by attractive van der Waals binding to the
substrate. As the tube has shifted sideways, the lower end of the nanotube has
been dragged along its original path (indicated by the white line in Fig. 4.1b).
Apparently, the nanotube is pinned more strongly at the upper part than at
the lower part, consistent with the fact that the upper part is longer and thus
experiences a larger binding force. At the original position of the nanotube, traces
of debris have become visible. These traces are presumably due to amorphous
carbon particles from the suspension of nanotubes. The height of the manipulated
piece of nanotube is 1.2 nm, which indicates that the initially measured height
appeared higher due to the amorphous carbon. Figure 4.1c shows an enlarged
scan of the strongly bent piece. By pushing the nanotube from the lower side, we
make the nanotube fold onto itself, as shown in Fig. 4.1d. The next manipulation
involved pushing against the upper side. In Fig. 4.1e it is clearly visible that the
nanotube has been broken at the point of the sharp end in Fig. 4.1d, and is
now crossing itself. The height of the crossing is discussed below. The image in
Fig. 4.1f shows a larger image of the manipulation site. Starting from a single

nanotube, we have succeeded in fabricating an intermolecular junction.
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Figure 4.1: Tapping-mode AFM height images of intermediate stages of a typical
manipulation experiment. Before each manipulation step, the height profile of the
surface is recorded. Then the tip is lowered towards the surface and moved across the
surface along a predefined path, indicated in the image with arrows. The nanotube is
then imaged again. The sequence (a—f) shows how a nanotube crossing is formed from

an individual single-wall nanotube.

Figure 4.2 shows several intermediate stages of the unraveling of a ‘fullerene
crop circle’; a nanotube which is circularly folded onto itself [9]. The initial
configuration is shown in Fig. 4.2a. The crop circle has a diameter of 520 nm.
Several linear manipulation paths have been used to indent the circle. In Fig. 4.2b
the result of these operations shows a nanotube which has been shifted locally
while leaving behind a trace of amorphous carbon. The next manipulation step
shows the appearance of a single tube (Fig. 4.2¢). By pushing the lower right side,
we unravel the crop circle to reveal a single tube in Fig. 4.2d. After several further
manipulation steps (not shown), the nanotube has been rearranged considerably
and has shifted along the surface (Fig. 4.2e). The length of the nanotube in the
final configuration is 2.6 £ 0.1 pm, while the height is 0.9 nm. After the discovery

of these crop circles, it was discussed whether both ends of the nanotube could
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Figure 4.2: Tapping-mode AFM height images of intermediate stages in the unraveling
of a fullerene crop circle. The arrows indicate the paths the AFM tip has travelled in
each manipulation step. The large structure on the left side of (d) is material which was
deposited from the tip onto the substrate during the previous manipulation step. To
move the nanotube away from this spot, several manipulation steps (not shown) have

been performed, shifting the nanotube to the entire right (e). All images are 1 pm?2.

grow together to form a seamless toroid. We conclude, however, that the crop
circle studied here consisted of a single nanotube wrapped almost twice onto
itself.

In all of the previous figures, the AFM height of a single nanotube lying
on a SiOy surface always appears to be lower than expected. Figure 4.3 shows
a typical example of height measurements of a nanotube (o) as a function of
drive amplitude. The height measurements show values for the apparent height
of a nanotube of 0.6 to 1.1 nm, i.e. much smaller than the expected value of
1.7 nm, which is the sum of the nanotube diameter of 1.4 nm and the van der
Waals separation between nanotube and surface of about 0.3 nm [10]. The height
decreases with increasing drive amplitude. At the highest drive amplitudes, the

height appears to level off at a value of 0.6 nm. Note that this is close to the
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sum of the graphite interlayer spacing and the separation between nanotube and
substrate.

The dependence of the nanotube height, as recorded in tapping-mode AFM,
on the drive amplitude can be understood as follows. In free air, the cantilever
amplitude is proportional to the drive amplitude. When performing tapping-
mode imaging, the cantilever is lowered towards the sample surface to reduce the
amplitude to the setpoint value. The degree of reduction is a monotonic function
of the average height of the cantilever over the surface. If the drive amplitude is
increased, the tip has to be lowered further towards the sample surface in order
to maintain the same setpoint amplitude. The necessary tip-height reduction
depends on the compressibility of the sample. In our experiments, the SiOq
surface is much less compressible than the nanotube. The height reduction over
the substrate is thus much smaller than over the nanotube. This leads to a
decrease of the apparent nanotube height when increasing the drive amplitude
due to an inelastic, reversible, and local indentation of the nanotube. This is
consistent with the data presented here.

The nanotube crossing presented in Fig. 4.1 has an apparent AFM height of
2.8 nm, whereas the individual nanotube pieces appear to be 1.2 nm high. The
expected height of a nanotube crossing consists of twice the nanotube diame-
ter, the spacing between the crossing nanotubes, and the separation between
nanotube and substrate. For our nanotubes, this yields an expected crossing
height of 3.4 nm. In this crossing configuration, both nanotubes are thus each
compressed by 0.3 nm by the tapping tip. The straight segments of the non-
manipulated individual nanotube, however, are compressed by 0.5 nm by the
tapping tip. This difference is a result of the fact that the nanotubes in the
crossing configuration share the tapping deformation. This makes this configu-
ration more rigid than a single tube, leading to a smaller compression of each
nanotube at the crossing compared to an individual nanotube. The same effect
can be observed in Fig. 4.1d, where the folded piece of tube appears significantly
higher than the individual parts. This is a result of the fact that both pieces are
lying so close together, that they are indented simultaneously by the tapping tip.
Therefore, they share the tapping deformation, leading to a smaller compression
and a larger apparent height.

We have also studied the height of manipulated nanotube buckles as a function
of the scan parameters. A typical example of such a manipulated buckle is shown
in the inset of Fig. 4.3. The buckle has been obtained by AFM manipulation
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Figure 4.3: Tapping-mode AFM height of a nanotube (o) and a manipulated nanotube
buckle (o) as a function of the drive amplitude for setpoints from 2 to 6 nm. Below this
range the feedback of the AFM does not function properly. For these measurements,
the nanotube has been shifted lateraly such that the height measurements are not
affected by any amorphous carbon traces. The inset shows a height image; the white

scale bar is 50 nm.

