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Chapter 1

Introduction

The properties of nanoscopic objects depend critically on the position of each atom,
since finite-size and quantization effects play an important role. For carbon nano-
tubes, for example, the electronic, mechanical, and vibrational properties vary sig-
nificantly depending on their structure. Depending on the structure, a nanotube can
be e.g. either metallic or semiconducting with varying band-gaps. In investigations
on nanometer-sized objects often the problem arises that the true nature of the ob-
ject is not fully known. The interpretation of such measurements then depends on
assumptions, and leads to unclear conclusions.

Yet, most investigations on individual carbon nanotubes are carried out on ob-
jects with unknown structure. After more than a decade of intensive research in
carbon nanotubes it is still not possible to sort or grow a specific single nanotube
structure, as defined by the tube indices (n,m). All production and sorting proce-
dures end up with a mixture of different indices. For practical applications, it might
be sufficient to sort metallic from semiconducting nanotubes. But for understand-
ing the physics of a single molecule, it is desired to know the precise structure of
the object under investigation.

The analysis of individual single-walled nanotubes (SWNTs) is commonly
done by Raman spectroscopy or electric transport measurements, providing in-
formation about the vibrational properties and electronic structure. In the case of
Raman spectroscopy, the nanotube structure can be sometimes derived from the
spectroscopic data by a modelization of electronic and vibrational properties. But
no previous work exists where an unambiguous independent identification of the
SWNT lattice structure is possible on the same nanotube as the Raman or transport
measurement.

This very problem was solved in this work by developing a versatile approach
that facilitates an electron diffraction analysis in a transmission electron micro-
scope (TEM) in combination with a wide range of experimental techniques on
the precisely same nano-object. I present an analysis of Raman active vibrational
modes of individual single-walled carbon nanotubes, with an independent and un-
ambiguous identification of the nanotube lattice structure by electron diffraction. I
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12 CHAPTER 1. INTRODUCTION

also present electronic transport measurements, partly in a transistor configuration,
again with an independent characterization of the same object by high-resolution
transmission electron microscopy and electron diffraction. The results allow a ver-
ification of conclusions drawn from previous experiments on unidentified nano-
tubes.

Further, I show various novel devices based on individual single-walled car-
bon nanotubes. These include free-standing contacted nanotubes for TEM in-situ
transport measurements, and nanoelectromechanical devices, comprising individ-
ual SWNTs as molecular-scale motion-enabling element. The in-situ transport
measurements provide important data on modifications of the metal-nanotube con-
tact, and allow a visualization of nanotube breakdown. The nanoelectromechan-
ical devices demonstrate the enormous potential for carbon nanotubes in future
integrated devices that may be not only electronically but also mechanically active.

The common aspect in all these experiments is that they are carried out on in-
dividual molecules that are precisely characterized, by high-resolution TEM and
electron diffraction. This is a new quality not common in investigations on this
class of materials. It may thus provide a direct test e.g. for molecular dynamics
simulations. We expect that the developed techniques are also applicable to mea-
surements on various other nanostructures and nanomaterials, or different types of
combined investigations.



Chapter 2

Carbon nanotubes - Structure
and properties

Carbon nanotubes are long hollow cylindrical molecules made up solely from car-
bon. Most of the fascination for this novel material, and many of its unique prop-
erties, stem from the unusual structure and aspect ratio. The cylinder is made up
from a single layer of sp

�

bonded carbon, with a hollow inner channel, a diameter
of a few nanometers, and a length of typically several micrometers. They are of-
ten considered as truly one-dimensional systems and exhibit unusual electrical and
mechanical properties.

13



14 CHAPTER 2. CARBON NANOTUBES - STRUCTURE AND PROPERTIES

2.1 Structure

The carbon nanotube can be considered as a graphene sheet rolled into a cylinder
(graphite is a layered three-dimensional material, and a single layer of graphite
is called 2D graphite, or a graphene layer). The structural indices (n,m) of the
nanotube define how the nanotube would be formed from the graphene sheet. This
is illustrated in Fig. 2.1.

a

a

Rolling angle for (8,3)

Rolling direction
for (8,3)

a2

1

b (8,3)

(5,5)

(10,0)

(0,0) (2,0)

(1,1)

(3,0) (4,0)

(2,2)

(10,0)

(5,5)

(8,8)

(18,0)

(18,3)

(8,0)

(8,3)

"Zigzag"
direction

"Armchair"
direction

(3,8)

Figure 2.1: (a) A planar graphene sheet with a coordinate system (red arrows).
Starting from (0,0) each hexagon (n,m) in the plane is reached by n and m steps
along the graphene lattice vectors a � and a � . The carbon nanotube is formed by
rolling the graphene sheet so that the hexagons (0,0) and (n,m) coincide. For ex-
ample, the (8,3) nanotube is formed by rolling the graphene sheet with an angle
and radius so that the hexagons denoted by (0,0) and (8,3) coincide on the cylinder
surface. The (3,8) nanotube is mirror-symmetric to the (8,3) (left and right-handed
enantiomers). (b) (8,3) nanotube, (10,0) “zigzag” nanotube, and (5,5) “armchair”
nanotube.

If the indices are (n,0) or (n,n), the nanotubes are achiral molecules. They are
denoted as “zigzag” (n,0) and “armchair” (n,n), due to the shape of the graphene
sheet edges (or tube ends). The remaining nanotube species (n,m) with m

�� 0 and
n

�� m are chiral molecules, i.e. they are not identical with their mirror images. The
two enantiomers can be represented as (n,m) and (m,n). However in many cases it
is of no importance whether the right- or left handed enantiomer is present, and the
nanotube is simply indexed as (n,m) with 0<m<n.

We use here, like in the majority of recent literature on carbon nanotubes, base
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vectors including an angle of 60 � . However we note that sometimes base vectors
with an angle of 120 � are used (e.g. in [1, 2]), which leads to different indices for
the same nanotube.

From the indices (n,m), and the length of the carbon-carbon bond ����� we can
calculate the diameter

�
of the nanotube

� �

� �	� �
���
�

�� � ��� ��� � � �

(2.1)

and the rolling angle � as indicated in Fig. 2.1:

� �������������
� �����

 � � � � ��� � � � (2.2)

The structure described above is a single-walled carbon nanotube (SWNT). It is
the molecule mainly investigated in this work. There exist also multi-walled carbon
nanotubes (MWNTs), which consist of multiple concentric SWNTs, stacked with
an inter-wall distance close to that of graphite.

ba c

Figure 2.2: TEM images of SWNTs. (a) Short bundle of arc-grown SWNTs. (b)
Small diameter CVD grown individual SWNTs. (c) SWNT oriented so that the
direction of view is along the tube on a short segment of the curved nanotube. The
images were obtained in a Philips CM200 microscope operated at 120kV. All scale
bars are 5nm. The object near the crossing point of the tubes in (b) is a blind spot
on the camera.

The structure of carbon nanotubes is confirmed by diffraction experiments
(Chapter 4), atomic resolution STM imaging [3, 4, 5, 6], and atomic resolution
TEM imaging [7, 8, 9].

As an alternative approach to the rolled-up graphene sheet, a carbon nanotube
can be described as a set of helices, where each helix is a chain of carbon atoms
(Fig. 2.3). This approach is useful for an analytic description of the carbon nano-
tube diffraction pattern [10, 11, 12, 13, 14] by using the same concepts as for DNA
and other helical structures [15].
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Figure 2.3: Building a carbon nanotube from a set of helices (from [12]).

2.2 Electronic properties

2.2.1 Prerequisites

2.2.1.1 One-dimensional systems

The properties of a physical system depend on its dimensionality. In a one-
dimensional system, the electron is free to move in one direction, while it is con-
fined in the other two directions. We choose the x-axis to be along the nanotube,
and assume for the moment that the potential for the conduction electron only de-
pends on the other two coordinates, y and z:

� � ���������
	 (2.3)

With an ansatz � ����������
	 ��� �������
	
����������������	 for the Schrödinger equation
we obtain the energy eigenvalues

� � �
� � ��
 � � �"!

(2.4)

where only the discrete values
�#!

depend on the shape of the potential. The
density of states in one dimension is

$%�&�'	)( *+-,.�/�0�1	 (2.5)

so we obtain
$%�&�'	2( �� 3�453�6 (Fig. 2.4)

We see that the density of states diverges for energies
� � �7! . These points

are the so-called Van Hove singularities. In reality the potential also depends on
the coordinate along the tube axis. But the potential

�����8���9���
	
must be a periodic

function of the axis coordinate. As a result, the dispersion relation
�:�0�1�
	

and
density of states

$;�&�<	
are different from that of a free electron. But in any case, in

Eq. (2.5), a divergence in the density of states occurs where
+=,>�/�0�1	 �@? , so we

see that the Van Hove singularities are solely related to the dimensionality.

2.2.1.2 Charge transport

Each branch in the dispersion relation
�:�0�1	

contributes to the density of states as
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Figure 2.4: Dispersion relation and density of states in one dimension

$;�&�<	 ������ � *+-, �/�0�1	 (2.6)

where ��� is the spin degeneracy factor (here ��� �  	
. The velocity of an

electron is

� � *
�
+ ,.�:�0�1	��

(2.7)

The current can be calculated as	�
 �� ������ $%�&�'	 � �&�'	 ����� ���� 
 (2.8)

where we consider separately the contributions of electrons with negative ’-’
and positive ’+’ velocity. In an equilibrium ��� � � 4 and the total current

	 �	 ��� 	 4 is zero. However if there is a contact between two reservoirs with a
potential difference ��� � ������� 4 , we obtain a current

	 ����� �� � ������� 4 	 � ��� � �� � � (2.9)

Equation 2.9 is derived for the idealized case of a point contact between two
reservoirs. It is valid if the electron transport between the reservoirs occurs without
scattering (Fig. 2.5). Note that Equation 2.9 is independent from the actual density
of states. The ratio !

� �
	� � � � � �� (2.10)

is the conductance quantum. The inverse of

!
� corresponds to a resistance of" � � *

!
�$# *  �&% k ' (2.11)
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a b

Figure 2.5: (a) Transport across a quantum point contact between two reservoirs
at potentials � � and � � . (b) Ballistic transport between two spatially separated
reservoirs, at a distance � and connected via � conducting channels (from [16]
with modifications).

The above considerations were made for a single branch in the dispersion rela-
tion. In the general case there are � occupied so-called conduction channels that
contribute to the current. Thus, the conductance is a multiple of the conductance
quantum: !

� �
�
!
� (2.12)

A number of � �  
channels are expected to contribute to the electronic

transport in a carbon nanotube.
Ballistic transport is given if electron transport occurs without scattering, as

described above, but between spatially separated reservoirs. The connection be-
tween the reservoirs is then called a ballistic conductor. In this case the conductiv-
ity is again expected to be a multiple of

!
� . The entire energy is dissipated in the

contacts.
Ballistic transport is possible if the length of a conductor � is smaller than the

momentum and phase relaxation lengths ��� and ��� .

2.2.2 Electronic structure of the carbon nanotube

The band structure of a carbon nanotube can be approximated by imposing cyclic
boundary conditions on the band structure of planar graphene. The reciprocal lat-
tice of the two-dimensional hexagonal structure is again a hexagonal lattice, but
rotated by 90 � . The dispersion relation of graphene is shown in Fig. 2.6. It is
calculated in a tight binding approximation for the � electrons, which determine
the transport properties because the � orbitals are fully occupied [16]. The 2D
graphene sheet is semi-metallic with a linear dispersion relation near the K point
and the Fermi level crossing through the K points.

We can now consider the cyclic boundary condition imposed by wrapping the
graphene sheet into a tubular structure. The electron wave vector along the tube
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a b

Figure 2.6: Dispersion relation in the first Brillouin zone for planar graphene. (a)
A three-dimensional representation showing the conduction (upper) and valence
(lower) band. The Fermi level crosses precisely through the K points. (b) Colour-
coded representation of the conduction band Energy, with the first Brillouin zone
indicated by the hexagon. Shown as inset is the dispersion relation along the high
symmetry directions. Images are from [17].

axis
���

is not restricted. The wave vector on the circumference
���

must now obey
the relation

 � � � ��� � �

where
�

is the diameter of the nanotube. The remaining allowed wave vectors
can be represented as a set of lines in the dispersion relation of graphene (Fig. 2.7).

In graphene, the conduction and valence band intersect only in the K points.
If the graphene sheet is wrapped so that an allowed state remains on the K point,
we obtain a metallic carbon nanotube. Otherwise, the nanotube is semiconducting.
From these geometrical arguments it can be derived that nanotubes with indices
(n,m) where

� � � can be divided by 3 will have an allowed state on the K point
of the graphene sheet. Therefore, they are expected to be metallic. The remaining
tubes are semiconducting, with a band gap proportional to the inverse of the diam-
eter. More precise calculations [18] find that in reality most “metallic” nanotubes
also have a tiny band gap induced by the curvature of the graphene sheet, and are
in fact small band gap semiconductors. This has been confirmed by low temper-
ature scanning tunnelling microscopy and spectroscopy measurements [19]. We
conclude that the electronic properties of a carbon nanotube sensitively depend on
the lattice structure. As a summary the following tube species are possible:

1. Semiconducting nanotubes, where
� � �

is not an integer multiple of 3.
The band gap is

( *�� � , and in the order of 0.3-1.0 eV for common SWNT
diameters.
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Figure 2.7: Allowed states in the 1st Brillouin zone of graphene, after imposing
cyclic boundary conditions due to wrapping the graphene sheet into a cylinder. If
there are allowed states on the K-point of the graphene reciprocal lattice, we obtain
metallic carbon nanotubes, otherwise, the nanotube is a semiconductor. (a) is for
an armchair nanotube (which is always metallic), (b) semiconducting chiral tube,
(c) (quasi-) metallic chiral tube, (d) semiconducting zigzag tube.

2. Quasi-metallic (small band gap semiconducting) nanotubes. Here,
� � �

is an integer multiple of 3, but
� ��

�
. The gap is

( *�� � �

and also angle
dependent. It is <0.02 eV for typical SWNT diameters.

3. Metallic nanotubes (with no curvature-induced small band gap) are the “arm-
chair” types (

�
�
�

).

Figure 2.8 shows calculated and measured electronic density of states (DOS)
vs. energy for individual SWNTs. The Van Hove singularities, as expected for
a one-dimensional system, are clearly observed. The semiconducting nanotubes
have a vanishing DOS near the Fermi energy, and the band gap is given by the
distance of the two nearest Van Hove singularities.

2.2.3 Transport properties

We have described above the expected behaviour for an ideal ballistic conduc-
tor. Ballistic transport has been shown in nanotubes [20, 21, 22], but the ideal
behaviour is rarely observed. In most real devices the two-point transport charac-
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Figure 2.8: (a) Calculated density of states (DOS) for a (16,07) quasi-metallic and
(14,10) semiconducting nanotube (data from [17]). The energy is given relative to
the Fermi energy of the undoped tube. (b) DOS obtained from scanning tunnelling
spectroscopy (STS) experiments after [19]. The STS data shows the curvature-
induced band gap in metallic zigzag-type nanotubes. The Van Hove singularities
are also clearly observed. The indices were derived from atomically resolved STM
images on the same nanotube. Shown below each line is the calculated DOS for
comparison.

teristic is dominated by the contact resistances. Also the nanotube itself can decay
into several electronically separated or weakly coupled sections e.g. due to defects
[23].

A measurement from [21], where an AFM tip is used as a local voltmeter,
is shown in Fig. 2.9. This measurement confirms that the potential drop occurs
primarily at the contacts, not along the nanotube bundle. With this method also the
presence of isolated defects, leading to separated, weakly coupled tube segments,
was observed [23].

Figure 2.10a shows the schematic of a carbon nanotube contacted in a widely
used two-point probe / field effect transistor (FET) configuration. The nanotubes
are either absorbed on the substrate from a suspension, or grown directly on the
substrate. Metal contacts are fabricated by lithographic means, in our case by elec-
tron beam lithography. The highly doped substrate, separated from the nanotube
by an insulating oxide layer, serves as gate electrode. An effective gate electrode
is important for investigating the electronic properties of a SWNT. Figure 2.10d
shows the transfer characteristic of this device. The red part of the curve is the
p-conduction regime. As-prepared SWNTs are usually p-doped. If the coupling to
the gate is weak, only the p-conduction regime is measured (which is very often
the case). In this sample the tube can also be tuned to the n-type conduction regime
(the green part of the curve in Fig. 2.10d).
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a

b

Figure 2.9: Scanned probe microscopy of the electric transport in a carbon nano-
tube, after [21]. (a) Schematic of the measurement. Electrostatic force microscopy
is employed to use an AFM tip as local voltmeter. (b) The potential profile along
the nanotube bundle is nearly constant, while the potential drops at the metal-
nanotube interface.

2.2.4 Schottky barriers

At the interface between a semiconducting and a metallic region it is well known
that a Schottky barrier is formed. The height of these barriers depend on the work
function, and can be varied and minimized by an appropriate choice of materials.
A Schottky barrier also forms at the interface between a semiconducting carbon
nanotube and the metal contact.

The band bending for a carbon nanotube in a transistor configuration, with a
bias between source and drain, is shown qualitatively in Fig. 2.11. Fig. 2.11a cor-
responds to the “off” state: The source and drain energy levels are within the band
gap of the nanotube. In Fig. 2.11b the band edges of the nanotube are shifted by a
negative gate voltage. The FET is in the “on” state, dominated by hole conduction.
The Schottky barrier at the source and drain is overcome by tunnelling and thermal
emission processes.

As shown in Fig. 2.10 it is sometimes also possible to reach an n-type electron
conduction regime at positive gate voltages. However, this is not achieved regularly
because most as-produced SWNTs are p-doped, probably by exposure to oxygen.
It therefore requires much higher gate potentials to reach an n-conduction regime,
and this is often outside the gate voltage limits given by the breakdown field of the
insulators.

2.3 Vibrational properties and Raman spectroscopy

Vibrational properties of a molecule can be probed by Raman spectroscopy. When
light is scattered from a molecule, a very small fraction of the light is scattered
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Figure 2.10: (a) Carbon nanotube contacted in a two-point probe configuration
(schematic). The tube is absorbed or grown on a Si substrate with an isolating oxide
layer. Metallic contacts are prepared by electron beam lithography. A field-effect
transistor (FET) configuration is obtained e.g. by using a highly doped substrate as
gate (G), and the metal contacts as drain (D) and source (S). (b) AFM image (3D
representation) of a carbon nanotube with metal contact. The height of the metal
is #  
	 ���

, the contact distance (effective CNT length) # � ?�? ��� . (c) typical
current-voltage characteristic and (d) FET transfer characteristic of the same de-
vice. The red part of the curve is the p-conduction regime, while the green curve is
the n-type region. Our measurements on this device are discussed in section 6.1.2.

at optical frequencies different from that of the incident photons. This inelastic
scattering process can occur with a change in vibrational, rotational or electronic
energy of the molecule. Here we will only consider the scattering events associ-
ated with a vibrational mode of our molecules. The Raman process is a three-step
process consisting of (i) an absorption of the photon into an electronic excitation of
the molecule, (ii) generation or absorption of a phonon, (iii) emission of a photon
(Fig. 2.12).

The probability for the above described process is very low (
(

1 in * ?�� pho-
tons) because it involves the excitation to a virtual level which is only allowed for
a very short time within the uncertainty principle. The probability is strongly in-
creased, typically by a factor of * ? � � * ?� , if the transition for either the absorbed
or the emitted photon coincides with an electronic transition of the molecule. This
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Figure 2.11: Band diagram for a semiconducting nanotube with metallic contacts
and a finite bias

�
ds between source and drain (from [24]). The gate voltage affects

the energy levels in region (ii). (a) Current flow is suppressed for gate voltages
corresponding to the “off” state of the field effect transistor. Depending on bias
and gate voltage, the band bending in region (iii) could also be oriented as in (i),
which would lead to an additional barrier at the drain. (b) Significant tunnelling
of holes (h) through the Schottky barrier occurs at sufficiently high negative gate
voltages, corresponding to the “on“ state of the FET.

is called resonant Raman spectroscopy. In the case of carbon nanotubes the cross
section for a resonant Raman process is so large that it is actually possible to anal-
yse the vibrational modes of individual SWNTs in this way. Further, it is possible
to obtain information about the electronic transitions from the photon energies at
resonance.

Figure 2.13 shows two examples of Raman active vibrational modes in single-
walled carbon nanotubes. The so-called radial breathing mode (RBM) is a fin-
gerprint of single-walled carbon nanotubes. Then there is a set of modes called
tangential modes (TM), which are also found in planar graphite, but which are di-
ameter and angle dependent in the carbon nanotube. The Raman shift � is given
as

� � *���������
	����� � *� � �����
������	 (2.13)

and typical values are * ?�? � � � � ?�? cm
4

� for the RBM (diameter dependent) and
* 	 ?�? � *�� ?�? cm

4
� for the TM. Further, there is a feature between * � ?�? and

* � 	 ? cm
4

� called D-line which is associated with defects and amorphous carbon.
A small D line is generally interpreted as indication of a good sample quality.