similar to Fig. 4.1a—c. Buckle formation has been studied before for multi-wall
nanotubes [3-5]. In that case, the presence of multiple walls inside the outer shell
modifies the characteristics of the buckling, as compared to the theoretical models
for single-wall tubes [11]. Here, however, we experimentally study buckling in
single-wall nanotubes. The expected degree of bending necessary to form a buckle
for the nanotubes used in our experiments is 0.08 rad/nm [11]. From the AFM
image, we estimate that the buckle is at least localized within a nanotube length
equal to the width of the tip, about 20 nm, and that the angle is 7w rad. This
yields a lower limit for the degree of curvature of about 0.16 rad/nm, which is
well above the theoretical minimum. The expected height of a buckle is 7/2 times
the diameter of a nanotube, plus the separation between nanotube and substrate.
This amounts to 2.5 nm. The measurements presented in Fig. 4.3 (o) show that
the buckle indeed appears higher than a non-manipulated nanotube, by about 0.5

nm. Similar to the case of nonmanipulated tubes, the buckle height of 1.1 to 1.6
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nm is again smaller than expected theoretically and it decreases with increasing
drive amplitude. The trends of the buckle and nanotube heights as a function
of drive amplitude appear very similar, which seems to indicate that the rigidity
of buckles and straight nanotubes are similar. However, because the AFM tip is
more wide than the nanotube, the area of a single nanotube which is deformed is
larger than the area of the buckle, since buckles are higher than straight tubes.
We therefore conclude that buckles are more rigid than undeformed nanotubes.
This is reasonable, because buckles are not hollow but filled objects. Height
measurements on other buckles in air as well as under an atmosphere of Ny gas
show similar behavior.

The present work shows that artificial nanotube junctions can be created by
manipulation of individual single-wall nanotubes. The formation of structures
such as nanotube buckles, bends, and crossings opens a route towards transport
studies of junctions within nanotubes. First transport studies of a naturally
occurring crossing of nanotube ropes [7] and nanotube kink junctions (see [8] and
chapter 3) show that molecular junctions can indeed have interesting properties.
Transport measurements on our manipulated junctions made from individual
single-wall nanotubes show a 4-terminal room-temperature resistance of nanotube
buckles and crossings of approximately 1 — 10 M€, which is much higher than the
typical value of order 10 k{2 for non-manipulated nanotubes. A detailed study of
the transport characteristics of these junctions is presented in chapter 5 (see also
ref. [12]).
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Abstract: Using an atomic force microscope we have created nanotube junctions
such as buckles and crossings within individual single-wall metallic carbon nanotubes
connected to metallic electrodes. The electronic transport properties of these manip-
ulated structures show that they form electronic tunnel junctions. The conductance
shows power-law behavior as a function of bias voltage and temperature, which can
be well modeled by a Luttinger liquid model for tunneling between two nanotube
segments separated by the manipulated junction.

Molecular electronics has taken a large step forward since the discovery of
carbon-nanotube metallic and semiconducting molecular wires [1]. Various nan-
otube devices have been found to behave as conventional electronic components.
For instance, individual semiconducting nanotubes function as field-effect tran-
sistors at room temperature [2], while metallic nanotubes are single-electron tran-
sistors at low temperature [3,4]. More recently, it was found that intramolecular
metal-semiconductor kink junctions can act as rectifying diodes at room temper-
ature (see [5] and chapter 3). Unlike conventional solid-state devices, however,
nanotubes are molecules. Conformational changes can therefore be expected to
strongly affect the electronic properties of nanotubes, opening up a route towards
nanoscale electro-mechanical devices (NEMs). Indeed, theoretical work has in-
dicated that local deformations such as twists and buckles may induce strong
barriers for electron transport [6-8]. While some transport experiments have
been conducted on carbon nanotube junctions which occur naturally [5, 9, 10]
and on defects due to locally applied strain [11], a focused study with control
over the geometry and configuration of the junction is lacking.

In this chapter, we report electron transport measurements on molecular junc-
tions that have been fabricated in a controlled manner from straight undeformed
nanotubes by manipulation with an atomic force microscope (AFM). We have
fabricated nanotube buckles and crossings and characterized their electron trans-
port properties. We find that these mechanically manipulated structures act as
tunnel junctions with a conductance that show power-law dependences on both
bias voltage and temperature. For various sample layouts we obtain a wide range
of power-law exponents, from 0.25 to 1.4. We show that this variety can be
understood within one self-consistent Luttinger model.

Single-wall carbon nanotubes were produced by the group of R.E. Smalley

at Rice University, USA. A small amount of this raw material is ultrasonically
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Figure 5.1: Formation of carbon nanotube nanojunctions by AFM manipulation. Be-
tween the images in (a) and (b), an initially straight nanotube has been dragged to
the bottom by the AFM tip, resulting in a sharp 105° buckle. Image (c) and (d) show
the manipulation of a nanotube crossing from an initially straight nanotube. The nan-
otube ends are extending 110 (left) and 130 nm (right) beyond the crossing point. The
difference in apparent width of the nanotubes in these images is due to variation in the
AFM tip radius which is different for different tips, and which moreover can change in

the manipulation process.

dispersed and spin coated on top of a SiOy/Si-substrate containing a large ar-
ray of predefined Pt electrodes. These electrodes are fabricated using a double
layer (PMMA/MAA) resist, electron beam lithography, reactive ion etching, Pt
evaporation and lift-off [12]. The resulting electrodes are embedded in the SiO,
substrate such that the height difference between the electrodes and substrate is
less than 1 nm. Nanoscale tunnel junctions are then created within individual
carbon nanotubes by use of the AFM. Conductance measurements are performed
using a standard ac-lockin technique.

Figure 5.1 presents two examples of nanojunctions that were fabricated with
an AFM from individual metallic carbon nanotubes. In the fabrication procedure,
the tip of the AFM is used to change the lateral position of a nanotube lying

on top of metallic electrodes. First, a nanotube is identified by scanning the
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tip over the sample in tapping-mode AFM. Then, the tip is pressed onto the
surface and moved along a predefined path across the nanotube. In this manner,
the position and shape of nanotubes can be controlled with a high degree of
accuracy (see [13] and chapter 4). In Fig. 5.1a we show the initial configuration
of a straight nanotube lying across four electrodes. In order to bend the tube
between the middle two electrodes, the nanotube has been dragged across the
surface in a direction perpendicular to its length. During this dragging action,
the nanotube has slided along its length across the electrodes. The sharp bend
that results from the AFM manipulation has an angle of 105° (see Fig. 5.1b, and
also inset to Fig. 5.2). This is well above the critical value of about 60° needed to
form a so-called ‘buckle’ [14], where a strongly bent nanotube releases strain by
locally collapsing the cylindrical shell structure into a flattened tube structure.
Accordingly, a small height increase is found at the bending point. Another
example of a manipulated nanojunction is shown in Fig. 5.1¢ and d. In this case,
the dragging action of the AFM has broken the nanotube. Subsequently, the two
broken ends of this nanotube have been pushed back together into a configuration
where they cross each other. The resulting nanotube ends extend about 100 nm
beyond the crossing point.