Figure 2.14 shows a typical Raman spectrum obtained from an individual
single-walled carbon nanotube. Clearly visible is the RBM and two tangential
modes, while the D mode is hardly visible. Just precisely how the Raman active
vibrational modes depend on the nanotube structure is still a topic of discussion.
In chapter 5 it will be addressed by a direct measurement of Raman modes on
individual nanotubes with indices identified by electron diffraction.
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Figure 2.12: Energy level diagram for Raman scattering. The molecule is excited
to a virtual state and almost immediately de-excited, with a small energy difference
correspondig to a change in vibrational energy. In the Stokes process (a), the inci-
dent photon is absorbed, a phonon is generated, and the excitation relaxes (electron
- hole pair recombines) by emission of another photon. In the anti-Stokes process
(b) a thermally excited phonon is absorbed, and a photon with a slightly higher en-
ergy is emitted. The ratio of the anti-Stokes to Stokes intensity is a measure of the
temperature. (c) If either the incident or the scattered photon energy matches an
electronic transition, the Raman signal is strongly increased (resonant Raman scat-
tering). Depicted in (c) is the DOS for a semiconducting nanotube and an incident
photon matching the energy difference between the second Van Hove singularities.
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TMRBM

Figure 2.13: Raman-active vibrational modes of carbon nanotubes. (a) The so-
called radial breathing mode (RBM) is a prominent feature of the tubular nano-
structure, and not present in planar graphite. (b) is an example of a tangential
mode (TM). In analogy to graphitic Raman modes it is often also called G-mode,
or high-energy mode (HEM).
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Figure 2.14: (a) Stokes and anti-Stokes spectra of the RBM measured on an in-
dividual free-standing single-walled carbon nanotube. (b) TM range of the same
nanotube. Two tangential modes are observed. The D mode is very small. The
experimental procedure is described in chapter 5.



Chapter 3

Sample preparation

The experimental techniques developed within this work make it possible to per-
form various measurements on carbon nanotubes with identified structural indices
(n,m). As described in the next chapter, the nanotube structure can be unam-
biguously identified by electron diffraction in a transmission electron microscope
(TEM). In a TEM, as the name implies, the transmitted electrons have to reach
the detector. Measurements on individual carbon nanotubes, however, are most
commonly carried out on nanotubes lying on a substrate. Therefore, with the es-
tablished techniques, TEM and Transport, Raman or AFM investigations on the
same object are mutually exclusive. Further, the developed methods allow a prepa-
ration of novel devices for in-situ electrical and mechanical measurements.

3.1 Principle of sample preparation

The common principle behind all samples prepared for TEM and electron diffrac-
tion analysis in this work is a free-standing structure prepared on the edge or corner
of a substrate. The structures are prepared by electron beam lithography and made
free-standing in an etching process. Structures that reach out across the edge of the
substrate can be investigated by TEM, while objects on a bulk substrate can not.

3.1.1 Underetching sideways from the cleaved edge

Underetching a metal structure from the side of the cleaved edge makes it possible
to design almost arbitrary free-standing structures by electron beam lithography.
It is therefore a highly versatile approach that facilitates many different types of
experiments. Figure 3.2 illustrates the procedure. Before etching, the nanotube is
on the substrate. At this point, transport measurements can be carried out in which
the substrate (with insulating layer) serves as gate. After etching, the nanotube
is free-standing, held in place by the metal structure. It can now be investigated
by TEM. Also, it is possible to do transport measurements (without back-gate), or
Raman spectroscopy on the free-standing nanotube.

27
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Figure 3.1: Idea behind the sample preparation: A structure on the edge or corner
of a substrate can be investigated by TEM, but objects above the bulk substrate can
not.

(a) (b) (c) (d)

Figure 3.2: Principle of sample preparation: (a) The desired structure, here two
contacts on a nanotube, is prepared close to a cleaved edge of the substrate. (b) An
etching process removes the volume indicated by the dashed lines. (c) The result is
a structure that reaches out across the side edge of the substrate. (d) Viewed from
top, the contacts with the nanotube can be investigated in a transmission electron
microscope since the substrate is no longer in the line of sight.
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Figure 3.3: (a) Free-standing tubes above the substrate can be prepared by under-
etching e.g. with buffered HF. (b) If they are prepared very close (1-2 � m) to the
edge of the substrate, they are accessible by TEM under a viewing angle nearly par-
allel to the substrate surface. The line of sight is now along the trench across which
the nanotube is suspended. (c) TEM image of an underetched metal block close
to the sample edge (with some debris on top). (d) TEM image of a free-standing
individual SWNT prepared in this way. Scale bar 50nm (c) and 100nm (d).

This concept is used in the vast majority of experiments shown here, and will
be described with experimental details in section 3.2. Figure 3.4 shows an example
of a free-standing grid structure prepared in this way.

3.1.2 Isotropic underetching near the corner

Another approach is to prepare a free-standing nanotube, raised above the substrate
level, very close to a corner of the substrate. In this way, the bulk substrate is still
very close to the nanotube and may serve as a gate. However, only nanotubes
very close to the edge (1-2 � m) are visible. Although a promising solution, the
aforementioned procedure turned out to be more practical and versatile, so that
this method was only rarely used for actual measurements. Figure 3.3 shows the
principle and example of these samples.

3.2 Experimental details

3.2.1 Nanotube growth and deposition on substrates

For most experiments shown here, the carbon nanotubes are grown by chemical
vapour deposition on highly doped Si substrates with a 200nm oxide layer. One
of the processes is described in detail in [25, 26]. Shortly, Ni nanoparticles with a
diameter of # 	 ���

are dispersed in ethanol and deposited on the substrate by spin
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coating. Then, nanotube growth takes place at 850 � C in a flow of mostly H � and
Ar, mixed with less than 1% of C � H  or CH  as carbon feedstock. The density of
the nanotube network obtained in this way can be varied within a wide range by
adjusting the density of the catalyst particles, the feedstock gas, and growth time.
We also used smaller diameter tubes grown at 600 � C (growth process described in
[27]). In any case, we find that if the density of the grown nanotubes is low enough,
a majority of individual nanotubes is obtained. At higher densities, nanotubes tend
to combine into small bundles or ropes.

Alternatively, nanotubes can be deposited from a suspension. For this
purpose, nanotubes are mixed with a 1% SDS (Sodium Dodecyl Sulphate)
solution by ultrasonic agitation. The silicon dioxide surface of the sub-
strate is modified by treatment with 3-aminopropyltriethoxysilane or N-[3-
(trimethoxysilyl)propyl]ethylenediamene, leading to a surface terminated by long
chain molecules with ammonium groups. The thus modified substrate is dipped
into the nanotube SDS suspension for a few minutes. Afterwards, it is thoroughly
washed with deionized water. This wet processing clearly leads to more bundles
than CVD growth. Also, the chemical treatment, and SDS remains after rinsing,
lead to an undesired layer of dirt on the substrates. However, a pre-treatment of
the raw material is possible. It can be purified by oxidization and acid treatment,
or the nanotube can be filled with fullerenes for transport measurements on hybrid
structures (so-called “peapods”).

3.2.2 Lithography on the edge

All structures were prepared by standard electron beam lithography, thermal evap-
oration and a lift-off process. The substrate is coated with a double-layer poly-
methylmethacrylate (PMMA) resist system consisting of 300nm 200K and 80nm
950K PMMA. After exposure and development, metal is deposited by thermal
evaporation. Finally, the excess metal and resist is removed by a lift-off process in
methylpyrrolidone.

Depending on the type of experiment, up to three lithography steps are carried
out. The first step is the preparation of alignment markers. After locating poten-
tially interesting nanotubes by AFM, contacts for transport measurements are made
in a second step. After the transport measurement, a support structure is formed in
a third lithography step before the sample can be etched for TEM investigations.

The main obstacle is to obtain a structure like shown in Fig. 3.4a close to the
cleaved edge of a substrate. By ordinary spin coating, a well-defined resist layer is
formed only in the center of the substrate, but it has an undefined thickness closer
to the edges. We have found three different solutions to this problem:

1. In some cases it is sufficient to prepare a grid structure in the central region of
the substrate, and then cleave the substrate through this grid (Fig. 3.5). The
line of cleavage can be controlled within

�  ? � m. In this case an ordinary
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Figure 3.4: Sample preparation. (a) The grid structure, prepared by electron beam
lithography on top of the nanotube network, close to the cleaved edge of the sub-
strate. (b) After etching, part of the grid is free-standing. This free-standing part
can be observed by TEM. (c) shows a dark-field mode TEM image of a high-
density sample, (d) a low-density sample. Especially in lower-density samples,
long straight individual SWNTs of high purity (depending on CVD conditions) are
obtained. The dark-field mode is used here since the clean SWNTs are not seen in
bright-field mode at lower magnifications. Scale bars are 10 � m in (a) and (b), and
1 � m in (c) and (d).
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Figure 3.5: (a) A metal grid structure prepared by electron beam lithography. The
sample was cleaved through the grid structure. (b) After etching, part of the metal
grid is free-standing and reaching out across the side edge of the substrate. (c) Low
magnification TEM image showing part of a free-standing structure. (d) Carbon
nanotubes suspended within the grid. (e) High-resolution image of a nanotube
with a kink, and a catalyst particle that failed to form a nanotube. Scale bar 10 � m
(a+b), 5 � m (c), 1 � m (d), 5nm (e).

electron beam lithography process is carried out, followed by a carefully
prepared cleaving step.

2. If only one lithography step is needed, but the distance to the edge must be
controlled with a higher precision, the substrate is cleaved after spin-coating
with PMMA but before lithography. The structure to be written can now be
aligned with the cleaved edge.

3. For multiple lithography steps close to the edge, the substrate is cleaved, and
afterwards the two pieces are glued together again. In this way, a sufficiently
smooth surface is obtained for spin-coating the resist. During lift-off, the
two pieces fall apart again, and have to be glued together once more for the
next step.

3.2.3 Etching

Different etching parameters were found for obtaining free-standing lithographic
structures:
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1. The more simple process for silicon substrates is a 6 hours etch in 30%KOH
at 60 � C. The KOH removes the bulk Si, and slowly the oxide layer. Thus,
the structure is undercut mostly from the side. The etching process has to
be stopped when the oxide layer is completely removed in the free-standing
part, but still present on the substrate. The etch rate of the bulk Si can be
controlled by electrically biasing the substrate with respect to the etching
solution. The etch process is monitored with an optical microscope, and the
bias is switched to a positive potential on the bulk Si as soon as the free-
standing part has the desired width. This stops the etching on the bulk Si,
while the etching on the oxide layer continues. The surface tension of small
hydrogen bubbles formed on the Si surfaces creates significant mechanical
stress on the free-standing structures.

2. A two-step etch process for silicon substrates consists of a TMAH etch (15%,
60 � C) to under-etch the structure and oxide layer from the side of the cleaved
edge, followed by a buffered HF etch (6.5%, 2min) to remove the oxide
layer. The width of the free-standing part can be controlled by the time of
the TMAH etch (typically 1-3 hours). This process allows the preparation
of more “fragile” structures, like large free-standing patterns, very long sus-
pended nanotubes, or lithographically defined metal objects suspended on
carbon nanotubes. The TMAH etch step is monitored with an optical mi-
croscope, and stopped when the free-standing part has reached a sufficient
width.

3. Some of the samples were prepared on a GaAs substrate. These are coated
with a protective resist (e.g. S1805 photoresist) on top of the metal struc-
ture. Etching is done in a mixture of water, citric acid and H � O � at room
temperature. A mixture of monohydrated citric acid with water (1:2) is pre-
pared. To 1ml of this mixture, 150 � l of H � O � is added just before usage.
This etching mixture is not stable, and may have to be replaced during the
etching process (after a few hours). The process is monitored with an optical
microscope, and stopped if the free-standing part is sufficiently wide. The
resist is then removed in methylpyrrolidon and aceton (each for several hours
at 55 � C). This process allows the preparation of the most fragile structures,
e.g. the largest objects suspended on individual SWNTs.

The etching is followed by transferring the sample into water, then into iso-
propanol, and finally acetone. A specially designed sample holder prevents the
edge of the sample from drying. Finally, a critical point drying step with carbon
dioxide is carried out. The substrates are small enough to be glued into conven-
tional TEM rings (Fig. 3.6).
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ba

Figure 3.6: A substrate with a lithographically prepared structure glued into a
conventional 3.05mm TEM ring. (a) optical microscope image and (b) low-
magnification SEM image. There is just enough space for bond pads. Scale bar
is 0.5mm in (a) and 0.2mm in (b).

3.2.4 TEM samples

As a result of this procedure, we obtain well-defined nanotube samples with nano-
tubes nearly orthogonal to the beam. In low-density samples (Fig. 3.4d), approxi-
mately 50% of the nanotubes are individual and well stretched between the contacts
for a diffraction analysis. In higher-density samples (Fig. 3.4c), bundling occurs
more frequently, and curved free-standing bundles appear. Individual tubes appear
to be stretched by van der Waals attraction towards the contacts. Especially if they
are not ending orthogonal to the contact, they curve towards a parallel alignment
with the contact edge. Similarly, stretching is observed in small bundles (which are
most likely formed after etching, when the tubes are free to move). An example is
shown in Fig. 3.7.

We point out that carbon nanotubes, grown by CVD directly on a bulk sub-
strate, can not usually be investigated by TEM and electron diffraction. They
become accessible only due to our sample preparation procedure. This permits
a quality control of CVD grown nanotubes, and provides information not avail-
able from AFM or SEM investigations about bundling, precise diameters, number
of shells, and amorphous carbon coating from TEM, and index distribution from
diffraction analysis.
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a

b c d

Figure 3.7: (a) Stretching of a small bundle by coalescence of the two nanotubes.
We often observe small bundles splitting near the contact structure. These nano-
tubes were most likely separated before the etching process, but close together.
They are fixed at the contacts, but the central part is free to move after etching.
Due to van der Waals attraction the central sections have formed a bundle. As a
result, the tube sections are straightened. (b) is a close-up on the right splitting
point in (a). (c) shows a nanotube end (a bundle in this case) close to the contact.
Tubes often appear curved just at the ends, suggesting that they are stretched by an
attractive force towards the contacts. Most of the amorphous carbon is deposited
during the TEM analysis: (d) shows a nanotube section after quickly zooming in
to a high magnification. Scale bars are 100nm (a), 5nm (b+c) and 1nm (d).
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Chapter 4

Transmission electron microscopy
and electron diffraction

Transmission electron microscopy (TEM) and Electron Diffraction (ED) of indi-
vidual carbon nanotubes is the one aspect of this work which is an essential part of
all experiments. It is the combination with the electron microscopic analysis that
allows us a better understanding of the devices we investigate. In the case of car-
bon nanotubes, TEM provides crucial information about the diameter and filling of
a nanotube, or whether we are dealing with a bundle or a single tube.

From the diffraction analysis, it is possible to derive the exact structure of an
individual carbon nanotube. The single-walled nanotube sections used for electron
diffraction experiments in a transmission electron microscope contain only a small
number of identical atoms that interact weakly with the electron beam. Therefore
the diffraction patterns can be easily understood and simulated by simple approx-
imations. For the same reasons, obtaining a diffraction pattern is an experimental
challenge. Both the simulation of diffraction patterns, and diffraction experiments
at acceleration voltages below the knock-on damage threshold are described. The
latter is important for non-destructive determination of the nanotube structure, re-
quired for electron diffraction experiments in combination with other single-tube
measurements on the same nanotube.

Other techniques for identifying the structural indices are atomic-resolution
TEM imaging [7, 8, 9], Raman spectroscopy [28, 29], fluorescence spectroscopy
[30, 31, 32], and scanning tunnelling microscopy and spectroscopy (STM/STS)
[3, 4, 5, 6]. Electron diffraction and high-resolution images can be directly re-
lated to a pair of carbon nanotube structural indices (n,m), while spectroscopic
techniques rely on a modelization of electronic and vibrational properties of car-
bon nanotubes. A quantitative analysis of the index distribution is complicated
by a different response for different nanotubes both in Raman [33] and fluores-
cence spectroscopy. Further, fluorescence spectroscopy detects only semiconduct-
ing nanotubes.

In section 4.1 I will briefly describe the electron microscope. An important

37
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aspect is then the interpretation of high-resolution images and diffraction patterns
of carbon nanotubes. This requires understanding the interaction of the electron
wave with the sample (Section 4.2) and the image formation due to the evolution of
the wave function in the imaging system (4.3). Some example images are shown in
this chapter, while most electron microscopic results will be presented in following
chapters where appropriate in combination with other experiments on the same
nanotube.

For the simulated diffraction and high-resolution images, I have written a com-
puter program which produces the nanotube structure for given indices, and then
calculates the interaction of the electron wave with the tube, and the image forma-
tion, using the principles and equations given in this chapter.

We use non-relativistic quantum mechanics with relativistically corrected val-
ues for the electron mass and wavelength. It has been shown that electron micro-
scopic problems are well described in this way [34, 35, 36]. The crystallographic
sign convention is used, where a plane wave has the form � 4 ����� .
4.1 The transmission electron microscope

Transmission electron microscopy has become a highly versatile tool for the in-
vestigation of materials down to the atomic scale. In today’s transmission electron
microscopes, a wide range of imaging techniques and contrast mechanisms is used.
In this work, high-resolution bright field imaging and nanoarea electron diffraction
is mostly employed and will be explained in this chapter.

Figure 4.1 shows ray diagrams for these two modes of operation. For bright-
field imaging, the lenses are adjusted so that an image of the sample on the screen,
CCD camera, or film is obtained. To be precise, the imaging system must be
slightly defocused to produce contrast from a phase object - so in fact a sharp
image of the electron wave slightly above or below the sample (few tens of nm)
is obtained on the detector. This will be explained in section 4.3. For diffraction
analysis, the projector lenses are focused on the back focal plane of the objective
lens. The image produced in this way is equivalent to the intensity in the far-field
behind the sample, at a distance given as camera length (typically 0.3 to 1.5m).

A major obstacle for TEM analysis of any specimen is the proper sample prepa-
ration for the desired analysis. As the name implies, TEM requires that the trans-
mitted electrons can reach the detector. It is a major achievement of this work to
prepare samples of individual single-walled carbon nanotubes in such way that in-
vestigations in a transmission electron microscope can be combined with transport,
Raman or AFM investigations on the exact same object, with the “object” being a
single molecule on which a TEM and especially diffraction analysis is in itself not
trivial.

In this work, a Philips CM200 microscope operated at 120kV was used to ob-
tain high-resolution images, and a Zeiss 912 ' operated at 60kV was used to obtain
diffraction patterns of individual carbon nanotubes. Due to the sample structure,
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Figure 4.1: Simplified ray diagram of a transmission electron microscope, showing
operation in bright-field imaging mode (a) and electron diffraction mode (b). Also
indicated is the coordinate system (x,y,z) used in the following sections of this
chapter.
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a specific carbon nanotube can be easily found again and thus be analysed in both
microscopes. Not shown in the ray diagram in Figure 4.1 is the energy filter which
is available in the Zeiss 912 ' . It is used to reduce the diffuse background from
inelastically scattered electrons in the diffraction experiments. The illuminated re-
gion in the diffraction experiment is limited to the sample area of interest (a section
of the nanotube) using the condenser aperture. In this way, a structural analysis by
diffraction of a region as small as 130nm in diameter is possible, providing, as I
will show, without ambiguity the lattice structure of the nanotube segment.

4.2 Interaction of the electron wave with the specimen

This section deals with the simulation of high-resolution TEM images and elec-
tron diffraction patterns. Two different ways to calculate the diffraction pattern of
a SWNT are presented. The real-space path summation approach is computation-
ally more expensive but easy to understand and implement. It produces the correct
peak positions, but not the right intensities. Our determination of the nanotube
structure only depends on the position of the diffraction peaks. The alternative is
computing the Fourier transform of the projected atomic potentials. This is the
standard approach for thin objects that do not require multi-slice algorithms. How-
ever, peak positions deviate slightly from the correct values because the curvature
of the Ewald sphere is not taken into account. The projected atomic potentials
are also the basis for simulating high-resolution TEM images. Therefore, the sim-
ulation of diffraction and high-resolution images is not strictly separated in the
description.

4.2.1 The Born approximation

We consider the time-independent Schrödinger equation for an electron wave in
the specimen � � � �

 � + � � � �:��� 	�� � ����	 � � � ��� 	 (4.1)

where the interaction with the sample is described by the electrostatic potential�/��� 	
inside the specimen. Using the time-independent Schrödinger equation is

valid as long as we exclude inelastic scattering. We aim to find solutions with an
electron energy

� �� � , where � is the acceleration voltage. Equation 4.1 can be
rewritten as

+ � � ����	 �  �

� ��� � � � �:����	�� � ����	 � ? (4.2)

For vanishing potential
������		� ? , plane waves are solutions to 4.2. In particu-

lar, the incident wave

� � ����	 ��
 � � ��� �8� � �������	 (4.3)
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is a solution outside the sample. Also, spherical waves � ����	 �� � � 4 � ��� �8� � ������	 are solutions. The integral form of the wave equation,

� ��� 	 � � � ��� 	 � � �
 � � �

� �����8� � ���)��� � ��� 	�	� � � � � � �/��� � 	 � ��� � 	 ����� � (4.4)

(with
� � � ��� � �

�
	�� ) is difficult to solve because � ����	 appears within the
integral. It can be interpreted in the way that spherical waves are added to the
incident wave from each point of the specimen.