Multiterminal contacting of the nanotube allows one to separately measure
the contact conductance (from two- and three-terminal measurements) and the
intrinsic conductance of the manipulated tube (from a four-terminal measure-
ment). The buckled nanotube sample in Fig. 5.1b has contacts with a low con-
tact conductance, i.e., only 65 nS at room temperature. The intrinsic buckle
conductance appears to be about 1 xS at room temperature. This is much lower
than the four-terminal conductance value of order 100 uS that we typically find
for non-manipulated straight nanotubes in a similar layout. The effect of the
buckle on the electron transport is thus quite dramatic. The buckle conductance
is also much lower than the quantum conductance unit of 4¢?/h = 154 S, which
indicates that the buckle acts as a tunnel barrier.

In Fig. 5.2 the conductance G of the buckled segment is plotted versus tem-
perature 7" on a double-logarithmic scale for both the two- and four-terminal
configuration. At high temperatures the data can be fitted with a power-law
function G o< T (solid lines). Below 120 K, Coulomb blockade sets in which
further suppresses the conductance. The power-law exponent « is found to be
very different, o = 0.26 versus 1.4, for the two- and four-terminal measurements

respectively. The intrinsic buckle conductance (four-terminal data) thus appears
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Figure 5.2: Conductance of a nanotube buckle as a function of temperature in a four-
and two-terminal measurement. The straight solid lines on this log-log plot indicate
the power-law behavior G « T, with the exponent a as denoted. Below 120 K,
Coulomb blockade sets in which further suppresses the conductance at low tempera-
tures. The inset shows a 300x300 nm? AFM phase image of the nanotube buckle.
The four-terminal measurement reveals the intrinsic buckle conductance, whereas the

two-terminal conductance is limited by the contact conductance.

to be much more strongly temperature dependent than the contact conductance
(two-terminal data).

We can understand these findings on the basis of a Luttinger liquid model.
The Luttinger model [15,16] has been employed to explain recent transport ex-
periments on metallic carbon nanotubes [5,17]. In this model, electron-electron
correlations combined with the one-dimensional nature of nanotubes lead to a
power-law suppression of the tunneling conductance as a function of energy,
dI/dV o« E®. Here E is the maximum of the thermal or voltage energy scale,
i.e. kT or eV respectively, with kg Boltzmann’s constant and e the electron
charge. At low bias voltages V < kpT/e this leads to a power-law behavior
of the conductance as a function of T, i.e., G o T°. At high voltages, how-
ever, it yields a power-law dependence on voltage, dI/dV o« V¢. The exponent
« depends on the strength of the electron-electron interactions which is char-
acterized by the Luttinger interaction parameter g. For repulsive interactions,

g ranges from 0 (very strong interactions) to 1 (no interactions). Estimates of
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g for carbon nanotubes are in the range of 0.2 — 0.3 [5,15-17]. The exponent
« also depends on the position of tunneling. When electrons are added to the
end of the nanotube, the excess electron charge can spread away in one direc-
tion only and the tunnel conductance is suppressed strongly with an exponent
eng = (1/g — 1)/4. Tunneling into the bulk of the nanotube is more weakly
suppressed, with apur = (1/9 + g — 2)/8, because the excess charge can now
spread in both directions away from the contact.

The conductance of the buckle is suppressed with a power-law exponent
a =14 (Fig. 5.2). If the buckle acts as a tunnel barrier, transport across the
buckle takes place by tunneling of electrons from the end of one nanotube seg-
ment to the end of the other segment. This end-to-end tunneling is associated
with an exponent twice as large as tunneling into a single end, i.e., Qeng—ena =
20ena = (1/g — 1)/2. Solving Geng—ena = 1.4 yields a Luttinger interaction pa-
rameter value g = 0.26. In the two-terminal configuration, however, the contacts
limit the conductance and one thus probes bulk tunneling from the contacts to
the nanotube. Here we find ay,r = 0.26, from which we obtain the same Lut-
tinger parameter value g = 0.26. It is gratifying that these exponents which
are differing by a factor 6, can be reconciled by this single parameter g. The
value of g = 0.26 is also well in agreement with theoretical estimates [15, 16],
recent experiments in a different geometry (see chapter 3 and [5]), and the value
of g = 0.29 4+ 0.04 that we find for many samples with straight nonmanipulated
nanotubes. We thus conclude that the transport characteristics of this buckle are
well described by assuming that it acts as an artificially created nanometer-size
tunnel junction within an individual nanotube.

We now discuss data for the nanotube-crossing sample shown in Fig. 5.1d.
The conductance of the crossing reads 80 nS at room temperature [18]. Again this
value is much lower than the conductance quantum indicating that the crossing
also acts as a tunnel junction. The conductance again decreases as a power-law
upon lowering the temperature, with @ = 0.50 (not shown). For this sample,
the Coulomb blockade effect further suppresses the conductance below 70 K.
The bias dependence of the differential conductance at several temperatures is
shown in Fig. 5.3. At all temperatures, the data show the same behavior: At low
applied bias, dI/dV is constant at a level that scales as a power law with tem-
perature (o = 0.50). At high bias voltage it crosses over to a power-law voltage
dependence, i.e., dI/dV « V* with o = 0.48 (dashed line). The dependence of

the differential conductance on both energy scales eV and kgT is emphasized in
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Figure 5.3: a) Differential conductance of a manipulated nanotube crossing as a func-
tion of applied bias voltage for several temperatures. For this sample, the Coulomb
blockade effect suppresses the conductance below 70 K. At low bias voltages, dI/dV (V)
is constant while it depends as a power-law on temperature. At high voltages, the differ-
ential conductance crosses over to a power-law dependence on bias voltage dI /dV o« V',
with @ = 0.48 (dashed line). The inset of (a) shows a 200x200 nm? AFM amplitude
image of the crossing. b) Scaling plot, where dI/dV has been scaled by T* and is plot-
ted versus eV/kpT for the crossing segment and, for comparison, for a typical straight

segment of a nanotube.

Fig. 5.3b, where the differential conductance is scaled by T* and plotted versus
eV/kpT. As expected, all the data obtained at different temperatures and bias
voltages collapse onto a single curve, which is well described by the theoretically
expected form (dashed line) [19]. The exponent a that has been used to scale
these curves onto each other is 0.50. Transport between crossing nanotubes was
studied recently, but only in the low-bias regime, where this power-law behavior
was not observed [10].