In the Born approximation, the wave function � ��� 	 is approximated by the
incident wave � � ��� 	 . It assumes that the modification by the object is small, so
that

� ����	 � � � ����	 � � �
����	

(4.5)

and we obtain

� �
����	 �

� �
 � � �

� ��� �8� � ���)��� � ��� 	�	� � � � � � ����� � 	 � � ��� � 	 � � � � � (4.6)

The second approximation would be � ����	 � � � ����	 � � �
��� 	 � � �

����	
, and so

on. The first Born approximation is valid for a weakly scattering object. For an
observation at a large distance � from the object we obtain:

� �
� � 	 �

� �
 � � �

� ��� �8� � ��� � 	� � �
� ������	
��������� ��� � �  	 � � 	 ����� � (4.7)

Equation 4.7 shows the important result that, in the 1st Born approximation, the
scattered wave is the Fourier transform of the scattering potential. The difference
between the incident wave and the scattered wave is

� � � � �� (4.8)

and the momentum is conserved for elastic scattering so that:

� � � � � �� �
(4.9)

Thus, the points in reciprocal space observed in a diffraction experiment fall on
a sphere, called Ewald sphere, described by (4.8) and (4.9). Since the momentum
transfer in an electron diffraction experiment is small so that

� � ����� �  �
, the section

of the Ewald sphere observed in such an experiment can be approximated as a
plane.

In Figure 4.2 the three-dimensional Fourier transformation of a carbon nano-
tube was calculated, and a planar cut corresponding to an observable section of the
Ewald sphere is shown. Since the nanotube is a periodic one-dimensional struc-
ture, the intensity in reciprocal space is cumulated on discs orthogonal to the tube
axis. The spacing of these discs correspond to the periodicities along the tube
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Figure 4.2: Three-dimensional Fourier transformation of a (7,7) nanotube (a) and
an (8,3) nanotube (b). An isosurface is drawn around the higher intensity volume
elements, shown in a perspective view. For a bulk crystal, this image would show
the reciprocal lattice points. But since we have a one-dimensional structure, we
obtain features that are extended in two dimensions: The diffraction intensities are
cumulated on discs orthogonal to the tube axis. The planar section corresponds to
the section of the Ewald sphere that would be observed in an electron diffraction
experiment with normal incidence on the tube. For the (7,7) nanotube, a discrete
14-fold rotational symmetry around the tube axis is present in the Fourier trans-
form.

axis, while the radial intensity distribution is determined by the tube diameter. The
higher-symmetry armchair and zigzag nanotubes exhibit a discrete rotational sym-
metry, which is also present in the Fourier transform. Therefore, the diffraction
pattern would change if the tube is rotated around its axis. This is not the case for
chiral tubes.

4.2.2 Projected potential

In the case of small momentum transfer
� � � � � �  �

, we can approximate the ob-
served section of the Ewald sphere by a planar section. In the 1st Born approxima-
tion, we thus observe a planar section through the Fourier transform of the potential�/��� 	

. We choose the coordinate system so that the incident wave is along
�

(with�
and
�

orthogonal) to it. The corresponding coordinates in reciprocal space are
� � , ��� and ��� . Given the planar approximation for the Ewald sphere, it is sufficient
to evaluate the Fourier transform (4.7) for ��� � ? . This corresponds to just the
D.C. component of the Fourier transform in the z-direction. We rewrite (4.7) with� � � � �� for ��� � ? as:

� �
� � 	 � const

� � � � � � � ��� �8��� ��� � � � � ��� 	�	 � � � �
�:����������
	
(4.10)

We immediately see in (4.10) that our scattered amplitude is the 2D-Fourier
transformation of the projection along z of the potential

������	
: The projection is
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calculated as
� � �
�:����������
	

, and the remainder of (4.10) is a 2D Fourier transform
with respect to

�
and
�

.
With only the first Born approximation and the planar approximation to the

Ewald sphere we have directly arrived at the scattering amplitude as 2D-Fourier
transform of the projected atomic potential. We note that it is more common to
consider the projected potential via the object transfer function [37]

� ���8��� 	 � �����8� � � � � � � � � �
�:���8���9���
	�	
(4.11)

which describes the phase shift introduced by the object in the exit plane wave
function. We will derive this expression later, since we need it for simulating high-
resolution images.

4.2.3 Path summation approach

We consider an electron propagating from
���  ��� � 	 to ����� ��� �

	
through empty space,

or through an object described by the electrostatic potential
�/����	

. In the most
general case, the complex probability amplitude � ��� � ��� �

	
is given by a summation

over all paths starting from � ���� ��� � 	 [38, 39]:

� ��� � ��� �
	 � � ���  ��� � 	 ���

paths

� 4	�
�� (4.12)


is the action along the path, given by

 �
���� � � � � ���
���������	 (4.13)

with the integration along the path from
���  � ? 	 to

��� � � � 	
. �
��������
����	

is the La-
grangian. Note that in order to obtain the crystallographic sign convention (where a
plane wave is � 4 � � � 	 , we use � paths

� 4 �
�� , although this expression is more com-

monly found with the quantum mechanical sign convention ( � paths
� �
 � , leading

to a plane wave � ��� � ).
For propagation in free space, the summation can be replaced by the term for

the classical path [39], multiplied with a constant � � � or � � (and
� � � � � � �  � ,� � � � �

):

�
paths

� 4 �
�� � � � � � � 4 �
�������� � � �
� *� � 4 ��� , � 4�� ��� (4.14)

Using the classical action is exactly valid for a particle in any quadratic poten-
tial. As expected, we obtain the spherical wave for propagation in free space.

If we idealize the atoms in an object as point scatterers, we can divide the
summation into the scattering events and piecewise propagation in free space. This
is illustrated in Figure 4.3. We consider the propagation from the source to the
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Figure 4.3: Contributions to the path summation, sorted by the number of interac-
tions. It is equivalent to the 1st Born approximation to consider only 0th and 1st
order contributions.

detector as the sum of the direct contribution, plus the paths including a single
scattering event, two events and so on. The sum is thus written as:

�
paths

� 4	�
 � � � �
� *� � � � � � 4 � , �����

� � �

�
� �

�
*� � ���	� � � � �	� � � � 4 � , �
��� �� � � 4 � , ��� � �

� � � � � � � �
�
� � �

(4.15)

Here,
� � � is the distance from the source to the detector,

� ����� the distance
from the source to atom

�
, and

� � � � the distance from atom
�

to the detector.
The summations are over all atoms of the object,  � is the factor describing the
scattering event at atom

�
, and the time dependence

��� �8����� ��	
as overall phase

factor is omitted. For a set of identical atoms, the actual value of the scattering
factor  � is not important. The above summation represents Huygens principle of
a spherical wave originating from every atom in the sample. Considering only the
0th and 1st order contributions, i.e. lines 1 and 2 in the above summation, is the
equivalent of the 1st Born approximation for atoms idealized as point scatterers.

For objects containing a small number of atoms, the above summation can be
carried out numerically. Given the small number of light (i.e., weakly scattering)
atoms in an individual single-walled carbon nanotube, the 1st order approximation
is reasonable. Assuming a detector at a large distance from the nanotube, diffrac-
tion patterns can be calculated numerically directly from 4.15. Figure 4.4 shows an
example of such a diffraction pattern calculated for a (16,5) nanotube. Although
reciprocal-space approaches for image simulation (shown below) are usually more
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Figure 4.4: Diffraction pattern of a (16,05) carbon nanotube calculated by a path
summation over all atoms of the nanotube. The summation has to be carried out
for each point in the image. The vertical width of the peaks is determined by the
length of the simulated nanotube.
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efficient in terms of required computing time, the real-space summation can con-
veniently be carried out on a standard PC due to the small number of atoms in a
carbon nanotube. A 50 nm long simulated nanotube section is sufficient for calcu-
lating a high-quality diffraction image.

4.2.4 Object transfer function in the phase object approximation

We will now derive an expression for the exit plane wave function for a thin and
weakly scattering sample. We reconsider the propagation in free space,

�
paths

� 4 �
 � � � � � � � 4 �
 � ����� � � �
*� � � 4 ��� , � 4�� ��� (4.16)

where the summation is replaced by the contribution of only the classical path.
We now make the following approximation: We consider the phase shift introduced
by the potential

�/� � 	
, but, as for the free particle, only along the classical path.

This is valid if the deviation of the electron from the classical path is sufficiently
small. For the validity of this approximation, such deviations must be smaller than
the desired resolution at the exit plane of the sample.

In presence of the potential
�/����	

of the object, the wave number is:

� �

�  � �&� � � �/����	�	
� � (4.17)

Note that � is defined as a positive number, and the charge of the electron would
be � � . If

� � �:����	 ��� � , we can approximate (4.17) as

� # �  � �
� �

��� * � � �:����	 � � � � � ��� * � � �/��� 	 � � (4.18)

with
� � being the vacuum wave number. We define:� ����	 �

� �:����	
 � (4.19)

An electron travelling in a constant potential
�

from
� 

to
� �

over a distance� � � � � � � � � � �  � accumulates a phase shift in the complex wave amplitude� ��� � 	
according to

� ������	 � � ���  	 �� � 4 ��� ,�� � � �
	 �
� � � � ���  	 � �� � 4 ��� ,�� � � � � 4 � 	 ,�� � (4.20)

We introduce the transmission function
� ��� � 	

as the quotient of the amplitude
for the transmitted wave (interacting with the object, equation 4.20) to the ampli-
tude for the free space (if the object were not there, equation 4.16), as:

� ��� � 	� �
� ��� � 	�
free
��� � 	 �� 4 � 	 , � � (4.21)
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For an inhomogeneous object,
� ����	

is a local property of the object. The total
phase shift accumulated along the classical path is given by the integral over

�
,

integrated along the straight line from
� 

to
� �

:

� ��� � 	 � ��� �� � ��� � � ���

� �
� � � � ��� � 	�	

(4.22)

Generally,
�

is the effect of the object on the amplitude in free space:� � �
obj

� �
free (4.23)

We can rewrite (4.22) as:

� ��� � 	 � �����8� � � � � ���

� �
� � � �/��� � 	�	

(4.24)

� �
� � �
 � (4.25)

The above approximation, leading to equation (4.24), is known as the phase
object approximation (POA): It results in a phase shift proportional to the projected
potential along the classical paths of the electrons. It neglects the lateral spread
of the wave function. It is valid only for very thin objects and/or high energies.
Individual single-walled carbon nanotubes are one of the few systems where this
approach is a good approximation.

The concept of a transfer function for describing the electron-sample interac-
tion breaks down for larger objects. However, a larger object can be described
by a series of thin slices, and for each slice the transmitted electron wave can be
calculated as described above. Lateral spread is then included in the propagation
between the slices. This leads to the multi-slice approach, which is widely used for
simulating electron micrographs of thicker samples.

The POA (4.24) includes multiple scattering, while the 1st Born approximation
(4.10) does not. However in the limit of a small phase shift in (4.24), the 1st
Born approximation is satisfied. This is called weak phase object approximation
(WPOA). It leads to equivalent expressions for the diffraction intensities in the
Fourier transform of (4.24) compared to (4.10).

In analogy to the phase shift, absorption can be included in the object transmis-
sion function. The absorption is described by a local property

� ����	
of the object,

and the absorption is again calculated as a projection along the classical path of the
electron. The total transmission function including absorption is then

� ��� � � � �	 �� 4 � , ����� �� � 	 �	� 	 � �	� � � � 4 , ��� �� � 	 �	��
�� �	� �
(4.26)

As several mechanisms contribute to the absorption, it is not as straightforward
to calculate as the phase shift. For thin samples, most of the absorption is due
to electrons scattered in such a way that they no longer contribute to the image:
This includes various inelastic scattering mechanisms, or elastic scattering to high
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angles. Thus, the effective absorption depends on settings of the microscope (e.g.
objective aperture, energy filter) that determine which electrons contribute to the fi-
nal image. Since the images and diffraction patterns of light objects are dominated
by phase contrast, we neglect the absorption.

To actually calculate a simulated image of a carbon nanotube from the phase
shifts, we will now consider the actual shape of the scattering potential

�:��� 	
for

use in equation 4.24.

4.2.5 Scattering potential

For an isolated atom, the potential
�:��� 	

has spherical symmetry. We have seen
in the Born approximation (eq. (4.7)) that the far-field scattered amplitude is pro-
portional to the Fourier transform of the potential

�/��� 	
. The electronic scattering

amplitude is commonly defined as the Fourier transform of the atomic potential
[40]:

 ��� � ��� 	 �

� � �
 � � �

� � � � �/��� 	 � 4 ����� (4.27)

where � ��� � � , � � � � � � � � � � � 	 � � , and � is half of the scattering angle. For
the spherically symmetric potential, it can be expressed as:

 � � � � � 	 �
 � � �
� �

���� � � ��� �/� � 	 � � � � � � � � 	� � � � � 	 ���
(4.28)

A widely used analytical approximation to  ��� � � � 	 is the approximation to a
sum of N Gaussians:

 ��� � � � 	 �

	�
��


�

� � ��� �8� �� � � � 	
(4.29)

Tabularized values for � � and � � can be found e.g. in [41], where they are cal-
culated from relativistic Hartree-Fock calculations and fitted to a sum of � ���
Gaussians. In a realistic situation the atoms oscillate about their equilibrium posi-
tion. This is taken into account to a good approximation by an additional spread
function, the Debye-Waller Factor. It describes the time-averaged effective atomic
potential, which is in reciprocal space simply expressed by the multiplication with� 4�� � � , where � ��� � � � �

and � the root mean square deviation of the atom from
its lattice site. The resulting scattering amplitude is then

 ��� � � � 	 � ��� �8� � ��� � 	 � 	�
��


�

� � ��� �8� �� � � � 	
(4.30)

The electrostatic atomic potential can now be obtained by inverse Fourier trans-
formation of the scattering amplitude:
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�/��� 	 �
 � �

�

� � � *�  � 	 �
�

 � � � ���.	
��� � ��� � ��	 � � � (4.31)

For the sum of Gaussians in (4.30) the inverse Fourier transformation (4.31)
can be done analytically, resulting in another sum of Gaussians in real space for
the electrostatic atomic potential of an atom at

� � ? :
��� � 	 �

 � � �

� � � 	�
��


�

� � � � �
� � � � � � � ��� � � � � � � � �

� � � � � (4.32)

For an object composed of many atoms, we approximate the total potential as
the sum of the individual atomic potentials:

� � � ����� ����	 �
�
�
� � ��� � ��� 	 (4.33)

where atom
�

is at position ��� . This approximation neglects the overlap and
the changes in the electronic structure due to bonds in the solid.

4.2.6 Projected atomic potentials

For evaluating the exit plane wave function of the sample, we have to evaluate in
equation (4.24) the projection of the atomic potential (4.32). We have

� � ���8���9���
	
and we choose the frame of reference so that the propagation is along the direction�

with
������1	

as constant. We obtain

� ���

� �
� � � ����� � 	 �

� �
4 �

� �
�:����������
	

�
 � �

�

� � � 	�
��


�

� � � � �
� � � � � � � � �4 � � �)��� � � � � � � ��� � � � � � � � 	

� � � � �
�

 � � �

� � � 	�
��


�

� � � �
� � � �

��� � � � � � � ��� � � � � 	
� � � � � (4.34)

This is the projection along z of the atomic potential for an atom at
������1	 �� ? � ? 	 . The resulting transmission function is found by substituting (4.34) into

(4.24):

� ���8��� 	 � �����
� � � � � � � �

�
�

� � � 	�
��


�

� �
� � � �

��� � � � � � � ��� � � � � 	
� � � � �	� (4.35)

The phase shift for a carbon nanotube, calculated from the projected potential
using the above equation, is shown in Figure 4.5. It can be used for the exit plane
wave function for simulating images as shown in the next section. Further, it is the
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ba

Figure 4.5: (a) Phase shift calculated from the projected potential of a (15,13)
carbon nanotube for a Debye-waller factor � � ? and an electron energy of 60keV.
White corresponds to zero phase shift, while black corresponds to a phase shift of? � � � � . Scale bar is 1Å. (b) Fourier transformation of the exit plane wave function.
Displayed is the square modulus, which corresponds to the intensities observed in
a diffraction pattern.

Fourier transform of the exit plane wave function that is observed in a diffraction
pattern. Computing diffraction patterns by a fast Fourier transformation of the exit
plane wave function is much faster than the path summation calculation shown in
section 4.2.3. However, it implies approximating a section of the Ewald sphere as
a plane.

4.3 Image formation

4.3.1 Propagation

The evolution of the wavefunction for propagation through empty space can be cal-
culated exactly. From the amplitude

� ���������� � ? 	 in the plane
� � ? behind the

sample, it is possible to calculate
� ����������
	

for arbitrary positions
�

downstream
of the sample. In the above sections, we have calculated the propagation of the
electron from the source through the sample to all points in the reference plane,
resulting in the probability amplitude

� ���������� � ? 	 . We now have to calculate the
summation from all points in the reference plane to the arbitrary detector position���8���9���
	

: � ���8���9����	 �
� � � � � � � � ��� � ��� � � ? 	 � �" � 4 � ,�� (4.36)
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" � � ��� � � � 	 � � ��� � � � 	 � � � �

The integration is over the reference plane at
� � ? . The above expression is

a convolution of the wave amplitude
� �������� ? 	 with the propagator

���
� � 4 � ,�� . It is

therefore advantageous to express (4.36) in reciprocal space, so that the convolu-
tion becomes a simple multiplication. For this purpose we consider

� ���8���9���
	
as a

2D-Fourier transformation only with respect to
�

and
�

(while
�

is the direction of
propagation) of a function

� ���9���
	
. We use from now on

� � ���8��� 	 as the vector in
the plane orthogonal to the direction of propagation

�
. The relation for the inverse

2D Fourier transformation is� ���8���9���
	 �
� � � �2��� �8�  � ��� ��	 � ���5���
	 (4.37)

where
� � ���
� ��� � 	 is the reciprocal vector in the plane orthogonal to the z-

axis, corresponding to
� � ���8��� 	 in real space. Note that

�
is the inverse Fourier

transform of
�

. The propagation can now be written as a multiplication with the
propagator

!
���5����	

:

� ���9���
	 � � ���9� ? 	 �
!
���9���
	

(4.38)!
���5����	 � ��� �8� � ��� �9� * � � � � � 	 �� 	 (4.39)

If the spectrum vanishes for spatial frequencies
� � ��� �� , the propagation factor

can be approximated by the Fresnel propagator � :

� ���9���
	 � �����8� � ��� �
	
��� � ��� � � �	� � 	
(4.40)

For the electron energies commonly used in transmission electron microscopy
the relation

� � � � �� is usually fulfilled since the electron wavelengths are already
much smaller than the smallest features, the interatomic distances. Thus, in recip-
rocal space, the propagation is a multiplication with the Fresnel propagation factor
(4.40):

� ���9���
	 � � ���9� ? 	 � ��� �8� � ��� ��	 � ��� �8��� � � �	� � 	
(4.41)

The resulting wavefunction at distance z is

� ���
���
	 �
� � � �2��� �8�  � ��� � 	 � ���9� ? 	
�����)� � ��� ��	
����� ��� � � �	� � 	

(4.42)

The intensity measured at a detector distance
�

is
	 � ������1	 � 	 � ����	 � � � � ����	 � �

.
The resulting intensity is:
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Figure 4.6: Projected atomic potentials of a (15,13) carbon nanotube at 120kV
(left), and Intensities calculated 6nm and 18nm behind the nanotube. The Debye-
Waller factor is � � ? . The maximum phase change in the projected potential
corresponds to ? � � � � . Scale bar is

	
Å.

	9���
���
	 ������
� � � � ����� �  � ��� � 	 � ���5� ? 	
��� �)��� � � � � � 	 ����

�

(4.43)

With the calculated wavefunction at the exit plane of the sample as shown in
the previous section we can now calculate the intensity at an arbitrary distance
from the sample. Since the nanotube was approximated as a pure phase object (no
absorption), no contrast is visible directly at the sample (for

� � ? ). Also in a real
TEM image the nanotube is not visible if the focus is exactly on the tube (there is
some contrast due to spherical aberration, as described below). Only by defocusing
the imaging lenses it is possible to have a contrast from a pure phase object. The
focus is typically several tens of nanometers away from the nanotube position for
a high-resolution image.

While Figure 4.6 shows the intensity a few nm behind the sample, this is not the
image we see in the TEM. The TEM image is affected by the spherical aberration,
and the resolution is limited by the finite temporal and spatial coherence and by
instrument instabilities.

4.3.2 Microscope specific transfer function

The spherical aberration and the resolution limits of the microscope are taken into
account by a modification of the Fresnel propagator (4.40). The Fresnel propaga-
tor can be understood as the transfer function for empty space (i.e., also free of
fields). For the imaging system in the electron microscope, the transfer function is
approximated as:

� ���5��� � � ��� 	 � � ���5� ? 	 � ��� � � � � � � �	� � � * � � � �  
 � 	 � � � � � ��� 	 � � � ��� 	 � � � ��� 	 ��� ��� 	�� ��
(4.44)
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Here,
� ���5� ? 	 is the complex wave amplitude at the exit plane of the sample.� ���9��� � ���� 	

describes our image at the Detector: The absolute square after an in-
verse Fourier transform of

� ���5��� � ���� 	
, rescaled by the appropriate magnification, is

the image we obtain on the CCD camera, screen, or film. The distance
�

is now our
defocus value, and 
 � the spherical aberration coefficient.

� �
and
� � are the en-

velope functions for the temporal and spatial coherence. Instrumental instabilities
are summarized in the envelope function

� �
, and the aperture function

�
describes

the effect of the objective aperture. Equation (4.44) can readily be used to simulate
high-resolution images.