The crossing junction thus yields a significantly different value, a = 0.50,
than the buckle junction discussed above. This can be understood as a direct
consequence of the particular crossing geometry. Unlike the case for the nanotube

buckle where the two tube ends meet, the contact in the crossing is now from
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the bulk of one tube to the bulk of the other. The electron transport thus takes
place via bulk-to-bulk tunneling [20] with an exponent that is twice as large as
that for regular bulk tunneling, i.e., Cpuk—butk = 20wur = (1/g + g — 2)/4. From
Qpuk—buk = 0.0 we find g = 0.27, which again is in excellent agreement with
the other results for g. The bulk-to-bulk tunneling observed for the crossing can
be readily compared to the regular bulk-tunneling configuration, which is done
in Fig. 5.3b, where the scaled differential conductance is shown for a straight
nanotube as well [19]. In this case, the exponent is found to be o = 0.24, which
indeed is half the exponent observed for bulk-to-bulk tunneling. Molecular dy-
namics simulations have suggested that crossing nanotubes can be both deformed
by about 20% at the crossing point due to the van der Waals binding of the upper
nanotube to the substrate away from the crossing [21]. Apparently, this defor-
mation, if present at all, does not electronically break up the nanotubes, since
our data indicate that intertube transport occurs via bulk-to-bulk rather than
through end-to-end or end-to-bulk tunneling.

Recently, transport experiments were conducted on metal-metal nanotube
kink junctions formed by a pentagon-heptagon defect pair located at the kink
(see chapter 3 and [5]) and naturally occurring crossing junctions [9,10]. Whereas
such junctions are rare objects, the present work shows that one can use an AFM
to precisely define local junctions at arbitrary positions along a nanotube. The
transport characteristics demonstrate that these local junctions significantly alter
the electronic transport properties of carbon nanotubes. A unifying description of
single nanotubes, kinks, buckles, and crossings can be obtained from the Luttinger
liquid model. The manipulation technique shown here allows the fabrication of
various interesting new nanotube structures. For instance, double-buckle struc-
tures can be envisioned which define a room-temperature single-electron transis-
tor (see [22,23] and chapter 6). More generally, we expect that electro-mechanical

effects may find their use in future nano-electronic devices.
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Abstract: Room-temperature single-electron transistors are realized within indi-
vidual metallic single-wall carbon nanotube molecules. The devices feature a short
(down to 20 nm) nanotube section that is created by inducing local barriers into the
tube using an atomic force microscope. Coulomb charging is observed at room tem-
perature, with an addition energy of 120 meV which significantly exceeds the thermal
energy. At low temperatures, we resolve the quantum energy levels corresponding
to the small island. We observe unconventional power-law dependencies in the mea-
sured transport properties for which we develop a resonant-tunneling Luttinger-liquid
model.

Single-electron transistors (SETs) have been proposed as a future alternative
to conventional Si electronic components [1]. Most SETs operate at cryogenic
temperatures, however, which strongly limits their practical application. Some
examples of SETs with room-temperature operation (RTSETSs) have been re-
alized with ultra-small grains, but their properties are extremely hard to con-
trol [2-4]. The use of conducting molecules with well-defined dimensions and
properties would be a natural solution for RTSETs. In this chapter, we report a
first demonstration of room-temperature SETs made within an individual metal-
lic carbon nanotube molecule [5]. We characterize their transport properties as a
function of temperature, bias, and gate voltage, and observe unexpected power-

law characteristics which we describe with a Luttinger-liquid model.

SETSs consist of a conducting island connected by tunnel barriers to two metal-
lic leads [1]. For temperatures and bias voltages low compared to a characteris-
tic energy associated with adding an electron to the island, electrical transport
through the device is blocked. Conduction can be restored, however, by tun-
ing a voltage on a close-by gate, rendering this three-terminal device a transis-
tor. In chapter 5, we found that strong bends (‘buckles’) within metallic carbon
nanotubes [5] act as nanometer-size tunnel barriers for electron transport (see
also [8]). This motivated us to fabricate single-electron transistors by inducing
two buckles in series within an individual metallic single-wall carbon nanotube.
This is achieved by manipulation with an atomic force microscope (AFM) (for
a detailed description, see chapter 4 and [6]), as displayed in Fig. 6.1. The two
buckles define a 25 nm island within a nanotube. We have fabricated a number
of these nanotube devices with an island length between 20 and 50 nm, and mea-

sured electrical transport through 4 of these. Here we report one representative
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Figure 6.1: Fabrication of a room-temperature single-electron transistors within an

individual metallic carbon nanotube by manipulation with an AFM (see chapter 4
and [6]). a) Nanotube between Au electrodes on top of a Si/SiOy substrate with a
gate-independent resistance of 50 k2. The scale bar is 200 nm wide. After imaging by
scanning the AFM tip over the sample in tapping mode, the tip is pressed down onto the
substrate and moved along the path indicated by the arrow, thus dragging the nanotube
into a new configuration. b) Nanotube after creation of a buckle. The dragging action
has resulted in a tube that is bent so strongly that it has buckled [7]. A second dragging
action is now performed as indicated by the arrow. c¢) Double-buckle nanotube device.
d) Enlarged image of the double-buckle device. The scale bar is 20 nm wide. This
height image shows a height increase at the buckling points as expected [7]. The final
device resistance at room temperature is one order of magnitude larger (~ 0.5 MQ).
The electronic transport properties of these nanotube devices are studied by application
of a bias voltage V' to the upper electrode and a measurement of the current I at the
lower electrode. The differential conductance dI/dV is measured using a standard ac-
lockin technique with a modulation amplitude of 0.1 mV. The conducting Si substrate
underneath the insulating SiOy substrate is coupled capacitively to the nanotube and
acts as a back gate.

data set obtained on the sample with a 25 nm island.

Typical RTSET transport characteristics for our nanotube devices obtained
at room temperature are shown in Fig. 6.2a, where the differential conductance
dI/dV is plotted versus bias voltage V. A voltage applied to the back gate
appears to have a significant effect on the device conductance. A 0.2 V wide gap
is observed, which is closed upon changing the gate voltage. Upon varying the

gate voltage further, the gap opens and closes in a periodic fashion. At V = 0,
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Figure 6.2: Differential conductance dI/dV of the RT'SET as a function of bias and
gate voltage for several temperatures. a) At 300 K, the differential conductance shows
a thermally smeared gap around V = 0 with gate voltage Vjae = —0.7 V (lower
trace). When the gate voltage is changed to —0.8 V, the gap is closed. b) Conductance
oscillations as a function of gate voltage at 260 K. The insets shows dI/dV in an
intensity plot. Blue represents low dI/dV, red corresponds to high dI/dV. The gap is
periodically opened and closed as a function of gate voltage, which results in diamond
shaped modulations. c) dI/dV at 30 K, showing distinct peaks as indicated by the lines.
The peaks in the black trace at Vyqe = —1 V shift up in bias voltage upon increasing
Vgate to —0.95 V (red trace). d) Grey-scale image of dI/dV, where shifting peaks are
indicated by the dashed lines. White represents dI/dV = 0, while darker shading
correspond to higher values of dI/dV. e) Grey-scale image of d?I/dV? clarifying the
presence of conductance peaks.

this gives rise to a pattern of periodic conductance peaks as shown in Fig. 6.2b.

It thus appears that both bias and gate voltage can be used to modulate the
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conductance, and a conductance spectrum where both are varied simultaneously
is given in the inset to Fig. 6.2b. Diamond-shaped regions are visible where the
conductance is suppressed. Traces such as those in Fig. 6.2a are cross sections
of this conductance spectrum at fixed gate voltage, whereas those in Fig. 6.2b
are cross sections at fixed bias voltage. Before fabrication of the two buckles the
device conductance did not change with gate voltage. It is thus evident that the
modulation is due to the fabricated island.

These characteristics demonstrate Coulomb blockade (i.e. single-electron tun-
neling) at room temperature [1]. Coulomb blockade as a function of bias and gate
voltage occurs in diamond shaped regions (cf. inset to Fig. 6.2b). Within each
diamond, the number of electrons is fixed and electrons are added one by one to
the island upon increasing the gate voltage. The height of the diamonds reads
the bias voltage V* necessary to add an electron to the island, which defines
an addition energy Foqg = eVt = ¢2/C + AFE [9], where C' is the sum of all
capacitances to the nanotube island and AFE the energy difference between con-
secutive quantum energy levels. We find F,4;q = 120 meV, which is slightly larger
than the largest value of 115 meV reported in previous planar RTSETs [4]. The
Coulomb blockade model describes all the basic device characteristics shown in
Fig. 6.2a and b. Note that F,4; is much larger than the thermal energy kgT (kg
is Boltzmann’s constant and 7" is the absolute temperature) at room temperature
which explains the room-temperature operation of our devices.

We now turn to the device characteristics at low temperature. Examining
the data at 30 K (Fig. 6.2c — e) reveals features that were not observed at room
temperature. First, the data show less scatter due to a reduction in sample
noise at low temperatures. Second, the dI/dV (V) traces show peaked features
(indicated by the lines in Fig. 6.2c) that shift along the bias voltage axis when
changing the gate voltage. We believe that these peaks are associated with energy
levels of the island that become available for electronic transport, leading to an
increase in current. The peaks can be followed as a function of both bias and gate
voltage in the conductance spectrum (see dashed lines in Fig. 6.2d and e). The
distance between these lines along the bias-voltage axis is equal to 2AE. We find
AFE = 38 meV. From the linear dispersion relation of nanotubes one estimates
AFE = hvg/4L for a tube of finite length L, when the degeneracy between the two
sets of energy levels in nanotubes has been lifted. Here v is the Fermi velocity,
and h is Planck’s constant. With vy = 8 x 105 m/s [10], we obtain 34 meV for

the 25 nm island which compares very well to the measured value. This confirms
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Figure 6.3: a) Zero-bias conductance versus gate voltage for a single conductance
peak. Data are shown for T' = 4, 20, 30, 40, 70, 80, and 90 K. The solid lines are
fits to the function Gaq(T)/ cosh? [2 (arccoshv/'2) Vyge/w(T)] (see ref. [9]). The T
dependence of the conductance maximum G, and the full-width-at-half-maximum
w is shown in Fig. 6.4. b) Multiple conductance peaks on a logarithmic scale for an
extended range of gate voltage at T' = 4, 40, 60, 70, 100, 170, 200, 220, and 240 K.

that the island behaves as a well-defined quantum box for the electrons. From the
addition energy we can now extract the charging energy E¢ = €2/2C, which reads
41 meV. It is unique to our devices that AFE ~ E¢, whereas in the ordinary case
FEc¢ > AF. This is a direct result of the small size of these islands and the nature
of the buckle junctions. In contrast to previous studies on straight undeformed
nanotubes [10-13], the capacitances of the nanotube island to the nanotube leads
(= 0.3 aF') are now a major contribution to the total capacitance C. Hence, while
AFE will increase with decreasing L, E¢ will remain approximately constant,
yielding a larger AE/FE¢ ratio.

Figure 6.3 shows the temperature dependence of the device conductance. A
single conductance peak is plotted versus gate voltage in Fig. 6.3a. It is clear
that both the conductance peak maximum G,,,, and the peak width w increase
with increasing temperature. This is in striking contrast with what is expected
for a conventional SET in both the classical (kg7 > AFE) and the quantum
regime of Coulomb blockade (kg7 < AE) : In both of the latter cases w o< T,
but G e = constant or Gy, < 1/T, respectively [9]. Note that our data also
differ from previous results for carbon nanotube SET devices operating at low

temperatures [10-14].
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Figure 6.4: Power-law temperature dependence of the conductance, demonstrating
correlated sequential tunneling through the nanotube SET device. Lower data (right-
hand scale) shows the peak height Gyna.(T) for the conductance peak in Fig. 6.3a,
following a power-law function with exponent 0.68 (#). The conductance integrated
over the gate voltage range in Fig. 6.3b, G*(T) (left-hand scale), also follows a power-
law function with exponent 1.66 (). Note the double-logarithmic scales. The inset

shows the peak width w versus T" which follows a linear behavior.

The conductance shows a power-law dependence on T as can be seen in
Fig. 6.4, where G..(T) is plotted for the peak in Fig. 6.3a. From 4 to 90 K,
it follows a power law Ge, o< 7%, while at higher temperatures it increases
beyond this. The inset to Fig. 6.4 shows that w follows a linear temperature
dependence w < T at low temperatures, while it also deviates at higher tempera-
tures. We can explain the high-temperature deviations from the overlap between
adjacent peaks. Since the peak width increases with temperature, the peak tails
start to overlap progressively with adjacent conductance peaks upon raising the
temperature, leading to both a larger apparent peak height as well as a larger
apparent width. We can correct for this by integrating the conductance over
gate voltage, yielding an integrated conductance G*. We find a strong tempera-
ture dependence G* oc T in excellent agreement with the expected behavior
G* o< T'068 from w(T) and G (T). This power-law behavior persists well

above the temperatures where both w and G,,,, deviate from the expected be-
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havior, indicating that the deviations in measurements of w and G, are indeed
due to overlap of adjacent conductance peaks.

The power-law exponents observed in our experiments can not be explained
by the available models. Recent transport experiments on metallic carbon nan-
otubes [8,15-17] successfully employed a Luttinger-liquid model [18,19] which
derives from the one-dimensional electronic correlations in nanotubes. We there-
fore compare our experimental results to theoretical studies of a Luttinger is-
land connected by tunnel barriers to two semi-infinite Luttinger liquids. So far,
such studies have described transport in terms of sequential tunneling processes,
with independent tunneling from the leads onto the island and from the island
into the other lead [20-23]. This leads to Gpae < 7%~ and w o T, where
Qend = %(é — 1), with the Luttinger interaction parameter g characterizing the
electron-electron interaction strength [18,19]. Experiments [8,15-17] show that
g ranges between 0.19 and 0.26 in the case of carbon nanotubes, which leads to
Gmaz < T7%2 and G* o T%8, in clear contradiction with the present data.