The temporal envelope is determined by the energy spread of the incident beam� � � � � , current fluctuations in the objective lens
� 	 � 	 � , and the chromatic aber-

ration coefficient of the objective lens 
 � [37]:

� � ��� 	 � ����� � � *
*���� �  

� � � � � � � 	 � �
(4.45)

where

� � 
 � � � � �� 	 � � �  � 		 	 � � 4 �� �
(4.46)

The spatial envelope is determined by the illumination angle � � . This envelope
accounts for the fact that the incident electron beam is not a plane wave, but a
convergent beam modelled as an incoherent superposition of planar waves. It is
given by [37]

� � ��� 	 � ��� � � � *
� � �  

� � � � �&�	� � 
 � � � � � 	�	 � � �
(4.47)

The instrumental envelope summarizes the remaining instabilities (e.g. vibra-
tions) in a Gaussian envelope

� � � ��� �8� � � �

� �

�
� � 	�� (4.48)

Finally, the objective aperture limits the spatial frequencies contributing to the
final image. It is characterized by the cut-off frequency

� � � �
and aperture center� ���

:

� ��� 	 � * for
� � � � ��� ��� � � � �

? elsewhere (4.49)

An objective aperture not centered on the primary beam (
� ��� �� ? ) is used

e.g. to describe dark-field imaging (although it is usually the primary beam which
is tilted for this purpose, while the aperture remains on the optical axis of the
microscope).
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Figure 4.7: Contrast transfer function for different defocus values, for 120kV, 
 � �

* � � mm and an illumination angle of 1mrad. 1.0 Scherzer defocus is -66nm. The
point resolution is the first zero crossing of the CTF at a defocus value of 1.2
Scherzer (solid black line). For the other defocus values, the first zero crossing of
the CTF occurs already at lower spatial frequencies. Minimum contrast is at 0.4
Scherzer (green), not at zero defocus. The information limit is given by the point
where the CTF reaches zero.

For a pure phase object, we can derive the contrast obtained in the final image
as a function of spatial frequency from equation (4.44): A phase grating with a
periodicity �

�
� , described by

� ���9� ? 	 � * � � ��� � � � 	 � � ��� � � � 	�	 (4.50)

produces a contrast proportional to

� ��� 	 ��� ��� � � � �	� � � * � � � �  
 � 	 � � � ��� 	 � � � ��� 	 � � � ��� 	 � � ��� 	 (4.51)

� ��� 	
is the Contrast Transfer Function (CTF) for a phase object. It is an im-

portant and widely used expression in high-resolution transmission electron mi-
croscopy. The point resolution and information limit of the microscope can be
defined from this function.

The CTF oscillates between -1 and +1, damped by the envelopes. This implies
that some spatial frequencies, where the CTF is zero, are missing in the final image.
Obviously, the optimium CTF has the fewest zeroes. Scherzer [42] suggested an
optimum defocus value of

� � � � � 
 � � 	 �� (4.52)
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Figure 4.8: High-resolution images simulated for a (12,10) nanotube at four differ-
ent defocus values, for 120kV, 
 � � * � � mm and an illumination angle of 1mrad.
Section (a) is for zero defocus, producing a reverse contrast (“white atoms”). Sec-
tion (b) is at a defocus of 0.4 Scherzer (26nm), the minimum contrast condition.
The nanotube walls are clearly visible as black lines at 1.0 (c) and 1.2 (d) Scherzer
defocus (66 and 79nm). Scale bar is 1nm.

where the CTF has a broad maximum. The CTF is plotted for a several defocus
values in Figure 4.7. At zero defocus, some contrast is already obtained only due to
the spherical aberration. Minimum contrast is obtained at

� � ? � � � � . The optimum
condition is

� � * �  � � , a value also named extended Scherzer defocus, while� � � � is called “true” Scherzer defocus. The first zero-crossing of the CTF at
the extended Scherzer defocus is defined as the point resolution of the microscope.
Images can be directly interpreted up to the point resolution. The information limit
is the point where the CTF reaches zero. If the information limit is higher than the
point resolution, image simulations are needed to interpret features smaller than
the point resolution.

In Figure 4.8, high-resolution images are simulated for different defocus values
for a (12,10) carbon nanotube. It is important to note that the nanotube diameter can
not simply be measured from the distance of the black lines. In this example, at 1.2
Scherzer defocus (Figure 4.8d), the distance between the minima of the black lines
is 1.35nm, while the true diameter of this nanotube is 1.5nm. Therefore, compari-
son with image simulations can provide a better estimate of the nanotube diameter.
However, it is difficult to determine the actual defocus value: The minimum con-
trast defocus can provide a reference, but again with limited precision since there
is also not much contrast slightly above and below the minimum contrast.

High-resolution images of carbon nanotubes with very different diameters are
shown in Figure 4.9. These, and most high-resolution images shown in this work,
were obtained in a Philips CM200 transmission electron microscopes operated at
120kV.
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a b

c

d

Figure 4.9: High-resolution TEM images of different nanotubes, with very differ-
ent diameters, displayed at the same scale. CVD-grown SWNTs with an estimated
diameter of 5.3nm (a), 1.7nm (b), and 0.9nm (c), and a DWNT with an outer di-
ameter of 8.8nm (d). Inactive catalyst particles are stuck to the tubes in (a) and (d).
All scale bars are 5nm.

4.4 Diffraction analysis

A diffraction pattern of a SWNT provides the full structural information about the
nanotube molecule, apart from its handedness. The structure of the nanotube is
defined by the nanotube indices (n,m). We recall that in the Born approximation
(section 4.2.1) the diffraction pattern is a two-dimensional section from the Fourier
transform of the nanotube structure. It can also be calculated by a path summation
(section 4.2.3). The spherical section of the Ewald sphere is well approximated
by a planar section. Given this approximation, we can compute the diffraction
intensities also from a two-dimensional Fourier transform of the exit plane wave
function (section 4.2.6). In this section I will give a qualitative interpretation of
the diffraction peaks in dependence of the nanotube diameter and rolling angle,
compare the calculation algorithms, and show examples of experimentally obtained
single-tube diffraction images.

Detailed diffraction studies exist on multi-walled carbon nanotubes [43, 44, 12,
45] and bundles of single-walled carbon nanotubes [46, 47, 48, 11, 49, 50, 51, 52,
53, 54, 55]. Diffraction experiments on individual SWNTs are an experimental
challenge also for the sample preparation because they require finding sufficiently
long, straight sections of individual nanotubes (raw material is mostly bundled)
that are stable throughout the exposure. Nanotubes with more than one shell are
usually stiff enough to exhibit long, straight sections with standard sample prepa-
ration procedures. SWNTs, on the other hand, tend to curve, and to combine into
bundles. A curved nanotube is not a periodic one-dimensional structure. Few ex-
amples of sharp diffraction patterns from SWNTs exist in the literature [1, 56, 57].
However with the sample preparation procedure shown in this work, long straight
sections of individual SWNTs are easily obtained. We have developed a way to
suspend nanotubes in a metal grid that provides long and straight tube sections. In
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plane wave illumination

strongest scattering where tube
walls are parallel to the beam

Equatorial line in the far−field

Nanotube

Figure 4.10: Qualitative analogy between the equatorial line in a nanotube diffrac-
tion pattern and a double slit interference pattern.

the resulting samples, tubes suitable for diffraction are easily found and reliably
produce a diffraction pattern with a close to normal incidence. With the given con-
ditions, more than 50% of the diffraction exposures result in a pattern that can be
uniquely assigned to a nanotube structure. The “failed” exposures are attributed to
curved or strongly vibrating tubes, or to objects other than the tube illuminated by
the beam. Indices for more than 50 nanotubes were determined so far. It is a reli-
able procedure, which is a prerequisite for the combination with other experiments
on the same tube.

4.4.1 Qualitative description of the diffraction pattern

The diffraction pattern of a single-walled carbon nanotube can be well separated
into features that depend on the nanotube diameter, and others which depend on
the rolling angle of the graphene sheet. The most prominent feature is the equato-
rial line, which is similar to a double-slit interference pattern (Figure 4.10). The
periodicity of this line is related to the nanotube diameter.

From further peaks in the pattern we can determine the orientation of the (re-
ciprocal) graphene hexagonal lattice. A simulated diffraction pattern for a (15,06)
nanotube, and a part of the reciprocal graphene lattice, is shown in Figure 4.11.

The orientation of the graphene lattice, i.e. the rolling angle of the nanotube,
can be calculated independent of the incidence angle from the relative distances
of the peaks from the equatorial line. This measure is also independent of the
scale (camera length) or a diffraction astigmatism. Thus, the rolling angle can be
reliably and precisely measured with a precision of up to ? � * � . Using e.g. the
distances

�
� � � � in Figure 4.11, the rolling vector is [57]:

� ��������� � � � *� � � � � � � �� � � ��������� � � � *� � �  � � � � �� � � (4.53)

The reason why the ratios of the peak distances remain constant even if the tube
is not orthogonal to the beam is obvious if we recall that the diffraction intensities
are lying on planar discs in reciprocal space. This is illustrated in Figure 4.12.
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Figure 4.11: Orientation of the reciprocal graphene lattice in the SWNT diffraction
pattern. Two sets of peaks that correspond to the top and bottom graphene layer in
the nanotube are visible. The Miller-Bravais indices for one of the two hexagonal
lattices are given. A rolling angle of 0 � corresponds to a zig-zag nanotube, 30 � rep-
resents an armchair tube. It is not recommended to measure the angle as indicated
in the diagram, since the indicated angle is only true for an exactly normal inci-
dence of the beam on the tube. Instead, the angle can be reliably calculated from
the relative distances of the peaks to the equatorial line, indicated by

�
� ,
�

� and
� � .

The streaked shape of the diffraction peaks is due to the curvature and finite size of
the graphene sheet.
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Figure 4.12: Three-dimensional Fourier transform of the (8,3) carbon nanotube,
and a section of the Ewald sphere (the diffraction pattern) observed for normal
incidence (a) and a sample tilt of 10 � (b). The discs intersect with the Ewald
sphere on lines orthogonal to the tube axis. If the sample is tilted, the intensities
along the lines change, but the ratios of the line distances (

�
��� � � in Fig. 4.11) do

not change.

We can therefore determine the rolling angle independent of the sample tilt. Also
the diameter determination from the equatorial line is independent of the angle of
the incident beam. The angle between the beam and the tube can be measured by
comparing the experimental pattern with simulated ones.

For identifying the indices of a nanotube from a diffraction pattern, a measure-
ment of the diameter and angle from the pattern as described above can be used as
a starting point. Then, the simulated images are needed. Once a matching struc-
ture is found, the most important aspect for an unambiguous identification is to
exclude all other possible nanotube structures (within a reasonable range of angle
and diameter). For a sufficiently sharp diffraction pattern, there is usually only one
set of indices (n,m) for which the simulated diffraction pattern matches the experi-
mental data. Only for very large diameter nanotubes, the parameters (diameter and
angle) of the different candidates are spaced so close together that they can not be
distinguished.

4.4.2 Experimental procedure

All SWNT diffraction patterns were obtained using a Zeiss 912 ' transmission
electron microscope. It is equipped with a (thermal) LaB � electron gun, a Köh-
ler illumination system, and an energy filter. Images can be taken on two CCD
cameras with different fields of views. The diffraction patterns are recorded on
image plates. The image plates provide a very high sensitivity and dynamic range,
which is not matched by film or any CCD camera. CCD cameras, and (to some
extent) conventional film, suffer from a “blooming” effect: Intensity from strongly
excited, saturated pixels spreads out into the nearby regions, occulting weak inten-
sity diffraction peaks.
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Unless noted otherwise, the following procedure and conditions (“standard
conditions”) are used for obtaining diffraction patterns. The microscope is op-
erated at an acceleration voltage of only 60kV, below the threshold for knock-on
damage in carbon nanotubes which is 87kV [58]. The Köhler illumination condi-
tion is used with an illumination angle between 0.1 and 0.2 mrad. The illumination
is limited to a straight section of the carbon nanotube using the condenser aper-
ture. The smallest condenser aperture, which has a diameter of 5 � m, produces an
illuminated region (demagnified image of the aperture) with a diameter of approxi-
mately 130nm. An image of a carbon nanotube illuminated under these conditions
is shown in Figure 4.13. Before switching to diffraction mode, the focus is tuned
to the minimum contrast condition. The energy filter is set to a width of * 	 �  ? eV.
The diffraction image is recorded on image plates with a camera length of 450mm
or 580mm and exposure times of 4 or 5 minutes.

As a reference, diffraction images are recorded under the same conditions,
except for a shorter exposure time, from the metal contacts. These contacts are
polycrystalline, producing Debye-Scherrer ring type of diffraction patterns. From
these, a precise scale is obtained. More important, any diffraction astigmatism re-
maining after alignment can be detected and compensated. Figure 4.14 shows two
such reference images.

4.4.3 Discussion of experimental parameters

Previous diffraction work on individual single-walled carbon nanotubes [57] was
performed in transmission electron microscopes equipped with a field-emission
electron source, resulting in highly coherent illumination. Therefore, diffraction
images could be recorded with short exposure times, probably before significant
damage to the nanotubes occurred. However, it can not be excluded that surface
reconstruction and dimensional changes due to the electron irradiation [59] change
the nanotube structure during the exposure.

Using a thermal emitter, we need longer exposure times. Operation below the
threshold for knock-on damage makes it possible to have stable conditions through-
out the long exposure times. It is possible to obtain several diffraction images from
the same nanotube section without loss of quality. Further, minimizing damage
is important if transport or Raman investigations are to be carried out later on the
same nanotube.

Figure 4.15 shows three diffraction patterns obtained on the same nanotube
with different settings. It clearly shows the effect of the energy filter and the
selected-area aperture. The energy filter strongly reduces the diffuse background.
The selected area aperture is used in combination with the smallest condenser aper-
ture, and it does not further limit the sample area contributing to the diffraction pat-
tern (the selected-area aperture here is larger than the smallest condenser aperture).
The selected-area aperture is not well aligned on the back focal plane: It cuts off
a significant part of the diffraction pattern. Alignment is difficult, since the weak
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Figure 4.13: Inset: An individual SWNT within the illuminated region of the small-
est condenser aperture. Main image: Overlay of a TEM image of the fully illumi-
nated sample with an image of smallest condenser aperture (bright spot in the cen-
ter). This overlay shows the illuminated section of the nanotube (for a diffraction
pattern) in relation to the sample structure. The illuminated region for the smallest
condenser aperture has a diameter of 130nm. Scale bar is 200nm, and 50nm for
the inset.
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Figure 4.14: Diffraction patterns obtained from the contact regions, showing
Debye-Scherrer rings. For a large illuminated region continuous rings are obtained
(a). For a small illuminated area, the granular structure due to the small number of
illuminated domains is visible (b). The gold contacts are polycrystalline with fcc
structure. These diffraction images serve as reference for the camera length and to
measure astigmatism in diffraction mode. A small astigmatism (slightly elongated
circles) is visible in (a).

diffraction intensities can not be seen on the viewing screen or CCD camera. It is
therefore preferable to use only a sufficiently small condenser aperture.

All diffraction images obtained in this way (e.g. Fig. 4.15 a+b, Fig. 4.16a-c,
and Fig. 4.18 a+c) show intense radial lines starting from the central peak. These
are due to electrons scattered into high angles at the condenser aperture. They
are partially shadowed by the structure of the sample. A shadow of the sample
structure is visible in the diffraction pattern due to this effect, quite clearly seen in
Fig. 4.15a.

With a sufficiently sharp diffraction pattern, an unambiguous assignment of
the nanotube structure, or nanotube indices (n,m), is possible. A straight, clean
nanotube is required - a curved nanotube is not a 1D periodic structure. In the high-
resolution images of suspended nanotubes we were able to obtain a sharp image
only from the ends, due to vibrations of the central part. Such vibrations are not
a problem for diffraction analysis: A translation of the nanotube does not change
the diffraction pattern. Only if the vibrations are so large that the orientation of the
tube varies, it leads to a blurred diffraction image. Fig. 4.16 shows three examples
of sharp diffraction patterns.

Although all diffraction images were recorded at the same microscope, it seems
that the key ingredients for a single-tube diffraction analysis are the small con-
denser aperture, image plates for recording of the diffraction patterns, and very
straight nanotubes. The condenser aperture limits the illumination to the region of
interest (the nanotube section). Selecting the area downstream of the sample (using
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b

c

a

Figure 4.15: Diffraction patterns of the same nanotube, without energy filter (a),
with energy filter (b), and with the selected-area aperture inserted in addition to
the condenser aperture (c). The energy filter reduces the diffuse background. The
selected-area aperture removes the shadow image of the structure, but also cuts off
significant parts of the diffraction pattern.
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a

b

c

Figure 4.16: Examples of diffraction patterns. (a) (16,09) nanotube, (b) (13,13)
“armchair“ nanotube. (c) Diffraction pattern obtained on the intersection of a
(16,05) and (18,02) nanotube. A background subtraction was done on images (a)
and (b).
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a b

Figure 4.17: Index assignment: (a) The peaks in the experimental diffraction pat-
tern (from figure 4.15b) are marked. A box is drawn around the streaked graphene
peaks, and in the equatorial line the minima are marked. In (b), the experimental
image is replaced by a simulated one, without change in the marks. The indices
and incidence angle in the simulation are changed until the pattern matches. Here,
the pattern matches only one pair of indices (n,m)=(24,11). The incidence angle
is within 3 � of normal incidence. We verify that all nearby indices clearly deviate
from the experimental pattern.

only the selected area aperture) fails, since many other contributions (e.g. reflec-
tions from the metal contact, inelastic contributions) still reach the detector. The
smallest unwanted contributions will occult the very weak diffraction intensities
from the small number of atoms in our nanotube. We have seen that the energy fil-
ter is not necessary, but improves the image quality. The Köhler illumination con-
dition provides a homogeneous incident beam; however, convergent-beam electron
diffraction (shown below) is also possible on individual nanotubes.

4.4.4 Index assignment

For the analysis, the diffraction images are rotated to have the equatorial line in
a horizontal direction. If any astigmatism is found in the reference patterns, it is
compensated by rescaling and shearing the images by the appropriate amount. In
some cases a background subtraction is useful (Figure 4.18). The above steps can
be done with the ImageJ software and The Gimp (there is a version capable of
manipulating 16 and 32-bit images, called FilmGimp).

The rotated, background subtracted and rescaled images are then imported in
xfig. Here, the features in the image are marked (Figure 4.17). Then, simulated
images are placed instead of the experimental underneath the marks, to find those
which match. We find that for a sharp diffraction pattern there is exactly one set
of indices (n,m) for which the simulated image matches the experimental one. The
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Figure 4.18: Background subtraction: The image before (a), and and after a large
Gaussian blur is applied (b). Subtracting (b) from (a) yields the background sub-
tracted image (c). This is equivalent to high-pass filtering.

smallest individual carbon nanotube that was identified is a (7,7) nanotube, which
has a diameter of 0.94nm. One of the largest identified nanotubes is (39,26) which
has a diameter of 4.44nm.

Figure 4.19 shows the statistics of indices obtained from nanotubes all grown
in the same CVD process, using methane as carbon feedstock with Ni nanoparticle
catalyst. It clearly shows that the rolling angle is not randomly distributed, but is
biased towards the armchair orientation.

4.4.5 Discussion of the index distribution

Figure 4.19 clearly shows that the rolling angle is not randomly distributed, but is
grouped towards the armchair orientation in this material. This is a direct mea-
surement and it includes metallic nanotubes. Fluorescence spectroscopic results
[31, 32] show a similar trend, but are limited to semiconducting tubes and are bi-
ased by a structure-dependent fluorescence quantum yield. The Raman study in
Ref. [28] finds a more or less random distribution of nanotube indices in HiPCO
nanotubes. Note that all these index distributions are obtained from nanotubes
grown with different methods and parameters. As demonstrated in [32] the index
distribution strongly depends on growth conditions. We can compare the angular
selectivity in our material with fluorescence studies of nanotubes produced by al-
cohol catalytic CVD (ACCVD) under optimized conditions [32] and of nanotubes
grown from solid-supported Mo/Co catalyst (MoCo) [31], under the assumption of
a structure-independent fluorescence yield. An angle of 30 � represents armchair
nanotubes, 0 � a zigzag tube, and an average of 15 � is expected for a random dis-
tribution. The average angle in the MoCo material, calculated from the fractional
intensities listed in [31], is 22.8 � . The optimized ACCVD appears to yield predom-
inantly (6,5) (27 � ) and (7,5) (24.5 � ), but also significant amounts of (8,3) (15,3 � )
and (8,4) (19.1 � ). The intensities in [32] are given only in a graphical representa-
tion, from which we estimate an average angle of # 23 � . In our sample the mean
angle is 25 � if we include all nanotubes, and 24 � if we exclude the metallic tubes
for a better comparison with the fluorescence spectroscopic results. Due to the
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Figure 4.19: Nanotube indices of tubes grown in the same CVD process. The
underlined indices were encountered more than once. The rolling angle is not
randomly distributed, but is close to the armchair direction (30 � ) in the majority of
the nanotubes in this material.

much larger diameters obtained in our CVD process, there are many more differ-
ent nanotube species possible within a given angle interval. The angular selectivity
towards armchair tubes, however, is comparable or stronger than in [31] or [32].

4.4.6 Accuracy of the simulation methods

The single-walled carbon nanotube is one of the few systems well described by the
weak phase object approximation (WPOA). In addition to calculations [12], the
validity of the WPOA is demonstrated in an impressive way by the oversampling
and iterative phase retrieval for a nanotube from diffraction intensities [60]. The
reconstruction in [60] is based on the WPOA, and has worked for the large double-
walled carbon nanotube. However the iterative phase retrieval is not possible from
our diffraction data, because it requires the fully coherent illumination of a short
nanotube section which is available only with field-emission electron sources.