We therefore propose another mechanism, namely correlated sequential tun-
neling through the island. Here electrons tunnel coherently from the end of one
nanotube lead to the end of the other nanotube lead through a quantum state
in the island. In this picture, the island should be regarded as a single impu-
rity [24]. This is reasonable, since the thermal length Ly = hvp/kgT = 21 nm
at 300 K, and hence it is larger than the distance between the two barriers for
all 7' < 250 K. The calculation for the conductance due to this tunneling mech-
anism is Gpap o Tnd—end=l and G* oc T%nd—end where Qgng—cnd = 20nd [25)-
Upon identifying qeng_eng With the experimental value 1.66, we obtain g = 0.23,
in excellent agreement with earlier values for nanotubes. This shows that the
proposed mechanism is the relevant transport channel for the RT'SET. The sur-
prising dominance of correlated tunneling over sequential tunneling counters the
common understanding for SETs and quantum dots [1]. Our model is further con-
firmed by data of the integrated differential conductance (dI/dV)* versus bias
voltage at large bias (V > 10 mV), which yields a power law (dI/dV)* oc V&7
(not shown). One theoretically expects that the large bias voltage eV > kgT
destroys the phase coherence necessary for correlated tunneling, and that con-
ventional sequential tunneling will dominate [25]. The expected exponent for this
Process is Qeng = Qlend—ena/2 = 0.83 which is again remarkably close to the value
found experimentally.

For practical applications, a figure of merit of SETs is the input equivalent
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charge noise ¢,. Preliminary measurements on the present nanotube devices at
10 Hz and 60 K yielded ¢, ~ 2 x 10~% e/v/Hz, which compares favorably to
qn ~ 0.5 x 1073 ¢/y/Hz for conventional single-electron transistors which op-
erate at mK temperatures [26]. The prototype nanotube RTSETSs presented
here were obtained by manipulation with an AFM. Future use in large-scale
applications will require further developments in fabrication technology such as
mechanical templates or chemical methods to create short nanotubes in a par-
allel process. RTSETs have some advantages over room-temperature field-effect
transistors employing semiconducting nanotubes [27]. Because semiconducting
nanotubes are, unlike metallic tubes, intrinsically prone to disorder and uninten-
tional doping [28,29], molecular-electronics components based on metallic tubes
are preferred. The present work shows that short metallic nanotubes can be
applied as RTSETs. It also exemplifies that the search for functional molecular

devices often yields interesting fundamental science.
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1/f noise in carbon nanotubes
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Abstract: The low-frequency electronic noise properties of individual single-wall
metallic carbon nanotubes are investigated. The noise exhibits a 1/f frequency
dependence and a V2 voltage dependence. The noise power at 8 K appears to
be three orders of magnitude smaller than at 300 K. As a demonstration of how
these noise properties affect nanotube devices, a preliminary investigation of the
noise characteristics of a fabricated intramolecular carbon nanotube single-electron
transistor is presented.

The electronic properties of carbon nanotubes have attracted a lot of inter-
est in both fundamental as well as application-driven studies [1]. All of these
studies focussed on the DC electronic properties, and little is known about the
AC or noise properties. Only recently, the noise characteristics of carbon nan-
otubes have become the subject of investigation. The first measurements show
that the low-frequency electronic noise is dominated by 1/f noise [2,3]. Many
issues remain unclear however, for example, how the noise power depends on
temperature. Knowledge of the noise characteristics is important to characterize
performance of nanotube devices. The study of the fluctuation phenomena will
also enable one to examine for instance correlation-induced reduced shot noise [4]
in Luttinger liquids or bunching/anti-bunching-type phenomena that probe the
quantum statistics [5, 6] of electrons in nanotubes. Here, we report a charac-
terization of the low-frequency electronic noise properties of individual metallic
single-wall carbon nanotubes. The frequency dependence follows Hooge's law.
Upon lowering temperature to 8 K, the noise power is reduced by three orders
of magnitude. As an example of how this low-frequency noise affects the perfor-
mance of nanotube devices, we study the charge sensitivity of an intramolecular
carbon-nanotube single-electron transistor.

Individual carbon nanotube samples are fabricated as described before [7].
Figure 7.1a shows an example of a straight nanotube, connected by metallic elec-
trodes. On such samples we have characterized the amount of 1/f noise present
in nanotubes. In Fig. 7.1b, a double-buckle nanotube is shown. We recently re-
ported that these devices act as room-temperature single-electron transistors [8].
Here we present a first analysis of its noise properties and discuss the charge
sensitivity of such devices.

The noise power spectral density has been measured for individual nanotubes

as a function of the DC current Ipc at room temperature (Fig. 7.2). At Ipc =0,



Ch.7 1/f noise in carbon nanotubes 75

Figure 7.1: Atomic force microscope amplitude images of metallic carbon nanotubes.
a) A straight nanotube connected by two Au electrodes lying on a SiOy surface. The
image is 1 pm?. b) A metallic nanotube with two buckles which have been induced

with the atomic force microscope. The image size is 100 x 100 nm?.

the voltage noise is white, i.e., it does not depend on frequency, and equals the
expected value for thermal noise 4kpTR = 2.1 x 107'¢ V2/Hz of the nanotube,
where R = 12.6 k2 for this device. With increasing current, additional noise
appears, which exhibits a 1/f frequency dependence. These two noise powers
appear to add incoherently, i.e., Sy = 4kgTR + B/f. The current dependence
is studied in the inset to Fig. 7.2, where it is found that B = AVj3s. [9] The
proportionality constant A thus found describes the full current and frequency
dependence. All of these results are qualitatively consistent with the phenomeno-
logical dependence known as Hooge’s law [10].

As postulated by Hooge, A depends on the number of charge carriers in the
conductor N through A = /N, where v ~ 2 x 1073. [11] Although it is now
understood that the  value is not universal, it is a good starting point to com-
pare the magnitude of noise in nanotubes to that in bulk conductors described by
Hooge’s law. The nanotubes described here contain about 2000 conduction elec-
trons. [12] Using the magnitude of A found above, we find Vyanotubes & 4 X 1073.
Earlier, Collins et al. found that this number was about 2 orders of magnitude
larger. [2] Our material, however, shows much less noise and is in fact quite a

low-noise conductor.

The temperature dependence of the 1/f noise is displayed in Fig. 7.3. With
the current and frequency dependence given above, it suffices to display the value
of A. It appears that the noise is reduced in a monotonous way by three orders

of magnitude upon lowering the temperature. This has been measured in many
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Figure 7.2: Noise spectra at 7' = 300 K for a nanotube with resistance R = 12.6 k{2 for
various DC currents from 0 to 100 nA. The white noise visible at low Ip¢ is the expected
thermal or Johnson-Nyquist noise of the sample Sy, jn = 4kpTR = 2.1 x 10716 V2 /Hg,
where kp is Boltzmann’s constant. The deviations from 1/f spectra at low current
are due to 1/f noise from the amplifiers. The solid lines are fits with the function
Sy = Sy,yn + B/ f. The inset shows the excess 1/f noise at 1 kHz versus DC voltage
Vpc = RIpc. From the fit (solid line) we obtain B = AV3, = 1.8 x 1075V3..
The same value for A is found in voltage-biased measurements of the current noise
Sr =818+ AIZQ)C/f, where Sy jn = 4kpT/R.

individual nanotube samples that we have studied.

In the commonly employed model for 1/ f noise, it is assumed that fluctuating
two-level systems in the surrounding give rise to a fluctuating potential profile,
which leads to this low-frequency noise [10]. Within this model it is reasonable
that a reduction of the temperature will lead to reduction of the noise, since at
lower temperatures these two-level systems will freeze into local energy minima.
The chemical stability, high degree of regularity and detailed knowledge of the
electronic and mechanical structure of carbon nanotubes provide the right ingre-
dients to study the origin of 1/f noise in detail. This, however, is beyond the
scope of this brief chapter.

As an example of how the low-frequency noise affects the performance of
a nanotube device, we have studied the noise properties of the double-buckle

sample in Fig. 7.1b. In these samples, the addition of a single electron to the



Ch.7 1/f noise in carbon nanotubes 7

—~ 100 T
< .
8
1E-5 E S =~ =
E 3 3
(%]
Q
T 1ol :
10 100
1E-6 | Temperature (K)

1E-7 |

Excess 1/f noise amplitude A

10 100
Temperature (K)

Figure 7.3: Excess 1/f noise power versus temperature for a single carbon nan-
otube. Plotted is the proportionality constant A of the 1/f noise spectral density
Sy = AVch /[ as obtained from an analysis of the voltage and frequency dependence
as is shown in Fig. 7.1. The inset shows the temperature dependence of the resistance

of the nanotube. The lines are guides to the eye.

island between the two buckles costs a large energy due to the Coulomb charging
of the island [14]. When the thermal energy kg7 is smaller than this charging
energy, current is blocked. The blockade can be lifted, however, by increasing
the electrostatic potential of the nanotube by means of a conducting nearby gate.
Current can then flow. If the gate voltage is increased further, however, current is
again blocked. This leads to a series of current peaks as a function of gate voltage,
see Fig. 7.4a. The noise at 10 Hz has been measured versus gate voltage. Again
peaked features are observed, see Fig. 7.4b. To characterize the performance of
such a single-electron transistor, one determines how accurately charge on the
gate can be measured. Thus, the measured current noise v/S; is divided by
the gate voltage sensitivity (dI/dVj), and multiplied by the gate capacitance
to obtain the so-called input equivalent charge noise guoise = Cyv/S1/(dI/dVy),
which is being displayed in Fig. 7.4c. [15] It diverges periodically (with a period
twice as small as the distance between current peaks), every time the gate voltage

sensitivity vanishes. In between, it reaches its optimum value of 2x 10~3¢/+/Hz at
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Figure 7.4: Noise characteristics of the carbon nanotube single-electron transistor
shown in Fig. 7.1b at 60 K and 10 Hz. Both current and current noise depend on the
gate voltage as is visible in (a) and (b). Both are fit (solid lines) with a superposition of
Coulomb conductance peaks [13]. In (c), the results of these fits are used to determine
the input equivalent charge noise of the device.

the gate voltage indicated by the vertical dashed lines. This compares favorably
to values gnoise = 0.5 x 1073 e/\/m for conventional single-electron transistors
which operate at mK temperatures [16], because the data on the nanotube device
are obtained at 60 K and the noise is reduced considerably as a function of
temperature (see above).

We conclude with an estimate of the measurement bandwidth needed to ob-
serve shot noise Sy = 2elpe, which is a good approximation of the bandwidth
needed to observe reduced shot noise or bunching/anti-bunching type effects. For
this estimate we — optimistically — assume that samples may be fabricated with a

10 k€ resistance and a 1/ f noise power amplitude A ~ 1078 and we focus on the
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properties at 4 K. For simplicity we assume that all the amplifier noise can be
reduced sufficiently such that only the thermal noise of the sample (2.2 x 10726

A%/Hz) dominates at low current. The total noise may then be written as
Sr = 4kBT/R + 2elpc + AI%)C/f

For the observation of shot noise, we obviously require that n = (4kgT/R +
A% o/ f)/2elpc < 1, from which we deduce two boundary conditions for I_ <
Ipc < I. At low current Ipc < I = 4kgT/n2eR, the thermal noise dominates,
whereas at high current Ipc > I, = 2efn/A the 1/f noise dominates. Finally
we require that I, > I_ since one needs to observe the current dependence of
the shot noise. If an experimental uncertainty of 10 % is sufficient (n = 1/10)
and I, /I_ = 10, we find f > 2.2 MHz. This frequency range is not accessible

with our current setup, but is certainly accessible with a dedicated setup.
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Summary

This thesis presents the results of electron-transport experiments performed on
individual single-wall carbon nanotubes. Carbon nanotubes are molecules en-
tirely made of carbon atoms. Owing to their special shape, they are extremely
stiff but also very flexible. The electronic properties are determined by the exact
symmetry of the nanotube lattice, resulting in either metallic or semiconduct-
ing behavior. Due to their small diameter, electronic motion is directed in the
length direction of the nanotube, making them ideal systems to study e.g. one-
dimensional transport phenomena (Ch. 1).

First, we present mK-temperature non-linear current-voltage characteristics of
an individual single-wall carbon nanotube as a function of magnetic field (Ch. 2).
The measurements show Coulomb blockade and resonant tunneling through single
molecular levels. Correlations between the addition spectrum and the excitation
spectrum are observed and the magnetic field dependence of the addition and
excitation spectra is discussed.

Then, we report electrical transport measurements on carbon nanotubes with
naturally occurring intramolecular junctions (Ch. 3). We find that a metal-
semiconductor junction behaves like a rectifying diode with nonlinear transport
characteristics that are strongly asymmetric with respect to bias polarity. In the
case of a metal-metal junction, the conductance appears to be strongly suppressed
and it displays a power-law dependence on temperatures and applied voltage,
consistent with tunnelling between the ends of two Luttinger liquids.