From a Fourier transformation of the projected potential (Figure 4.5), one can
quickly calculate a simulated diffraction pattern (e.g. Figure 4.11). This approach
approximates the visible section of the Ewald sphere as a plane. The computation-
ally more expensive path summation approach (section 4.2.3) naturally includes
the curvature. Although the difference is small, it can be detected in the simulated
images, and in experimental diffraction patterns for non-normal incidence. The
effect of the curvature is illustrated in Figure 4.20: The peak positions are slightly
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planar section

curved section

Discs of high intensity in reciprocal space

Figure 4.20: Effect of curvature of the Ewald sphere. 3D view of a planar section
through the reciprocal space of an (8,3) nanotube for a non-normal incidence (left).
Illustration of the planar section vs. curved section in Fourier space (right). The
vertical lines correspond to the discs. The curvature is exaggerated for clarity.

changed, and for non-normal incidence, they are no longer symmetric with respect
to the origin. This asymmetry can be seen in experimental diffraction patterns
where the tube is not orthogonal to the beam, as shown in Figure 4.21.

As a conclusion, the planar approximation for the Ewald sphere in the simu-
lation is sufficient for an index assignment for a close to normal incidence in the
diffraction pattern. If the tube is tilted, the curvature of the Ewald sphere has a
larger effect and has to be taken into account.

4.4.7 Convergent-beam electron diffraction

Although nanoarea electron diffraction using the Köhler illumination condition
with a small condenser aperture has proven to be very reliable, we would like
to show also the possibility of convergent-beam electron diffraction (CBED) on
individual single-walled carbon nanotubes. Here, the illuminating electron beam
converges to form a small probe of a few nm on a straight nanotube section. Con-
sequently, the diffraction pattern consists of extended discs instead of sharp points.
It is possible to investigate even smaller nanotube sections in this way. An unam-
biguous nanotube index assignment, however, is not possible (it could be possible
in combination with a very accurate diameter estimate from a high-resolution im-
age). The image is again recorded on image plates with an exposure time of five
minutes.

A convergent beam electron diffraction pattern of an individual single walled
nanotube is shown in Figure 4.22. A distorted image of the tube is visible in each
spot (in fact the tube is straight). In this way the rolling angle of a short segment
can be detected. Unfortunately, the periodicity in the equatorial line can not be seen
in this image. Even if the indices can not be determined, CBED may be useful for
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Figure 4.21: The curvature of the Ewald sphere leads to an asymmetry in the
diffraction pattern for non-normal incidence. This pattern is obtained from a nano-
tube identified as (16,05), with an incidence angle of 17 � with respect to normal
incidence. The lower half of the diffraction pattern is rotated by 180 � and over-
layed onto the top half with a different colour. In this way the asymmetry is visible,
clearly at the point indicated by the white arrows, where the red and green coloured
peaks do not coincide.
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Figure 4.22: Convergent beam electron diffraction (CBED) image of an individual
single-walled carbon nanotube. Original (a) and background subtracted image (b).
The orientation of the graphene lattice is visible, but the equatorial line is not. The
illuminated nanotube section is visible in each of the diffraction spots. In (b) part
of the reciprocal graphene lattice and indices according to Fig. 4.11 are shown.
The hexagons do not precisely match the peaks due to non-normal incidence. The
rolling angle of the nanotube can be calculated from the distances d � � d � according
to equation (4.53), and in this example we obtain 12.5

�
0.5 � .

an analysis of the rolling angles of carbon nanotubes, which can be measured from
the relative distances as indicated in Fig. 4.11.

4.4.8 Diffraction on MWNTs and peapods

Diffraction is possible on a wide range of nanotube structures, from small to large
single-walled carbon nanotubes, double-walled nanotubes (DWNTs), multi-walled
nanotubes and filled tubes. In double-walled nanotubes, multi-walled nanotubes,
and nanotube bundles, multiple orientations of the graphene lattice are visible in
a diffraction image. An index assignment is usually not unique, as it is not clear
which tube diameter belongs to a specific orientation. Detailed considerations for
assigning the indices of DWNTs can be found in [61].

A Diffraction pattern of a multi-walled carbon nanotube (MWNT) is shown in
Figure 4.23. A large number of different orientations of the graphene sheets are
visible. There are approximately as many different orientations of the graphene
lattice present as there are nanotube shells. This shows that, unlike graphite, each
graphene layer in a MWNT exhibits a different orientation.

A very interesting hybrid nanotube structure are endohedral metallofullerene
peapods (Dy@C � � @SWNT) (see chapter 6). It is possible to observe the periodic-
ity of the filling in a diffraction pattern obtained from a small bundle. This image is
shown in Figure 4.24, and the arrows indicate the features attributed to the peapod
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Figure 4.23: Diffraction pattern of a multi-walled carbon nanotube (MWNT).
There are approximately as many different orientations of the graphene lattice
present as there are nanotube shells.
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structure. The periodicity of the fullerenes is found to be * ? ��� � ? � � Å, in agreement
with values found by high-resolution TEM and diffraction in [62] and [63]. Due
to the bundling, the indices of the many different host tubes can not be separately
determined.
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Figure 4.24: (a) Diffraction pattern obtained from a bundle of Dy@C � � @SWNT
endohedral metallofullerene peapods. The arrows indicate the features attributed to
the periodic fullerene structure inside the nanotubes. The periodicity of the filling
is * ? ��� � ? � � Å. (b) High-resolution images of a bundle of similar size in the same
sample. Scale bar in (b) is 5nm.
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Chapter 5

Raman spectroscopy on
Index-assigned nanotubes

Raman spectroscopy is an important technique in the characterization of carbon
nanotubes [16, 64]. As explained in the introduction, Raman spectroscopy probes
vibrational modes of carbon nanotubes, and information about electronic transi-
tions can be obtained from the laser energy. The characteristic features of the
Raman spectrum of single-walled carbon nanotubes (SWNTs) depend on the nano-
tube structure, defined by the indices (n,m) [65]. However, there is so far no in-
dependent determination of a nanotube structure in combination with its Raman
modes. All previous assignments of Raman modes to specific nanotube indices are
based on a modelisation of the vibrational and electronic properties. We present
the first Raman spectroscopic studies on individual nanotubes in combination with
an independent identification of the tube structure by electron diffraction.

The so-called radial breathing mode (RBM) is a fingerprint of single-walled
nanotubes, and its frequency is related to the nanotube diameter. From the RBM
frequencies measured on precisely identified nanotube structures, we obtain an
RBM vs. diameter relationship that does not depend on any modelisation of nano-
tube electronic or mechanical properties. The relation of the RBM frequency� � ��� to the inverse nanotube diameter *�� � is often given as a linear relation with
two parameters A and B:

� � ��� � A� �
B (5.1)

This relation agrees well with various calculations and experiments [16, 64, 66,
67, 65, 68, 28, 29, 69], however, the actual values found for A and B vary signif-
icantly. While the parameter A is interpreted as a “spring constant” for the C-C
bond, the value B is commonly attributed to an interaction with the environment
(substrate, nanotube bundle, or detergent). It is therefore expected to be zero in this
interpretation for a perfectly isolated nanotube .

Although our nanotubes are freely suspended, we find a non-zero value for B.
Further, we obtain the precisely same RBM frequencies as found for nanotubes

75
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Figure 5.1: Sample preparation procedure: (a) The substrate is cleaved through a
metallic grid which is on top of the carbon nanotubes. (b) The sample is etched so
that the structure is mainly undercut from the side, removing the shaded volume.
The resulting structure (c) reaches out across the side edge of the substrate. Since
the nanotube is still held by the metal contacts, and the substrate is no longer in the
way, it is accessible for TEM investigations (d), viewed from top. (e) is an optical
microscope image of a free-standing structure (scale bar 5 � m). The location of
carbon nanotubes within the structure is known from overview TEM images (f), so
that micro-Raman measurements are possible on precisely located nanotubes. (f)
is a dark-field mode TEM image. Scale bar is 1 � m.

on a substrate in previous works. This agreement in spite of the very different
environment shows that the influence of the environment on the RBM frequency
can not explain the experimentally found values for B.

This combined Raman study was done in a collaboration: Raman spectra were
measured by M. Paillet and T. Michel at the University of Montpellier, France. Ad-
ditional Raman measurements were done by A. Neumann and G. S. Duesberg at
Infineon technologies, Munich. Further, the individual single-walled carbon nano-
tubes used in these and several other experiments were grown by CVD by M. Paillet
and G. S. Duesberg.

5.1 Experimental procedure

As described before, structures with carbon nanotubes are created on the edge of a
cleaved substrate and made free-standing with an etching process. The single-
walled carbon nanotubes are grown by chemical vapour deposition (CVD) on
highly doped silicon substrates with a 200 nm Silicon dioxide layer [25]. A metal
structure consisting of 3 nm Cr and 110 nm Au is created by electron beam lithog-
raphy on top of the as-grown carbon nanotubes. The substrate is then cleaved
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through the metal grid structure. An etching process, as described before, is used
to obtain free-standing nanotubes.

On half of the free-standing nanotube samples, a tiny amount of silver is de-
posited by thermal evaporation. The amount corresponding to a 1 nm thick layer
forms separated silver particles with a few nm in diameter along the nanotube
[70, 71]. Two small particles are visible in Fig. 5.3d. We find that the silver
deposition on the nanotubes can lead to an increase of the Raman intensity.

Since the substrate is no longer in the way, TEM is possible on the free-standing
part of the structure on the edge of the substrate. The carbon nanotubes are held
in place by the metal structure. Before the micro-Raman experiments, overview
TEM images are obtained at low dose and voltage (60 kV) to get the position and
orientation of carbon nanotubes with respect to the metal structure.

The metal structure is visible in the optical microscope, and the overview im-
ages show the nanotube location and their orientation with respect to the metal grid.
It is now possible to carry out micro-Raman experiments on a perfectly localized
and oriented single tube. A first series of room-temperature Raman spectra were
measured using the Ar/Kr laser lines at 488 nm (2.54 eV), 514.5 nm (2.41 eV) and
647.1 nm (1.92 eV) in the back-scattering geometry on a triple subtractive Jobin-
Yvon T64000 spectrometer equipped with a liquid nitrogen cooled charge coupled
device (CCD) detector. Another series of spectra were collected using a tunable
laser (1.57 eV-1.7 eV) with a Dilor XY800 spectrometer. In all the experiments the
instrumental resolution was 2 cm

4
� . A precise positioning of the tubes under the

laser spot (1 � m laser spot) was monitored with a piezoelectric nano-positioner. In
our experimental configuration, the incident light polarization is along the SWNT
axis (the Z axis), and no analysis of the polarization of the scattered light is done.

After measuring the Raman spectra, diffraction patterns and high-resolution
TEM images of the same nanotubes that were investigated by Raman spectroscopy
are obtained. We record diffraction patterns on image plates in a Zeiss 912 ' mi-
croscope operated at 60 kV as described in Chapter 4. With an electron diffraction
pattern that matches only a single pair of indices (n,m), the diameter is precisely
known given the length of the carbon-carbon bond. Our diameter values are based
on a C-C distance of 1.42 Å.

5.2 Results

After the Raman measurements, we have analyzed by electron diffraction all the
nanotubes that showed a Raman signal. Among these tubes, three times the (11,10)
nanotube was found. On the whole, we have obtained spectra from 10 unam-
biguously identified nanotubes: (11,10) (3 times), (15,6), (16,7), (12,12), (17,9),
(15,14), (27,4) and (23,21). Furthermore, we measured the spectra from two other
tubes that could not be fully identified, but of which diameters were quite precisely
determined from the equatorial lines of their diffraction patterns, i.e. 1.64

�
0.05

nm and 2.3
�

0.05 nm.
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b

a

Figure 5.2: (a) Optical microscope image of a free-standing structure, taken
through the microscope of the Raman spectrometer. The blue laser spot is visi-
ble. (b) Low magnification TEM image of the same free-standing structure with
suspended carbon nanotubes. Since the location of the nanotubes is known, Raman
spectroscopy can be carried out on precisely located and oriented nanotubes. Indi-
cated by the dashed circle in (b) is the region where the spot of the Raman laser is
focused. The arrows point at a nanotube bridging several contacts and crossing the
laser spot. Scale bar is 20 � m (a) and 1 � m (b).
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Figure 5.3: (a) RBM and (b) TM ranges of the three different (11,10) SWNTs
(E �

� � �� =2.41 eV). The features are well reproduced and the differences are within
the experimental error. Only a small D line is visible at 1341cm

4
� . (c) Diffrac-

tion pattern from one of the (11,10) nanotubes (left: experimental, right: simulated
image). (d) High-resolution TEM image of the same nanotube. Two small sil-
ver particles are visible, and at the upper end is one of the contacts. Most of the
amorphous carbon is deposited during the TEM analysis.
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n m d [nm] ( � ) E [eV] RBM HWHM

11 10 1.42 28.4 2.41 169.5 3.5
15 6 1.47 16.1 1.7 166 3
16 7 1.6 17.3 1.574 154 4
12 12 1.63 30 1.63 151 3.5
17 9 1.79 19.9 2.41 140.5 3.5
15 14 1.97 28.9 1.92 129 3.5
27 4 2.29 6.8 1.92 119 5.5
23 21 2.98 28.5 1.6 95 6.5

Table 5.1: Structural indices (n,m) determined by electron diffraction, RBM fre-
quencies and their Half Width at Half Maximum (HWHM) [1/cm] measured by
Raman spectroscopy with a laser energy E on each nanotube.

Tube d [nm] E [eV] RBM HWHM

(18,02) or (16,05) 1.494 or 1.488 2.41 165 3.5
- 1.59...1.69 2.41 153 3.5
- 2.25...3.35 1.92 116 7

Table 5.2: Additional data for the dependence of the RBM on the diameter from
tubes that could not be identified. In one case there are two tubes (18,02) and
(16,05) under the laser spot; in the other two cases only a diameter estimate was
possible from the equatorial line of the diffraction pattern.

Figure 5.3 shows the Raman spectra (using a 2.41 eV excitation) and the
diffraction pattern of one (11,10) SWNT. We have measured nearly identical spec-
tra for the three different (11,10) nanotubes. The single RBM and the two dom-
inant modes in the TM range are reproduced within the experimental error. The
reproduction of the Raman spectra validates that the Raman spectra and diffraction
patterns were indeed obtained from the very same object.

The exact determination of the transition energy of a SWNT requires the mea-
surement of the resonance profiles with a broad set of laser lines [28, 68]. However,
the measurement of a detectable signal for the 2.41 eV incident energy means that
one transition energy of the (11,10) SWNT is close to 2.41 eV. As expected for
an individual SWNT, the Raman spectrum is featured by a single narrow RBM
located at 169.5 cm

4
� (FWHM = 7 cm

4
� ). The profile of the (11,10) TM bunch,

displayed in Fig. 5.3b, is well fitted by using two lorentzian components located at
1593.5 cm

4
� (FWHM = 6 cm

4
� ), and 1566 cm

4
� (FWHM = 7 cm

4
� ). This TM

profile is in agreement with ab initio calculations [72].
Raman data of further identified nanotubes is shown in table 5.1. The index as-

signment is solely based on the electron diffraction analysis, and not on the Raman
data. The majority of the Raman spectra are recorded on regions of micrometric
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Figure 5.4: (a) RBM of the (27,4) SWNT (E �
� � �� =1.92 eV), (b) electron diffrac-

tion pattern and (c) high-resolution TEM image of the (27,4) SWNT (scale bar
5nm). (d) Electron diffraction pattern of the (23,21) nanotube, and (e) RBM
(E �

� � �� =1.6 eV) of the (23,21) SWNT. The red line is a Lorentzian fit. In each
electron diffraction pattern the left half is the experimental image, while the right
half is the simulated one for comparison.
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size where only a single nanotube is detected by electron microscopy. In some
cases, there are two nanotubes within or near the laser spot. We identify both of
them and often find two very different diameters, so that only one of them is reason-
able for the measured RBM frequency. For example, the (17,9) SWNT (1.79 nm)
is partly bundled with another tube with diameter >2.2 nm, which cannot exhibit
the measured 140 cm

4
� RBM frequency. We will also use one data point where

two tubes with nearly identical diameter were under the laser spot, and data from
two tubes for which only a diameter estimate was possible (table 5.2).

Figure 5.4 shows the Raman spectra and diffraction patterns of the two tubes
with the largest diameters of our data set, respectively the (27,4) and the (23,21)
SWNTs. The diameters of these semiconducting nanotubes are 2.287 and 2.984 nm
(with a � 4 � = 0.142 nm) and their chiral angles are 6.8 � and 28.5 � respectively.
The RBM are located at 119 cm

4
� (FWHM = 11 cm

4
� ) and 95 cm

4
� (FWHM =

13 cm
4

� ) for the (27,4) and (23,21) tubes, respectively (Fig. 5.4a and e).

5.3 Discussion

5.3.1 RBM range

A huge number of experiments and modelisation efforts were made to relate the
radial breathing mode (RBM) frequency to the nanotube structure. A review and
summary of various models and experiments is given in [64]. Our experimental
approach provides the first accurate and independent determination of the lattice
structure of the tubes, (n,m) indices and then the diameters and chiral angles, with
their RBM frequencies. Figure 5.5 plots the experimental relation between the
RBM frequencies and the nanotube diameters obtained in this way. We point out
that these results are covering an unprecedented diameter range (1.4 nm to 3 nm).

On Figure 5.5, the measured points agree with a line obeying the relation� � ��� � A � � � B, with A=204 cm
4

� nm and B=27 cm
4

� . This RBM vs. di-
ameter relation is measured on individual free-standing tubes, while in previously
established relations the individual nanotubes were lying on a substrate [29] or en-
capsulated in SDS micelles [28, 68, 69]. Further, we have investigated a diameter
range that was never studied before. We find a good agreement in the diameter
range between 1.4 and 1.7 nm where our diameter range overlaps with the previ-
ous works. However, an extrapolation of the previously established relationships
to the larger diameter tubes (dashed lines in Fig. 5.5) does not agree with our data.
Therefore, with the relations from [28, 69] for smaller diameters, the agreement
in the overlapping diameter range, and our new data on large diameter nanotubes,
the relationship between the RBM frequency and the inverse diameter is evidently
non-linear.

Our results allow to discuss the structural (n,m) determination of the Ref. [29]
which is only based on resonant Raman scattering data obtained by using the 1.58
eV laser excitation. We have measured the RBM frequencies of the (16,7) and
(15,6) metallic tubes, and the RBM frequencies of these same tubes are given in
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Figure 5.5: RBM frequencies vs. nanotube diameter for nanotubes identified by
electron diffraction. Data points marked with a circle are from unambiguously
identified nanotubes, and the indices are given in the diagram. For the data points
with a horizontal error bar, only a diameter estimate was possible. The data point
marked with a star is either from a (16,5) or (18,2), which have almost the same
diameter (two tubes under the laser spot). Drawn as dashed lines are selected RBM
vs. diameter relationships from literature [28, 29, 69] (the values from [29] are
modified for a C-C bond length of 1.42Å instead of 1.44Å). The solid line best
matches our data.
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Table I of the Ref. [29]. A comparison between the two data sets shows a complete
agreement for the (16,7), since we found

� � ��� = 154 cm
4

� (E
� � � � � = 1.57 eV

excitation). Concerning the (15,6), the RBM is located in our case at 166 cm
4

�

(165 cm
4

� in Ref. [29]). However, our spectrum is recorded by using the 1.7 eV
laser excitation and at 1.58 eV in Ref. [29]. Once more, an exact determination of
the resonant energies would however require a full set of laser lines [28, 68, 69].
But the precise agreement between RBM frequencies for identified tubes in SDS or
on a substrate with our data on free-standing tubes shows that the influence of the
environment is small, at least in the diameter range where our data overlaps with
the previous work. This raises questions on the interpretation of the B parameter
as an environmental constant. We have so far no explanation for this experimental
result.

The present combined electron diffraction and Raman scattering experiments
on the same free-standing SWNT is a direct measurement of the relation between
the RBM frequency and the tube diameter without modelisations of the vibrational
and electronic properties. The main point of discussion concerns the dependence
of the RBM frequency versus the tube diameter. For isolated tubes, the models
predict a

� � ��� � A � � relation [64]. From the Raman experiments performed on
SDS wrapped individual SWNTs [28, 68, 69], a

� � � � � A � � � � relation was
found. The non-zero value of the B parameter is commonly attributed to the effect
of the environment. Again, most of the environmental influences are absent for the
free-standing SWNTs investigated here. Thus, also the experimentally obtained
RBM frequency vs. diameter relationship shows that the large value of B can not
be attributed to the environment.

To elucidate more completely this point, investigations on well characterized
(n,m) free-standing nanotubes of smaller diameter are required. The expected re-
sults will allow a direct comparison with more of the experimental results obtained
from SDS wrapped individual SWNTs [68, 28, 69] and ab initio calculations [72].

5.3.2 TM range

It was shown by Cronin et al. [73, 74] that uniaxial strain has a significant influ-
ence on the TM frequencies, while no change is detected in the RBM frequencies.
Strain could reasonably occur in some of our suspended nanotubes, by a small de-
formation of the free-standing structure. From our TM frequencies we conclude
that uniaxial strain (if present) is much smaller in our samples than in [73, 74].

Figure 5.6 shows the TM features of several identified single-walled carbon
nanotubes. All curves are well fitted by two lorentzian lines (one is sufficient for the
(23,21)). The highest frequency

� �
� peaks for most of the nanotubes are grouped

close to 1591cm
4

� , which is the expected value for an unstrained tube. Accord-
ing to Cronin et al. [74], the slightly shifted peak for the (23,21) (at 1585cm

4
� )

corresponds to an uniaxial strain of 0.28%.
The separation between the two observed tangential mode frequencies

� �
� and� 4

� decreases with increasing diameter. In Fig. 5.6 this trend is seen in the in-



5.3. DISCUSSION 85

1520 1540 1560 1580 1600 1620

ν [cm
-1

]

0

0.2

0.4

0.6

0.8

1
R

am
an

 I
nt

en
si

ty
 [

a.
u.