In order to further study carbon nanotube intramolecular junctions, we de-
veloped an atomic force microscope (AFM) manipulation technique (Ch. 4). The
tip of the AFM can be used to create carbon nanotube junctions by changing the
position and shape of individual single-wall carbon nanotubes on a SiO, surface.
With this manipulation technique, we are able to bend, buckle, cross, and break
nanotubes, and to unravel a nanotube ‘crop circle’ into a single tube. Tapping-
mode AFM measurements of the height of a carbon nanotube on the surface
always yield values smaller than the nanotube diameter. Variation of the scan
parameters shows that this is due to a tapping deformation by the tip. The tap-
ping deformation of manipulated nanotube crossings and buckles is discussed as
well.

Using this manipulation technique, we have created nanotube junctions such
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as buckles and crossings within metallic carbon nanotubes connected to elec-
trodes (Ch. 5). The electronic transport properties of these manipulated struc-
tures show that they form electronic tunnel junctions. The conductance shows
power-law behavior as a function of bias voltage and temperature, which can be
well modeled by a Luttinger liquid model for tunneling between two nanotube
segments separated by the manipulated junction.

Room-temperature single-electron transistors can be realized within individ-
ual metallic single-wall carbon nanotube molecules as shown in Ch. 6. The devices
feature a short (down to 20 nm) nanotube section that is created by inducing lo-
cal barriers into the tube using the AFM. Coulomb charging is observed at room
temperature, with an addition energy of 120 meV which significantly exceeds the
thermal energy. At low temperatures, we resolve the quantum energy levels corre-
sponding to the small island. We observe unconventional power-law dependencies
in the measured transport properties for which we develop a resonant-tunneling
Luttinger-liquid model.

The low-frequency electronic noise properties of individual single-wall metallic
carbon nanotubes are investigated in Ch. 7. The noise exhibits a 1/f frequency
dependence and a V2 voltage dependence. The noise power at 8 K appears
to be three orders of magnitude smaller than at 300 K. As a demonstration of
how these noise properties affect nanotube devices, a preliminary investigation of
the noise characteristics of a fabricated intramolecular carbon nanotube single-

electron transistor is presented.

Henk Postma
Delft, October 2001



Samenvatting

In dit proefschrift beschrijven we resultaten van experimenten die zijn uitge-
voerd op individuele enkelwandige koolstof nanobuizen. Koolstof nanobuizen
zijn moleculen die slechts bestaan uit koolstofatomen. Dankzij de speciale vorm
die zij hebben, zijn ze zowel heel sterk als ook flexibel. De elektrische gelei-
dingseigenschappen worden bepaald door de exacte symmetrie van het nanobuis
rooster, waardoor ze of een metallische danwel een halfgeleidende eigenschap kun-
nen hebben. Omdat ze een zeer kleine diameter hebben, verplaatsen de elektro-
nen zich in de lengterichting van de nanobuis. Daarom zijn koolstof nanobuizen
een modelsysteem om ééndimensionale geleidingseigenschappen te onderzoeken
(Hfst. 1).

Om te beginnen tonen we niet-lineaire stroom-spannings karakteristieken van
een individueel enkelwandige koolstof nanobuis verkregen op mK temperatuur
als functie van het magneetveld (Hfst. 2). De resultaten laten Coulomb blokkade
zien en resonant tunnelen door individuele moleculaire toestanden. We ontdekken
correlaties tussen het additie- en het excitatiespectrum en we beschrijven de mag-
neetveldathankelijkheid van de additie- en excitatiespectra.

Hierna beschrijven we elektrische transportmetingen aan koolstof nanobuizen
met toevallig aanwezige intramoleculaire verbindingen (Hfst. 3). We ontdekken
dat een metaal-halfgeleider verbinding zich gedraagt als een gelijkrichtende diode
met niet-lineaire transportkarakteristiecken met een zeer asymmetrische span-
ningsathankelijkheid. Bij een metaal-metaal overgang vinden we dat de geleiding
sterk onderdrukt is en als een machtswet afhangt van de temperatuur en aan-
gelegde spanning, consistent met tunnelen tussen de einden van twee Luttinger
vloeistoffen.

Om koolstof nanobuis intramoleculaire juncties verder te bestuderen, hebben
we een manipulatietechniek ontwikkeld op basis van de atomaire kracht mi-
croscoop (AFM) (Hfst. 4). Door met de punt van de AFM de plaats en vorm
van individuele enkelwandige nanobuizen op een SiO, oppervlak te veranderen,
kunnen we koolstof nanobuis juncties maken. We laten zien hoe we op deze
manier nanobuizen kunnen buigen, knikken, kruisen en breken. Ook tonen we
hoe we een koolstof nanobuis cirkel ontrafelen tot een enkele nanobuis. Bij het in
beeld brengen van koolstof nanobuizen op een oppervlak met de AFM in de zgn.

tapping-mode lijken de buizen altijd lager dan de diameter van de nanobuis. Door
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de instellingen van de AFM te veranderen laten we zien dat dit komt doordat we
de nanobuis met de punt van de AFM indrukken. Hetzelfde effect treedt ook op
bij nanobuis kruisingen en knikken.

Met deze manipulatietechniek hebben we kruisingen en knikken gemaakt in
koolstof nanobuizen die met meetelektroden verbonden zijn (Hfst. 5). De elek-
trische geleidingseigenschappen van deze juncties laten zien dat ze elektrische
tunneljuncties vormen. De geleiding hangt als een machtswet af van de tem-
peratuur en de aangelegde spanning, hetgeen goed beschreven wordt door een
Luttinger vloeistof model voor het tunnelen tussen de twee segmenten aan weers-
zijden van de junctie.

Enkel elektron transistoren die werken bij kampertemperatuur zijn gemaakt
in individuele enkelwandige metallische koolstof nanobuizen, zoals we laten zien
in Hfst. 6. Deze transistoren bevatten een kort nanobuis segment (vanaf 20 nm)
dat is gemaakt door met de AFM plaatselijke barrieres te induceren. We zien
Coulomb ladingsgedrag op kamertemperatuur met een additie-energie van 120
meV, hetgeen significant hoger is dan de thermische energie. Op lage tempe-
raturen zien we de quantum energieniveaus van het kleine eiland. Ook zien we
dat de geleidingseigenschappen onconventionele machtswetten volgen. Om dit te
beschrijven ontwikkelen we een resonant tunnelmodel op basis van de Luttinger
vloeistof theorie.

In Hfst. 7 bestuderen we de laagfrequente elektronische ruiseigenschappen van
individuele enkelwandige metallische koolstof nanobuizen. Deze ruis vertoont een
1/f frequentie- en een V? spanningsafhankelijkheid. Het ruisvermogen is op een
temperatuur van 8 K drie ordegrootten kleiner dan op 300 K. We laten een ana-
lyse van de ruiseigenschappen van een intramoleculaire koolstof nanobuis enkel
elektron transistor zien als een voorbeeld van de invloed van deze ruiseigenschap-

pen op de prestatie van componenten op basis van koolstof nanobuizen.

Henk Postma
Delft, oktober 2001
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