]
(15,14)
(23,21)
(11,10)
(20,16)

Figure 5.6: TM range of several identified SWNTs. The curves are normalized to
the maximum peak height. All curves are well fitted by two lorentzian components.
Shown in the indicated colour for each tube is the raw data (thin line) and the fit to
two lorentzians (bold line).

creasing diameter sequence (11,10), (15,14), (20,16), and the two lines might not
be separated any more in the single peak observed for the large (23,21) tube. This
trend is in qualitative agreement with the G-band study of smaller diameter nano-
tubes in Ref. [75].

5.3.3 Transition energies

Although the transition energies can not be precisely determined with a small num-
ber of fixed laser lines, the observation of a detectable signal means that a transition
energy of the nanotube is close to the laser energy. We can compare our excitation
energies with calculated values. Fig. 5.7 shows the so-called Kataura plot to-
gether with the data collected on identified single-walled carbon nanotubes. This
representation of the transition energies was first introduced by Kataura et al. for
the interpretation of resonant Raman spectra [76]. Detailed calculations of the 1D
electronic DOS are found in [77]. Tabulated data from these calculations can be
found in [17]. The plot in Figure 5.7 is generated from this data. Highlighted in the
plot are the calculated transition energies for the nanotubes in our data set. Given
for comparison is the laser energy at which we obtained a signal. It appears that
the laser energy is often slightly higher than a calculated transition. In all cases a
calculated transition is present within 0.25eV below the experimental laser energy.

This systematic deviation of the transition energies from those calculated by
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Figure 5.7: Comparison of our data with the Kataura plot. The small black and
red points are the calculated transition energies respectively for semiconducting
and metallic nanotubes. Marked with a circle are the calculated transition ener-
gies for the carbon nanotubes we have measured and identified. Given as star (*)
in the same colour for each tube is the laser energy at which a Raman signal was
observed. In all cases a calculated transition is found slightly below the laser exci-
tation energy (within 0.25eV) as indicated by the arrow.
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Kataura et al. confirms previous findings, e.g. by Telg et al. [28]. The index
assignment in [28] is done by matching the Raman spectra to calculated transition
energies and RBM frequencies via a pattern recognition approach. Although Telg
et al. have investigated smaller diameter nanotubes, they found a similar systematic
deviation from the calculated energies.

5.4 Conclusions

We have obtained Raman spectra of carbon nanotubes of which the structure was
independently and unambiguously identified by electron diffraction. In this way we
have directly measured the relation between the radial breathing mode frequency
and the diameter of carbon nanotubes, while all previous measurements of this
relation had relied on a modelization of vibrational and electronic properties of the
carbon nanotubes.

Our measurements cover an unprecedented diameter range from 1.4 nm up
to 3 nm, and confirm previously established more or less model dependent laws
in the range 1.4-1.7 nm (which is the overlap with previous work). Indeed, it
is surprising that we obtain the same radial breathing mode frequency for free-
standing nanotubes as compared to nanotubes of the same diameter on a substrate
or encapsulated in SDS micelles. This shows that the influence of the environment
on the RBM frequency is much smaller than previously assumed.

Further, the diameter dependence of the tangential mode frequencies, and the
deviations between measured and calculated transition energies, are in agreement
with previous work. Since previous investigations were mostly done on nanotubes
with smaller diameters than in this work, additional measurements on precisely
identified smaller diameter nanotubes will allow a more quantitative comparison.
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Chapter 6

Transport measurements in
combination with electron
microscopic analysis

The electronic characterization of an individual carbon nanotube is usually carried
out by placing two lithographic contacts onto a nanotube which is adsorbed on a
substrate. The diameter of the nanotube is estimated by Atomic Force Microscopy
(AFM), but this technique does not allow to tell whether the measurement is per-
formed on a small bundle or a single tube. If the true nature of the object under
investigation is not known, the interpretation of such measurements has to depend
on assumptions.

Recently, carbon nanotubes encapsulating fullerenes or endohedral metallo-
fullerenes, so-called peapods, have attracted considerable interest. In the case of
filled nanotubes, there is no way to know (with the previous methods) whether the
particular nanotube on which the electronic transport measurements are performed
is filled or not.

Therefore, it is highly desirable to obtain a Transmission Electron Microscope
(TEM) image of the very same carbon nanotube on which the transport measure-
ment has been carried out. A TEM image shows whether there is a single nanotube
or a bundle, and it reveals the diameter and filling of the tube. The electron diffrac-
tion analysis yields the precise structure of the SWNT. Transmission Electron Mi-
croscopy, however, is not possible on objects on a bulk substrate.

None of the previous approaches for combining TEM and transport [78, 79]
allowed for an electronic characterization of the nanotube in field-effect transistor
(FET) configuration. However, it is the dependence of the current on the gate volt-
age that provides crucial information about the electronic structure of the carbon
nanotube.

One major achievement presented in this chapter is the combination of a trans-
port measurement in a transistor configuration with high-resolution images ob-
tained from the same object. The transport measurement is done first, in a “stan-

89
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a b

Figure 6.1: (a) Model of the endohedral peapod Dy@C � � @SWNT. The SWNT is
filled with C � � fullerenes, each of which encapsulate a Dysprosium (Dy) atom. (b)
High resolution TEM image of a Dy@C � � @SWNT hybrid structure. The heavy
Dy atoms are visible in several of the fullerene cages as dark spots. Scale bar 2nm.

dard” configuration with a back-gate and at liquid helium temperatures. After the
transport measurement, the samples are processed further to facilitate a TEM in-
vestigation of the same object. In this way a complete electronic characterization
can be combined with the detailed structural analysis from the electron microscopic
investigation.

Another, more simple sample preparation is shown which does not provide
the well-defined back-gate, but allows transport and electron diffraction on free-
standing nanotubes. These samples also allow in-situ transport experiments in the
transmission electron microscope. In this way we examine the influence of the
electron beam on the tube and the contacts, and finally observe the failure of the
nanotubes by high currents.

6.1 TEM and transport in a transistor configuration

The goal of this part was to measure the transport properties of nanotubes filled
with fullerenes, so-called peapods. High-resolution TEM is a sure way to deter-
mine whether a measurement was performed on an empty nanotube or a filled one.

Here we are interested in transport measurements on nanotubes filled with en-
dohedral metallofullerenes, annotated as Dy@C � � @SWNT. A charge transfer from
the fullerene to the nanotube is expected to provide a “doping from the inside”. A
modulation of the band structure due to the fullerenes was clearly shown in scan-
ning tunnelling microscopy and spectroscopy experiments [80]. The effect on the
transport properties remains an open question. Previous transport measurements on
this type of material [81] could not provide evidence that the measured nanotube
was indeed filled. A TEM image as shown in Fig. 6.1b, if obtained from the same
nanotube as the transport data, would be conclusive evidence that the measurement
is indeed done on nanotube filled with fullerenes.

6.1.1 Experimental procedure

The transport investigations are carried out on highly doped (
���

6m ' cm) silicon
substrates with a 200nm thermally grown silicon dioxide layer. A marker system,
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consisting of 5nm Cr and 20nm Au is prepared by electron beam lithography on
each sample. Laser-ablation SWNTs are purified by repeated oxidization and sub-
sequent HCl treatment and filled with Dy@C � � endohedral metallofullerenes [82],
yielding so-called metallofullerene peapods [83, 84]. From TEM investigations,
we estimate that 50% of the nanotubes are filled with fullerenes. The majority of
the nanotubes is either completely filled or empty, but partly filled nanotubes were
also observed. These SWNTs are suspended in a 1% aqueous solution of sodium
dodecyl sulphate and adsorbed onto the substrates with the marker system. Atomic
Force Microscopy (AFM) is used to locate potentially single nanotubes with re-
spect to the marker system.

Now that the location of the nanotubes is known, a contact structure is de-
signed for each nanotube. The contact structure is prepared on top of the carbon
nanotubes in a second lithography step. Now the transport measurement is done,
using the substrate as back-gate. Afterwards, a supporting metal structure is cre-
ated in a third lithography step. It keeps the contacts in a fixed position relative to
each other during the etching process. The free-standing structure is prepared using
the previously described etching processes. Now the same nanotube can be investi-
gated by high-resolution TEM. An example is given in Figure 6.2 which shows the
AFM image, a TEM image of the suspended nanotube between its contacts, and
SEM images of the etched structure.

6.1.2 Results

Figure 6.3 shows AFM and transport data of a carbon nanotube from (partially
filled) nanotube material. From the AFM data, the tube diameter was measured
as 1.5nm, and a single tube was expected. The transfer characteristic in Figure 6.3
was measured at 4.2K for

�
sd

� � 	
mV. We observe so-called ambipolar transport,

i.e. the current
	
sd through the bundle is suppressed for intermediate values of the

gate voltage
�

g, whereas large currents are flowing both for high positive and high
negative values of

�
g. The regime of suppressed current is

� �
g #  � ? V. This

behaviour is similar to the previously reported measurement on (possibly filled)
endohedral metallofullerene peapods [81].

After the transport measurement, the sample is etched and the free-standing
tube is observed by TEM (Fig. 6.4). The TEM micrographs show a bundle com-
posed of two single-walled carbon nanotubes, both with a diameter of * � * 	 � ? � * nm.
Contrary to our expectation, no fullerene filling is observed. No twisting of the two
nanotubes around each other is visible along the entire length. This implies that be-
fore etching the two nanotubes were lying parallel and next to each other on the
substrate without overlapping or crossing. The substrate was orthogonal to the
direction of the electron beam, and correspondingly the nanotubes appear at maxi-
mum separation orthogonal to the beam and do not overlap in the projection of the
TEM images.
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a b

c ed

Figure 6.2: (a) AFM image of a contacted nanotube. The contacts are used for a
transport measurement. Afterwards, a support structure is created and the sample
is etched. (b) TEM image of the nanotube suspended between the same contacts.
(c-e) SEM images of the free-standing structure. Image (d) is artificially coloured
to show the different parts of the structure. Highlighted in red are the contacts
which were used for the transport measurements, now embedded in the supporting
structure.
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a b

c

Figure 6.3: (a) AFM image of the contacted nanotube. (b) Output characteristic at
V �

� ? V and (c) transfer characteristic at V � 	 � 	
mV, both measured at 4.2K.

c
d

b

c
d

b

a

Figure 6.4: (a) TEM image showing the entire nanotube suspended between the
its contacts. Some debris has accumulated due to a contamination in the etching
process. (b-d) High-resolution images of the segments as indicated in (a). A bundle
of two empty nanotubes is found. Scale bar in (b-d) is 5nm.
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6.1.3 Discussion

Lee et al. have shown by Scanning Tunnelling Spectroscopy, that filling of SWNTs
with endohedral metallofullerenes reduces the band gap significantly [80]. This
band gap narrowing makes the observation of ambipolar transfer characteristics
likely, as reported in [81]. However, band gap narrowing due to insertion of met-
allofullerenes can be ruled out for the bundle of tubes investigated within this study.
The TEM images reveal that the two carbon nanotubes the bundle consists of are
empty, and also that their diameters are too small to allow a filling with Dy@C � � .

To estimate the band gap
�

g of the investigated SWNT bundle, it is required
to know the coupling factor � � 
 g � 
�� , where 
 g is the capacity between the
SWNT and the gate electrode and 
�� the total capacity of the nanotube with re-
spect to the metal electrodes and the gate. With a given � the band gap

�
g is

obtained by
�

g � � � �
g � . Within this study a carbon nanotube which was not

treated with the fullerene filling method exhibited Coulomb blockade behaviour at
4.2K which allowed to extract � # ? �  from the diamond plot. Similar values for
� have been reported by other authors [85]. Assuming the same � for the nano-
tube bundle investigated here results in a band gap of

�
g # � ?�? meV. For the tube

diameter of 1.15 nm the predicted band gap [16] is
�

g �
� ? % meV, in reasonable

agreement with the value deduced from the transport measurements.
Of course, � � ? �  is only a crude estimate, and � can be different for different

carbon nanotube field effect transistors, even if they are prepared in the same way.
The smallest value of � we have found in the literature is � � ? � ? 	 [86], which
would lead to

�
g # * ?�? meV, too small for the gap of a semiconducting nanotube

and too large for a curvature-induced small band gap in a “quasi-metallic” SWNT
[87, 88].

Fig. 6.5 shows a TEM image of another nanotube bundle on which transport
measurements were carried out. Unfortunately only a partial filling is observed.
It is therefore not clear whether the properties of the filled or empty nanotubes
dominate the electronic properties. We have not (yet) achieved a measurement on
an isolated filled single-walled carbon nanotube peapod. The material is strongly
bundled, and only partially filled. Tubes suspected to be single, based on the AFM
analysis, often turned out to be small bundles. However, the procedure is developed
up to a point where a TEM analysis of our transport samples can be reliably done,
and will be a matter of preparing sufficiently many samples in order to find an
individual peapod.

6.2 Diffraction and transport in free-standing tubes

A procedure for an efficient preparation of free-standing carbon nanotubes for
TEM and transport investigations has been developed. In contrast to the method
described above, it requires only a single lithography step, and the structure can
be mass-produced, i.e. it is not required to prepare a different structure for each
sample. No time-consuming searching for carbon nanotubes by AFM is required
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Figure 6.5: Example of a nanotube bundle on which transport measurements were
carried out, but which is unfortunately only partially filled. Scale bar is 5nm.

(the AFM part in this process is a check and a manipulation on a small section).
These samples are also used for the in-situ experiments shown in section 6.3. The
TEM information is available before the nanotube is selected for the transport mea-
surement. However, the gate effect by the nearby substrate is smaller compared to
the previously described approach.

6.2.1 Sample preparation

A grid structure consisting of 3nm Cr and 110nm Au is prepared on top of CVD-
grown carbon nanotubes. The sample is cleaved in such a way that the grid is on
the edge of the sample. The previously described etching process produces a partly
free-standing structure. Some contacts in the structure can readily be used for a
transport measurement in case a nanotube is suspended between them. However,
it turned out that the probability for obtaining exactly one of the randomly located
nanotubes between two contacts is low. Since there is only limited space for bond
pads, it is not possible to have a large number of prefabricated contacts in this way.

Instead, many potential contacts are arranged in a grid structure, but only some
have a connection to a bond pad. A thin short-circuit bridge connects all contacts.
Since the free-standing structure can be investigated by TEM, it is possible to locate
an individual nanotube for the transport measurement within the grid. The bridge
which short-circuits this specific tube is then opened using the AFM (Fig. 6.6).

At the same time as opening the short-circuit bridge, the AFM is used to make
sure that no additional tubes are present between the contacts above the substrate.
The free-standing part of the structure can be seen by TEM, but the part above
the substrate can not. It is important to make sure that the measurement is done
on precisely the one nanotube that was found in the free-standing part. Figure 6.7
shows connected AFM images of the region between the contacts, and the bridge
before and after opening. The metal bridge has a width of # * 	 ? nm, thin enough
to be completely under-etched during the etching process. After etching, it is a
free-standing metal bridge. Therefore it is easily opened by pushing it sideways
with the AFM tip.

As a result we obtain free-standing individual single-walled carbon nanotubes
with metal contacts. A TEM and electron diffraction analysis as well as a transport
measurement can now be carried out on the same nanotube.
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Figure 6.6: Optical microscope image of the structure before (a) and after etching
(b). The two contacts indicated by the red arrow with the (*) can be readily used for
a transport measurement in case a carbon nanotube bridges the gap. If not, a single
nanotube is usually found somewhere in the remaining free-standing grid structure.
This nanotube can be contacted by opening the small metal bridge at the end of the
grid (some are indicated by the white arrows in (a) and (b)) at the right position.
These bridges short-circuit all contacts, except those where the bridge is opened
by pushing with the AFM tip. (c) is an SEM image of a free-standing structure.
Here, one of the bridges was opened by AFM (indicated by the yellow arrow). The
red dotted line indicates the path of the current in a transport measurement on a
nanotube suspended within the free-standing structure. Scale bars in (a) and (b)
are 5 � m.
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b

a

Figure 6.7: (a) AFM images of the region between the contacts. The red arrows
indicate the edge of the substrate, with the free-standing part above. The AFM
images show that no additional tube bridges the contacts above the substrate (where
it can not be seen by the TEM). The metal bridge (which is free-standing after the
etching procedure) is at the lower end of the image. (b) AFM image of the bridge
after opening. The bridge is opened by pushing with the AFM tip.
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Figure 6.8: (a) Individual (14,10) single-walled carbon nanotube suspended be-
tween metallic contacts. The nearby substrate serves as gate. The dashed red line
indicates the edge of the substrate (gate), with the source and drain contacts reach-
ing out across the edge. (b) Dark-field TEM image of a (15,15) nanotube with
metal contact structure. In this sample, a third metal electrode serves as side-gate.
Scale bar 200nm (a) and 1 � m (b).

6.2.2 Experimental

Several free-standing nanotube samples were prepared as described above. Suc-
cessful transport measurements were carried out on carbon nanotubes identified as
(13,09), (45,18), (10,10), (14,10), and (15,15). The (13,09) and (45,18) nanotubes
were electrically measured in-situ in the TEM, with and without irradiation, as
described in section 6.3. The in-situ measurements are carried out at room temper-
ature in the ultra-high vacuum of the microscope. The (10,10), (14,10) and (15,15)
were measured in a liquid helium atmosphere at 4.2K; and also various tempera-
tures between 4.2K and room temperature in case of the (10,10) and (14,10).

If a third electrode or the highly doped substrate is close enough to the nano-
tube, it can serve as gate, and the tube can be analyzed in transistor configura-
tion. This provides significantly more information about the nanotube than only
the current-voltage characteristics. As shown in Fig. 6.8a, the (14,10) nanotube
was prepared close to the substrate, which could be used as gate. The structure
containing the (15,15) nanotube was designed to have a metallic gate electrode at
one side (Fig 6.8b).
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Figure 6.9: (a) Experimental and (b) simulated diffraction pattern of the (14,10)
carbon nanotube (from Fig. 6.8a). (c) Output characteristics of the same nanotube
for different gate voltages

�
� . (d) Transfer characteristics (gate dependence) of

the (14,10) nanotube at different bias voltage. Both (c) and (d) show the expected
behaviour of a semiconducting nanotube.

6.2.3 Results

The complete transistor characteristics of identified (14,10) and (15,15) carbon
nanotube were measured, i.e. the current-voltage characteristics for various gate
voltages, and the gate dependence of the current for different bias voltages. For the
(14,10) carbon nanotube, Fig. 6.8a shows a TEM image of the nanotube with its
contacts, and Fig. 6.9 shows the diffraction pattern (from which the indices were
derived) together with the transport data. For the (15,15) nanotube, the contact
configuration is shown in Fig. 6.8b, and the diffraction and transport data in Fig.
6.10. These transport measurments were carried out at 4.2K.

Further, the electronic properties at various temperatures between 4.2K and
293K were measured for the (14,10) and a (10,10) nanotube. Current-voltage (I-
V) plots at various temperatures for these tubes are shown in Fig. 6.11.
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Figure 6.10: (a) Experimental and (b) simulated diffraction image of a (15,15)
carbon nanotube (Fig. 6.8b). (c) Output characteristics of the same nanotube, for
different gate voltages

�
� . The lines are offset by 100nA in vertical direction.

(d) Transfer characteristics (gate dependence) of the (15,15) nanotube at different
bias voltages

� � 	 . At low bias voltages within the blockade regime (
� *  
	 mV,

enlarged), reproducible variations in the current as a function of gate voltage due
to charging effects are observed, showing the effectiveness of the gate. At higher
bias, the clearly metallic behaviour expected for a (15,15) nanotube is found.
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Figure 6.11: Current-voltage characteristics at varying temperature (a) for the
(10,10) and (b) the (14,10) SWNT. The metallic (10,10) SWNT displays a sup-
pression, due to coulomb blockade effects, up to 50K, and nearly linear behaviour
at room temperature. The semiconducting (14,10) shows a suppression, of differ-
ent width, at all temperatures. This it can be explained by the semiconducting gap
at room temperature, and additionally coulomb blockades at low temperature.

6.2.4 Discussion

According to the structural indices, the (14,10) carbon nanotube is expected to be
semiconducting with a band gap of 0.5eV [77, 17]. Similarly, metallic behaviour is
expected for the (15,15). The (15,15) nanotube is of the so-called “armchair” type
for which no curvature-induced small band gap [18, 19] is expected.

The current-voltage (I-V) characteristics at 4.2K of both nanotubes, at zero
gate voltage, exhibits a wide suppression. This an indication of coulomb block-
ade behaviour, which is also evident in the gate dependence. Contacts made from
chromium and gold are known to form high-resistance contacts to carbon nano-
tubes. In case of the semiconducting nanotube, there is additionally a Schottky
barrier formed at the nanotube-metal interface. The observed suppression is clearly
wider for the (14,10) nanotube as compared to the (15,15).

The I-V curves of the (15,15) nanotube (Fig. 6.10) do not depend on the gate
voltage. The width of the suppression changes only slightly. The asymmetry in
the I-V curves points to an asymmetry in the contacts. Also the variation of the
current as a function of gate voltage agrees well with the behaviour predicted for
a metallic carbon nanotube. At low bias (

� *  
	 mV), just above the suppression
region, reproducible variations in the current appear as the gate voltage is varied.
These are coulomb blockade effects, and they demonstrate that the gate does indeed
have an effect. At all higher bias voltages, the current through the nanotube is
nearly independent of the gate voltage. Although there is a (small) variation of
the current with the gate voltage, this behaviour is in good agreement with the
expectations for a metallic carbon nanotube.

A very different behaviour is observed in the (14,10) nanotube (Fig. 6.9). The
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Figure 6.12: Schematic of a nanotube-metal Schottky barrier (from [89], modified).
(a) electron conduction regime and (b) hole conduction regime. Due to the p-
doping of nanotubes under ambient conditions, and the weak coupling to the gate
in our free-standing tube devices, only the hole-conduction regime can be reached.

I-V curves are strongly modified by the gate potential. The width of the suppres-
sion at 4.2K is smaller for negative gate voltages, and increases for positive gate
voltages. This nanotube clearly behaves like a p-type semiconductor. This pic-
ture is confirmed by the gate dependence of the current at a fixed bias. For small
bias, there are again maxima in the current (as a function of gate voltage), due
to coulomb blockade. At larger bias voltages, a clear p-type semiconducting be-
haviour of the nanotube is found.

Even for a precisely identified carbon nanotube, the transport behaviour can
be understood only if the effects of the nanotube-metal interface (the contacts) are
considered. Measurements at different temperatures help to elucidate this point.
For the metallic (10,10) tube, ohmic behaviour is found at room temperature, while
a coulomb blockade suppression is present below 100K. Also the (45,18) tube (Fig.
6.17, one of the in-situ measurements) exhibits a nearly linear, ohmic behaviour at
room temperature.

In contrast, our two semiconducting tubes, the (13,09) (Fig. 6.17) and the
(14,10) at V �

� ? V, show a wide suppression at room temperature. Transport
on the semiconducting nanotubes here is suppressed (a) by the Fermi level being
between the conduction and valence band edges (transistor is in the “off” state),
and (b) by Schottky barriers at the metal-semiconductor interface. We can tune the
(14,10) nanotube to the “on” state for hole conduction by applying a gate voltage
of �  ? V (Fig. 6.12b). Now, the transport is dominated by the Schottky barriers.
At low temperatures (and low bias) the current is dominated by tunnelling through
these barriers, while thermal activation is dominant at higher temperatures. From
I-V curves at at different temperatures, each with a gate potential of �  ? V, we can
derive the activation energy for transport across these barriers.

Thermally activated transport across a barrier of finite height is described by a
temperature dependent current
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	<( ����� � � � a�
B
� � (6.1)

where
�
B is Boltzmann’s constant,

�
the temperature, and

�
a the activation

energy which describes the height of the barrier. We can estimate the height of
the barrier from transport measurements at several temperatures. The shape and
height of a Schottky barrier depends on the bias [90]; we will thus measure the
activation energy for several small bias voltages and extrapolate to zero bias. The
extrapolation is done assuming that the height of the Schottky barrier � depends
on the bias as � � � � � � � � �� 	 (6.2)

(after [90]), where � � is the height of the undeformed barrier at zero bias.
Fig. 6.13 shows the temperature dependence of the current through the (14,10)

SWNT for different bias voltages. It is plotted as the logarithm of the current
vs. the inverse temperature, so that the slope is � 3��, � according to equation (6.1).
In these so-called Arrhenius plots, we observe two distinct temperature ranges:
The current at low temperature is dominated by tunneling, and thus temperature
independent, while thermally activated transport dominates at higher temperatures.
The measured slopes in the thermally activated regimes are extrapolated towards� � 	 � ? , yielding

3��,
� # � � ? K for the undeformed Schottky barrier. We thus obtain

a height of � � # � ? meV for the Schottky barrier.
It should be noted that this activation energy value is only a rough estimate of

the height of the Schottky barriers, as it includes a contribution from the coulomb
charging energy which varies with gate voltage. Similar values were obtained on
carbon nanotubes that were not etched, and are not free-standing, but contacted
with the same metal [91]. This indicates that the contact interfaces are not influ-
enced by our etching process. Lower activation energies were measured e.g. for
titanium contacts [89]. It is worth noting that, even though we are analyzing the
interface between a single molecule and a metal contact, the Schottky barrier de-
scription for bulk semiconductors (as in [90]) applies reasonably well: The concept
of thermally activated transport is, of course, not specific to the Schottky barrier.
But the bias-dependent deformation of the barrier (Equation 6.2), which is mod-
elled for a conventional Schottky junction (after [90]), does fit surprisingly well the
observed behaviour as evidenced by the experimental points falling on the straight
line in the inset of Fig. 6.13.

6.3 In-situ transport experiments

With samples prepared as described in 6.2.1, it is also possible to do transport
measurements in situ in the transmission electron microscope. In this way we
observe the effect of irradiation on the tube and contact properties, and the effect
of high currents on the tube up to its failure.



104 CHAPTER 6. TRANSPORT MEASUREMENTS

5 10 15 20
1/T [1000/K]

0.01

0.1

1

10

I sd
 [

nA
]

200 100 66.6 50
T [K]

Tunneling

Thermal activation

1.0V
0.6V
0.3V
0.2V
0.1V
0.06V
0.03V

Vg=-20V

0 0.5 1 1.5 2

V
sd

1/2
  [V

1/2
]

0

100

200

300

400

A
ct

iv
at

io
n 

en
er

gy
 [K

]

V
g
=-20V

Figure 6.13: Temperature dependence of the current through the (14,10) SWNT,
at different bias voltages. All measurements were done at a gate voltage of�

�
� �  ? V. The source-drain bias voltage for each line is given in the legend.

The two regimes of thermally activated transport across the Schottky barrier at
higher temperatures, and temperature independent tunnelling through the barrier
at lower temperatures, can be clearly distinguished (the temperature independent
behaviour continues down to 4.2K). The slope in the thermally activated region is
the activation energy divided by

� � . The inset shows the slope vs. square root
of the bias voltage. The extrapolation to

� � 	 � ? gives the height of the unde-
formed barrier. The abscissa is 340K, corresponding to an activation energy for the
undeformed barrier of 30meV.
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Figure 6.14: Schematic of the in-situ transport measurements. The electrically con-
nected nanotube is irradiated and imaged in the transmission electron microscope
during the transport measurement. The irradiation can also be limited to the tube
or the contacts. In all experiments, an electron beam induced deposition of carbon
around the nanotube and contacts is clearly observed (depicted in cyan).

6.3.1 Experimental set-up

The samples are carefully mounted and connected to a TEM sample holder which
has electric connections to the outside for up to four contacts. These are connected
on the outside to the same PC controlled hardware for transport measurements as
used in the ex-situ transport measurements. We can now measure the current vs.
voltage with and without electron irradiation, or a time dependence of the current
at a fixed bias. The back-gate can not be used, since the bulk of the sample is
electrically connected to the reference potential due to the way it is mounted.

Figure 6.14 shows a schematic of the in-situ transport set-up. In three of the
four samples, the nanotube and contact structure is nearly orthogonal to the beam,
one sample is mounted so that the tube is nearly parallel to the beam. The samples
can be imaged and irradiated during the transport measurement, or the beam can
be blanked for reference measurements. All measurements are carried out at an
acceleration voltage of 60kV, which is below the threshold for knock-on damage in
carbon nanotubes. We therefore expect no structural damage to the tubes. Finally,
the samples were destroyed by slowly increasing the bias, while capturing a series
of images at the same time to observe the current-induced failure of the nanotube.

6.3.2 Sample description

Of the four samples measured in-situ, one sample comprises SWNT bundles while
the other three contain precisely one individual nanotube between the contacts.
Sample 1, shown in Fig. 6.15, comprises three small bundles of carbon nanotubes
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T3

T2

T1

a b

Figure 6.15: (a) Three small bundles are present in sample 1. We will refer to them
as Tubes 1, 2 and 3 (or T1, T2, T3) as indicated in the image. No high-resolution
images of the transport tubes T1-T3 were taken prior to the experiment to avoid
irradiation damage. (b) A typical nanotube bundle from a similar sample (same
CVD growth), intersecting with a single nanotube. Mo/Co catalyst particles are
frequently attached to these tubes. Scale bars are 500nm (a) and 5nm (b).

bridging the contacts. Figure 6.15a shows the sample before beginning the trans-
port measurements.

Samples 2-4 contain individual single-walled carbon nanotubes (the tube in
sample 2 is partly a DWNT). Sample 2 contains a very long (4.2 � m) nanotube,
and a diffraction analysis was done on three points of the tube. It shows that it is a
large-diameter SWNT on two thirds of the length, and a DWNT in the remaining
part. The orientation of the SWNT is present on the full length, showing that there
is one continuous (45,18) nanotube shell on the full length. Additionally there is
a smaller tube inside on 1/3 of the length. Since it is the outer shell of the DWNT
which continues to the SWNT section, and the contacts are also on the outer shell,
we ignore the partial inner tube in the analysis of the transport measurement. A
TEM image of the sample and diffraction images are shown in Figure 6.16.

Sample 3 also contains an individual SWNT. No diffraction analysis was done
on this nanotube. Sample 4 contains an individual single-walled carbon nanotube
identified as (13,9), with contacts at a distance of 420nm.

6.3.3 Transport behaviour before electron irradiation

Initial measurements were performed on all samples without electron irradiation.
Before these initial measurements, the samples have been exposed to only small
doses of radiation, compared to the doses leading to observable effects as shown
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Figure 6.16: (a) TEM image of nanotube and contacts in sample 2. Diffraction
patterns were obtained from three points of the tube, showing that it is a large-
diameter (45,18) SWNT (c) on part of the length, and a DWNT (b) in the remaining
part. The regions from which the diffraction images (b) and (c) were obtained are
marked by red circles. The diffraction image obtained from the region indicated by
the dashed line is not shown, it is similar to image (c). The graphene orientation in
the SWNT (c) continues in the DWNT section (b). It shows that this tube contains
one continuous (45,18) nanotube shell, partly as outer shell of a DWNT. Scale bar
in (a) is 400nm.
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Figure 6.17: Measurements before electron irradiation. The SWNT bundles (sam-
ple 1) and the large diameter metallic SWNT (sample 2) exhibit a nearly linear
behaviour at small voltages. Both the unknown SWNT (sample 3) and the semi-
conducting (13,09) nanotube (sample 4) show a wide suppression in the current-
voltage plot. All measurements are at room temperature.

later. This was required for locating the nanotubes in the grid structure, and for the
diffraction analysis in samples 2 and 4.

Figure 6.17 shows the initial current vs. voltage (I-V) characteristics. The
individual metallic nanotube and the bundles (which are likely to contain metallic
as well as semiconducting tubes) present a nearly ohmic behaviour. Sample 1, with
its three bundles, has initially a contact resistance of

 ?�? M ' . However, it is not
(yet) clear how the current is distributed between the three nanotube bundles. The
large-diameter metallic (45,18) nanotube in sample 2 shows a resistance of

�  
M ' .

The individual nanotubes in samples 3 and 4 exhibit a wide suppression in the
I-V curve. This behaviour can be attributed to Schottky barriers between metal
contacts and a semiconducting object. We know that tube 4 is a (13,09) tube which
is semiconducting according to the indices. The very similar behaviour of samples
3 and 4 indicates that sample 3 also contains a semiconducting nanotube.
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6.3.4 Transport behaviour with electron irradiation

Electron irradiation at an acceleration voltage of 60kV, below the limit for knock-
on damage, leads to an increase in conductivity. We observe a significant effect
only if the contacts are irradiated, not if the beam is limited to a free-standing
nanotube segment.

Figure 6.18 shows the increase in conductivity in samples 1-3. In all samples,
the conductivity increases by one or two orders of magnitude during the course
of the experiment. We point out that the samples are irradiated while a voltage
is applied (and the current is measured) at the same time, typically with a current
of a few tens of nA through the nanotube. The increase in conductivity can be
observed as a current increase over time during irradiation (Figure 6.18b), or during
repeated cycling of the voltage (Figure 6.18a, c, d) with irradiation during some of
the cycles.

The conductivity increase could be attributed to an electron beam induced de-
position of carbon that is “soldering” the tubes to the contacts. However, there are
several indications that the current plays a role in the contact modifications: The
electronic properties keep changing even after the irradiation is switched off, as e.g.
seen in Fig. 6.18b. In the I-V plots, we find that the properties still change during
the first cycle after irradiation, while the second and further cycles are reproducible
(Fig. 6.18d). This is a clear indication that the deposited carbon is further modified
by the electric current.

Further, we observe strong noise-like variations in the conductivity of bundles
and individual semiconducting nanotubes during irradiation, while this effect is not
found in the metallic tube. An example is shown in Fig. 6.19. The variations are
visible only if the contacts are irradiated, not if the beam is limited to the free-
standing section of the nanotube. A possible explanation is that localized charges
close to the semiconducting tubes are induced by the electron beam, for example
in the silicon dioxide layer (Fig. 6.14). These varying charges would modulate the
conductivity of semiconducting tubes. This effect may also lead to the switching
effect observed in one device as described below (section 6.3.6).

6.3.5 Observation of nanotube breakdown

6.3.5.1 Sample 1 (Fig. 6.15)

The first indication that most of the current in this sample flows through the tube
T2 (Fig. 6.15a) stems from the current fluctuation during irradiation. We apply a
fixed bias of 1V and focus the electron beam onto different sections of the sample.
We observe large fluctuations in the current only if the Tube T2 and its contact
region is irradiated. Figure 6.19 shows this measurement.

The assumption that tube 2 carries the largest portion of the current is con-
firmed by the final measurement, where the bias is increased until the tubes break
down. We observe that T2 breaks first, followed by T3 and T1. The current vs.
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Figure 6.18: Increase in conductivity in samples 1-3 under electron irradiation.
(a) shows a current-voltage plot from sample 1 before and after approximately 30
minutes of irradiation. The resistance decreases from

 ?�? M ' to
%�� 	

M ' . (b) shows
the current through the nanotube in sample 2 at a fixed bias of 500mV. Irradiation is
present during the red part of the curve. After the irradiation is stopped, the current
keeps increasing for several more minutes. (c) shows a sequence of I-V curves
from sample 3, showing the gradual increase in conductivity. The curves in (c)
are taken without irradiation, but in-between several measurements are done with
irradiation on the nanotube and the contact area. An example is given in (d): First,
the black curve is obtained without irradiation. Next, the red curve is measured
with an electron beam on nanotube and contacts. Strong fluctuations are present.
The next measurement, the green curve, is again without irradiation. However,
properties still vary during the green curve (up- and down-sweep is different), and
only in the next sweep of the voltage a stable configuration (blue curve) is reached.
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Figure 6.19: Current at a constant bias of 1V, with irradiation on only tube 2 (a),
and tube 2 and its contact regions (b). Image (c) shows the irradiated regions
during measurements (a) and (b). In (a) and (b) the beam was switched off in
the black segments, and on during the red part of the curve. We find that the
current strongly varies only if the contacts of tube 2 are irradiated (red sections
in (b)). Small variations in the current are visible if a small spot illuminates only
a section of the nanotube 2 without contacts (red sections in (a)). No change in
the current was observed when irradiating the other tubes or their contacts (not
shown). (d) shows the first and last current vs. voltage characteristic obtained from
the sample. In between, significant electron irradiation (and electron beam induced
carbon deposition) during various measurements have occurred. The resistance has
decreased from

 ?�? M ' to * ? M ' . Scale bar in (c) is 500nm.
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voltage plot for the final measurement is shown in figure 6.20, together with im-
ages of the broken tubes. It seems that upon breakdown of T2 and T3, a catalytic
reaction has occurred. Apparently, the catalyst particles attached to these tubes
have consumed a significant part of the amorphous carbon and the nanotubes, pro-
ducing a new hollow, tube-like structure with an inner diameter of approximately
10nm (Fig. 6.20b). Unfortunately, the reaction itself was too quick to be captured
in the recorded images.

High-resolution images of a nanotube bundle after breakdown are shown in
Fig. 6.20b. Clearly, the amorphous carbon on the nanotubes (deposited in the
electron beam) has been rearranged into a more ordered, graphitic structure. This
is evidence that the tube was heated significantly by the electric current. Before
breakdown of the nanotubes, the carbon was annealed from an amorphous form to
the graphitic structure. The tubes reached the highest temperature near the center,
while the ends were presumably kept close to room temperature by the large metal
contacts.

We summarize that one of the three tubes in this sample dominates its trans-
port properties. Irradiation of the contacts induces strong variations in the contact
resistance, while irradiation of just the tube has only a small effect. Joule heating
by the current leads to high temperatures in the free-standing nanotube sections.

6.3.5.2 Sample 2

As in the previous sample, we measure the current at a fixed bias with and without
electron irradiation. In contrast to sample 1, we do not observe fluctuations in the
current as an effect of irradiation. This sample also shows an increase in conduc-
tivity during the course of the experiment (from 32M ' to 2.9M ' ). Finally, we
increase the bias until the nanotube fails. Sample 2 displayed several interesting
effects during this process.

The first observation is related to the catalyst particles which are attached to
the nanotube. As the current through the nanotube reaches 2 � A, the nickel catalyst
particles begin to migrate towards the contacts. Figure 6.21 shows the I-V plot and
TEM images of the nanotube. Catalyst particles start to disappear at the center; the
dark spots that disappear first are inside the large piece of debris near the center
of the tube. We assume that the metal becomes mobile as it reaches a certain
temperature. Thus, the hottest part of the tube would be near the center, while the
ends are cooled by thermal contact with the sample structure.

At the left end, the metal appears to move from one nucleation site to the next,
observed as consecutive catalyst particles growing and shrinking during the pro-
cess. Disappearing metal is also seen at the right end, but the material here is not
carried to subsequent particles closer to the contact. This indicates that the di-
rection of the current dictates the way the material migrates along the tube. The
catalyst moves against the direction of the electron flow.

After observing the catalyst migration, the measurement is stopped, and images
of the nanotube are obtained at higher magnification. This is also shown in Figure
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Figure 6.20: (a) Current-driven breakdown of the nanotubes in sample 1. In three
fits to the graph (red lines) the differential resistance in the corresponding section is
given. This shows that tube T2 has a significantly lower resistance than T1 and T3.
Inset are images of each tube after breakdown. Upon breakdown T2 and T3 have
partly turned into hollow structures with an internal diameter of roughly 10nm,
probably through a reaction catalyzed by the leftover catalyst that was sticking to
these tubes. (b) High resolution image of T2 after breakdown (scale bar 10nm).
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Figure 6.21: Migration of Ni catalyst at high current in the nanotube. The upper
image shows the I-V plot with the positions where images were taken. Images with
corresponding numbers are displayed below. At the left contact, we observe that
catalyst material migrates towards the contact, with consecutive spots growing and
shrinking during the process. At the right contact the catalyst also disappears, but
no growing particles are observed. The two images at the bottom show the left end
of the tube at higher magnification, before and after the migration of the catalyst.
Empty carbon shells remain which have previously encapsulated the catalyst. The
scale bar (valid for the two images at the bottom) is 100nm; for the other images
the visible length of the tube is 4 � m.
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6.21. We find that the carbon shells around the catalyst particles are still present,
but the metal is not.

Next, we continue to slowly increase the voltage up to 5V (starting again from
0). Much heat seems to be dissipated in the large piece of debris near the center of
the nanotube. This is where the catalyst migration starts, this debris itself is mostly
evaporated before failure of the nanotube, and it is the point where the tube finally
breaks. However as we know from the diffraction analysis, on both sides there is
an identical SWNT, so the tube should be continuous through this object. It is the
mere presence of this debris that allows additional scattering.

In the leftover nanotube end from the first breakdown, we see that part of the
amorphous carbon coating (deposited by the electron beam) was turned into more
ordered graphitic layers on the nanotube (Fig. 6.23b). This is most likely an an-
nealing effect at elevated temperatures, because it occurred only slightly away from
the (cold) contact. Close to the breakdown point, the entire tube structure is rear-
ranged (Fig. 6.23c): There is hardly any carbon left in an amorphous form, it has
been fully converted into a layered structure.

After the second breakdown, the nanotube still bridges the gap with an unde-
fined, thin carbon structure. Instead of breaking at a single point, the structure has
completely rearranged along a significant part of its length. Again, no modifica-
tion has occurred near the cold contact (the contact at that end where the tube was
attached all the time, not where it re-attached after the first breakdown).

6.3.6 Switching effect

A peculiar effect is observed in the sample with the individual semiconducting
(13,09) nanotube: The conductivity of the tube is reversibly switched by 2-3 orders
of magnitude. We will denote this as “on” and “off” state of the nanotube.

The tube is switched to the “on” state by passing a high current ( # 1 � A) (Fig.
6.24a). Irradiation of the contacts switches the device back to the “off” state (Fig.
6.24b). As seen in Fig. 6.24b, the current at a fixed bias can drop by more than
3 orders of magnitude shortly after the irradiation is switched on, and remains
low even after the beam is blanked. But passing a current of # 1 � A brings the
device back to the “on” state, and the whole process is repeated several times. Fig.
6.25 shows an I-V characteristic in the on- and off-states, at a different scale for
comparison. Similar to the previously described devices, the conductivity in the
“on” state increases during the course of the irradiation experiment.

6.3.7 Discussion

The in-situ experiments demonstrate the dominating effect of the contact resis-
tances on the transport properties. A steady increase in conductivity is observed
during irradiation of the contacts (together with a current trough the device), not
during irradiation of only the free-standing nanotube section. However, it is not the
deposited carbon alone which improves the contact; there must be further reorga-
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Figure 6.22: First breakdown of the nanotube. Between images 60 and 61 the
nanotube breaks, but one of the open ends re-attaches to the other contact. The
debris near the center of the nanotube evaporates just before breakdown.
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a b

c

Figure 6.23: Modifications of the amorphous carbon on the current-heated nano-
tube. (a) At the cold contact, the amorphous carbon remains in its original confor-
mation. (b) Away from the contact, the carbon was annealed into layered sheets
around the central tube, reminiscent of multi-shell nanotubes. (c) Near the break-
down point, the entire carbon has rearranged into a layered but no longer perfectly
tubular structure. All scale bars are 5nm.
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Figure 6.24: Current- and radiation induced contact modifications of the semicon-
ducting (13,09) nanotube. We obtain a distinct “on” state after passing a current of# 1 � A through the nanotube (a), and switch the device back to the “off” state after
a short irradiation with electrons (b). In (a), the voltage is slowly increased until
the current suddenly increases to more than 1 � A, where the voltage is switched
off (black, green and red curves). Afterwards, a high conductivity is found (blue
curve). In (b), the current is measured at a fixed bias, and the irradiation is switched
on during the red or orange parts of the curves. In this device, we observe a de-
crease in conductivity by up to 3 orders of magnitude as the irradiation is switched
on. In the green/orange curve, a small beam (130nm diameter) is used to localize
the sensitive point in the sample. At the point indicated by the green arrow, the
irradiation is moved to underneath one of the contacts, where the device finally
reaches its “off” state. The sample is reproducibly switched in this way between
“on” and “off” 9 times. Finally, we increase the bias in presence of irradiation until
the nanotube is destroyed. This is shown in the grey curve in (a). The breakdown
observed by TEM exactly coincides with the drop in the current.
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Figure 6.25: Current- vs. voltage characteristic of the (13,09) in the on-state (black)
and off-state (red). Note the 50x different scale for both curves, while the shape of
the curves is similar.



6.3. IN-SITU TRANSPORT EXPERIMENTS 119

nizations of the deposited material by the electric current through the device. This
is clearly shown by the continued change in resistance after the beam is switched
off again (Fig. 6.18b+d).

In an ideal ballistic conductor, the entire energy would be dissipated in the
contacts. The mean free path in carbon nanotubes, however, is clearly shorter
than the length of our free-standing nanotubes. Therefore we observe the joule
heating which turns the amorphous carbon on the nanotubes into ordered, layered
structures (Fig. 6.23). If a similar amount of energy is dissipated at the nanotube-
metal interface, it is reasonable to assume that well graphitized structures form at
these interfaces as well. Unfortunately, the nanotube-metal interfaces can not be
observed with our free-standing nanotube devices in the present geometry.

Large variations in the conductivity due to irradiation are observed in the semi-
conducting nanotubes, and the bundle (Fig 6.19b) (a bundle will very likely contain
also some semiconducting tubes). These variations are visible as noise (like in Fig.
6.19b) in the semiconducting devices, and in one device also as two stable config-
urations (Figs. 6.24 and 6.25, Section 6.3.6). As illustrated in Fig. 6.14 there is
a silicon dioxide layer remaining in the free-standing structure, which may easily
be charged by the electron beam. A semiconducting nanotube would be sensi-
tive to such charges, while metallic tubes are not influenced. Irradiation of silicon
dioxide with high energy electrons creates positively charged defect sites, i.e., in
total more electrons are released by the radiation than are captured from the beam
[92]. A positive charge near a (p-doped) semiconducting nanotube would suppress
conduction through the tube. This can explain the switching off of the device in
Fig. 6.24b, while it is not clear why it switches back to the “on” state by passing a
high current. In any case, the noise-like variations in the current during irradiation
of semiconducting tubes can be explained by a variation of local charges close to
the nanotubes. In agreement with this explanation, no noise-like variations in the
current during irradiation were observed in the metallic nanotube.

There is significant joule heating by the current through the free-standing
nanotube. One effect is the annealing of amorphous carbon (Fig. 6.23). Al-
ready at lower temperatures, we observed the migration of catalyst particles (Fig.
6.21). Both observations clearly indicate a temperature profile where the nanotube
reaches the highest temperatures near its center, while it is held at lower temper-
atures at the ends by the metal contacts. We expect the nickel nanoparticles to
become mobile at temperatures near its melting point, which is 1455 � C. No modi-
fications of the nanotube were observed up to this point. This shows that the free-
standing SWNT, in the high vacuum environment of the microscope, can withstand
very high temperatures. More important, these temperatures were not applied from
outside, but induced by joule heating from a current through the tube. The tube is
heated homogeneously, not just at individual defects.

This single-tube nanoscopic hot filament would most likely emit black-body
radiation in the visible and infrared range, as well as thermally excited electrons,
from a very small (line-shaped) region. Further, it could provide a means to heat
an object, which is suspended (like the catalyst nanoparticles) on the free-standing
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carbon nanotube.

6.4 Conclusions

We have carried out transport measurements on carbon nanotubes which were pre-
cisely characterized by high-resolution TEM imaging and/or electron diffraction.
The results confirm the previously established dependence of the metallic or semi-
conducting behaviour on the nanotube indices. These are the first direct measure-
ments of the SWNT structure in combination with its electronic transport proper-
ties. Additionally, our approach allows measurements in a transistor configuration,
which provides significantly more information than only the current-voltage char-
acteristics. Temperature dependent measurements allow us to determine the acti-
vation energy for transport along the nanotube. For the semiconducting tube, the
barrier is attributed to a Schottky interface at the contacts, and it appears to be well
described by the conventional models for a Schottky interface.

The combined study of transport and high-resolution imaging of endohedral
metallofullerene peapods so far did not find a significant difference in the transport
properties of filled and empty nanotubes. However, we did observe a behaviour
that was previously attributed to filled nanotubes also in definitely empty ones.
Additional experiments are required to definitely establish the effect of fullerene
doping on the electronic properties, especially measurements on individual and
completely filled tubes.

The in-situ transport measurements showed that the contact resistances have
a large contribution to the transport properties of carbon nanotubes. Irradiation of
the contacts causes large variations in the conductivity, while irradiation of only the
free-standing tube section does not. Additionally we investigate the breakdown of
the nanotube caused by passing a high current. The nanotube is heated by the cur-
rent to high temperatures, sufficient to melt the nickel catalyst or even reorganize
the amorphous carbon into a more ordered structure.



Chapter 7

Nanoelectromechanical devices

Due to their outstanding mechanical and electronic properties, carbon nanotubes
are considered as potential building blocks for a wide range of future nanoscale
devices. The miniaturization of electronic devices in the past decades has had
an enormous impact. But the scaling down of silicon-based electronic systems
has reached a level where it will be difficult for emerging technologies to com-
pete. The miniaturization of mechanical systems, on the other hand, is not easily
achieved by scaling down micro-electromechanical systems (MEMS), and is lim-
ited by the strength and flexibility of the material. Here, the combination of a
high strength, flexibility, and thermal and electrical conductivity of carbon nano-
tubes, still offers plenty of room for miniaturization. We demonstrate that true
nano-electromechanical systems (NEMS) can be built based on carbon nanotubes.

7.1 MWNT based devices

Due to their (compared to SWNTs) easier handling and higher rigidity and stabil-
ity, various MWNT based NEMS have been shown by several groups. In the most
spectacular of these devices, the multi-walled nanotube serves as torsional spring
for small angular deformations [93] and torsional oscillations [94], or as bearing
for continuous rotational operation [95, 96]. Basically, a bearing is formed where
some of the shells rotate around or inside the remaining shells. Further investiga-
tions dealt with the telescopic extension of MWNT shells [97], and observations
of bending and resonant vibrations [98, 99].

We show devices, prepared by electron beam lithography and an etching pro-
cess, where MWNTs are attached on one side and bent by an electric field towards
another lithographically defined contact. These experiments are carried out inside
the Zeiss 912 ' transmission electron microscope, equipped with a special sample
holder that allows electric connections to the sample from the outside simultane-
ously with the TEM investigation. In the more advanced devices, metal structures
are attached to the open end of the MWNT, actuated also by an external field.

121
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a b c

Figure 7.1: Principle of the device preparation: (a) The desired structure is pre-
pared on top of the carbon nanotubes, close to a cleaved edge of the substrate, us-
ing electron beam lithography and a marker system. The etching process undercuts
the structure from the side, removing the shaded volume in (b). This results in the
structure reaching out across the side edge of the substrate (c). The free-standing
part is now free to move, and accessible by TEM.

7.1.1 Sample preparation

For building the devices shown in this subsection, multi-walled carbon nanotubes
(MWNTs) are dispersed on a GaAs substrate with a lithographically prepared
marker system. Individual tubes are located with respect to the marker system
using an atomic force microscope (AFM). The desired metal structure is built on
top of the nanotubes by electron beam lithography. An etching process is used to
remove a part of the substrate in such a way that the structure is free-standing and
accessible with a transmission electron microscope (TEM). The principle of this
process is shown in Figure 7.1. The substrate is coated with a resist as a protection
layer, and is cleaved so that the structure is near the cleaved edge. In the following
etching step the structure is undercut (due to the resist) only from the side. The
etching process, in a mixture of citric acid and hydrogen peroxide, is monitored
with an optical microscope and stopped when a sufficient part of the structure is
reaching out across the side edge of the substrate. The resist is then dissolved in
methylpyrrolidon and acetone. A critical point drying step afterwards is important
since any surface tension would destroy the delicate structures.

This process is conceptually similar to the silicon-based devices shown before,
except that we use different etchants for the GaAs substrate, and a resist layer
(instead of silicon oxide) as mask on the top of the substrate.

7.1.2 In-situ experiments

In the devices shown in figures 7.2 and 7.3, one end of the nanotube is attached
to a metal block, and the open end is electrostatically attracted by a second nearby
metal contact. The tubes are bending towards the second contact, with the tube
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bending into a smooth curve (as opposed to a sharp kink). In the second device,
a small piece of metal was placed onto the tube, moving along with the tube and
even twisting it at higher voltages. In this device, it is clearly not only the tube end
which is pulled towards the second contact, but also the metal block on the tube.

7.1.3 Discussion

Although the nanotubes undergo a large deformation, they stay within the elastic
regime and move back to the initial position as soon as the voltage is switched off.
A wear or fatigue is neither observed nor expected for these deformations. Carbon
nanotubes exhibit a combination of high strength and large elastic range not found
in other materials. Individual tubes have a Young’s modulus Y=1TPa and are stable
at strains of more than 7%. The values for silicon are Y=0.13TPa and a maximum
strain of less than 3%. What is more important is that fabricating a cantilever
beam of a size and aspect ratio similar to the carbon nanotube is not possible with
current lithographic technologies. However, only a sufficiently thin flexible rod can
be bent into a small radius of curvature: The minimum radius of curvature

�
�
���

for
a cantilever beam of a width

�
and material limited maximum strain � � � �

is given
by

�
�
��� � � �  � � � �

(at this curvature the outermost layer would experience the
maximum strain). This means that a multi-walled carbon nanotube with a typical
diameter of 15nm could be bent into loop with a radius of 110nm. A single-crystal
silicon cantilever beam with a width of 200nm, on the other hand, would ideally
break if bent into a circle with a radius of less than 3.3 � m; and in reality already
at much lower strain since defects play an important role in brittle materials. The
nanotube shown in Fig. 7.2, for comparison, shows a bending radius of 1 � m at the
point of highest curvature. These devices clearly demonstrate the high potential
for carbon nanotubes as motion-enabling elements in nanoscale electromechanical
systems, and they may replace the silicon-based cantilever beams used in today’s
microelectromechanical systems.

7.2 SWNT based NEMS

Nanoelectromechanical systems based on single-walled carbon nanotubes are
much less frequently found in literature. For example, there exists no previous
work where objects were suspended on a SWNT and actuated in any way. There
are a variety of ways to fabricate suspended nanotubes, clamped at two ends with a
free-standing section. Guitar-string like oscillations have been excited and detected
in suspended single-walled carbon nanotubes [100]. A key aspect in [100] is the
detection of a mechanical deformation by the nanotube itself, i.e. from changes in
the electronic structure caused by the deformation. Several publications deal with
the investigation and manipulation of free-standing SWNTs, e.g. by AFM [101]
or irradiation [102, 103]. However, they can not be considered to be a nanoelec-
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Figure 7.2: A multi-walled carbon nanotube (MWNT) attached at one end to the
first electrode. As the tube is charged with respect to the second electrode, it bends
towards it due to electrostatic attraction. The deformation is reversible, showing
that it is within the elastic regime. No sign of wear or fatigue is observed after
multiple deformations.
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Figure 7.3: Another device, with a metal platelet attached to the nanotube. It
moves along with the bending nanotube (0-8V), and twists out of the plane at higher
voltage (up to 23V).
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a b c d

Figure 7.4: Principle of sample preparation: The structure is prepared on top of
the nanotubes by electron beam lithography close to a cleaved edge of a substrate
(a). An etching process removes part of the substrate (b). The part of the structure
reaching out across the side edge is now free to move (c). Viewed from top (d), it
is accessible by the transmission electron microscope.

tromechanical system, since the mechanical movement of the tube is caused by the
(much larger) external tools like the AFM.

We achieved to prepare lithographically defined objects attached on individual
single-walled carbon nanotubes that can be actuated by a local electric field. The
cross-section of a SWNT is more than two orders of magnitude smaller than that
of a MWNT. In these devices, large deformations are possible within the elastic
regime. The moving part returns to its initial position even after being turned by
180 � . Our way of preparation allows a characterization by TEM, which due to
its high resolution is crucial for optimizing nanoelectromechanical systems of this
size. And the ultra-low torsional spring constant provided by the SWNT allows for
an easily detected deflection of the pendulum from excitations as small as those
from the thermal energy.

7.2.1 Sample preparation

The sample preparation again consists of a lithographically defined structure that
is made free-standing in an etching process. The structure is designed so that free-
standing objects are obtained, attached only by the nanotubes.

The devices were prepared either from laser-grown nanotubes on gallium ar-
senide substrates, or from CVD-grown nanotubes on a Silicon substrate with a
200nm oxide. The tubes are located with respect to a marker structure by atomic
force microscopy (AFM). The device structure, consisting of 100nm Au with a
3nm Cr adhesion layer, is prepared by electron beam lithography. The substrate is
cleaved so that the structure is close (few � m) to a cleaved edge as illustrated in Fig.
7.4. The GaAs substrates undergo the same etching process described before. The
Si substrates are etched first in 15% tetramethylammoniumhydroxide (TMAH) so-
lution for several hours, and then in buffered HF for 2 minutes to remove the oxide
layer, followed by critical point drying. The KOH process is not suitable for these
delicate devices: The large amount of bubbles generated at the Si surfaces creates
too much mechanical stress.
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7.2.2 Suspended objects

Objects suspended on several SWNTs can be prepared by creating separated metal
objects in the free-standing grid structure. Figure 7.5 shows several examples.
These are precursors of the nanoelectromechanical devices built on single nano-
tubes which are shown in the next subsections.

7.2.3 Torsional pendulum built on SWNT bundles

Objects suspended on one tube or bundle exhibit rotational freedom. The tube
serves as torsional spring, and allows large elastic deformations. These devices
are torsional pendulums built on a few nanotube molecules, or ultimately a single
molecule.

If the nanotubes are absorbed on the substrate from a suspension, bundles fre-
quently occur. Often it can not be decided from the AFM image whether a nanotube
is individual or a small bundle. Consequently, some of the nanoelectromechanical
devices were built on small bundles of SWNTs. Figure 7.6a shows AFM images
of a marker system with nanotubes and the structure to be prepared by electron
beam lithography. After lithography, the sample is cleaved and etched, and the
free-standing structure in Figure 7.6b is obtained.

This example also demonstrates how well controlled a free-standing structure
can be “designed” by electron beam lithography. The only thing that can not be
controlled is the location of the nanotubes, so the structure has to be built around
those tubes which happen to be in a useful configuration. Zooming in to the sus-
pended objects, we find that some of them are not free to rotate due to tubes that
were overseen by the AFM (inset in Fig. 7.6b). This is a problem if the AFM im-
ages are not taken at a sufficient resolution, which was of course solved in the fol-
lowing devices. Figure 7.7 shows a metal block suspended on a bundle of SWNTs.

By applying a potential between the support of the pendulum and a nearby
electrode (Fig. 7.7a), the pendulum can be turned by up to 180 � . Figure 7.7b-i
shows a series of TEM images obtained with an increasing potential.

7.2.4 The single molecule torsional pendulum

The devices presented in Fig. 7.8 and 7.9 consist of a metal block suspended on
an individual single-walled nanotube. The key motion-enabling element here is
a single molecule. Yet, the suspended object is large enough to be visible in an
optical microscope. A pendulum on a 1.5nm diameter SWNT is supported by a
total of only 40 C-C bonds (20 on each side), close to the limit (support by a single
bond) that could be conceived for a mechanically attached object.

In the TEM, the pendulum shown in Fig. 7.8 is already turned by approxi-
mately 70 � by electrostatic charging from the electron beam. Note that this effect
would not affect the device in possible applications outside an electron microscope.
The charging is attributed to high resistance contacts to the nanotube. It is not
present in the device shown in Fig. 7.9, which can be actuated by an external field



128 CHAPTER 7. NANOELECTROMECHANICAL DEVICES

a

b

c

ed
Figure 7.5: Lithographically defined metal objects suspended on a few single-
walled carbon nanotubes. (a+d) Long metal bars suspended on few individual
SWNTs. (b+c) Metal block suspended in a dense nanotube network at zero defo-
cus (b) (nanotubes not visible) and at a large underfocus (c). (e) Metal block held
by only three individual SWNTs. (a) is a dark-field TEM image, (b-e) are bright-
field TEM images. All metal structures have a thickness of 100-120nm. Scale bars:
1 � m (a), 200nm (b,c,e), 500nm (d).
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Figure 7.6: (a) Sample design: AFM images are located with respect to the marker
system, and the structure is designed according to the location of the nanotubes.
Inset in (a) shows a magnified view on a metal block to be placed on a small
nanotube bundle. (b) shows the same structure after lithography and etching (low-
magnification TEM images). Several objects suspended on a few nanotubes are
visible. The nanotubes are not visible at this magnification. The inset in (b) shows
the device from the inset in (a). It contains additional tubes (not detected by AFM)
which block the torsional motion. Scale bars are 5 � m in (a) and (b), and 500nm
for the insets.
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Figure 7.7: A metal block suspended on a small bundle of SWNTs. (a) shows the
configuration of the pendulum with its support and the second electrode. As the
potential is increased, the metal block is turned by up to 180 � (b-i). Scale bar is
500nm.
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a b c
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Figure 7.8: A metal block suspended on one individual single-walled carbon nano-
tube. The metal block is visible in an optical microscope (a). In the transmission
electron microscope , the suspended part rotates by up to approximately 70 de-
grees due to charging by the electron beam with increasing magnification (b+c).
The high-resolution TEM image (d), taken at the right end of the tube, shows that
this device is indeed built on one single molecule. Most of the amorphous carbon
visible in (d) was deposited during the TEM analysis. Scale bars are 2 � m (a+b),
200nm (c) and 5nm (d)

between the support of the pendulum and a nearby electrode. The pendulum turns
back to the initial position immediately as the potential is switched off, even though
it was turned by approximately 150 � .

7.2.5 Device geometry and classical mechanics

The geometry of the rotor and nanotube is illustrated in Fig. 7.10. We consider it
as a cuboid with a mass density

�
and dimensions

�
,
�

,
�

�
� �

� . It is suspended on
a nanotube with diameter

�
and length

�
(lengths

�
� and

�
� on the two sides, for a

pendulum not centered on the tube). The mass of the nanotube is neglected. The
total mass is: �

� �
�5� �&�
�
� �

�
	

(7.1)

The moment of inertia � is calculated as

� �
� � � � � � ��� � 	

(7.2)

where
�

is the distance of the volume element
� �

from the nanotube axis.
For a thin rotor

� � �
��� � we approximate this as

� � �9� � � � �
4 � � � �

� � �
�
�9� �
� �&� �� � � �� 	 (7.3)

The shear modulus � of the curved graphene sheet in a nanotube is calculated
in [104] and is close to the value for the planar graphene sheet. The inter-tube
distance of a multi-walled nanotube is taken as wall thickness of a hollow cylinder
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Figure 7.9: A torsional pendulum built on a single-walled carbon nanotube. Images
a-f are obtained at a potential of 0V, 5V, 6V, 7.4V, 9.7V, and 22V between the
support and the second electrode (visible in the upper left corner of image f). The
sample is tilted by 30 � for a slightly side-on view on the device. Scale bar is 100nm.
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Figure 7.10: Device geometry.

both in [104] and in the following calculations: We use a shear modulus � �

? � � � TPa and a wall thickness of � �
� � � Å.

Twisting a hollow cylinder (one nanotube on each side) of length
� �

, diameter�
and wall thickness �

� �
by an angle � requires a torque

�
of

� � � � � � � �� � � ��
 � � (7.4)

where we define 
 � � � � � � �� � � (7.5)

as the torsional spring constant. The index
�

� * �  describes the two nanotube
sections on each side of the pendulum, with a length

�
� and

�
� . The total torsional

spring constant is 
 � 
 �
� 
 � (7.6)

The differential equation for a torsional oscillation

�
� �

� � � � � 
 � � ? (7.7)

leads to solutions of the form

� ����	 � � ����� � � ��	 � � ��� � � � ��	 (7.8)

with the arbitrary constants � and � and the resonant frequency:

� �

� 

� (7.9)

For example, for the rotor in Fig. 7.8 we use the values d=2.4nm, x=500nm,
y=110nm, z � =250nm, z � =600nm, l=300nm, and

� � * %�� � � * ? � kg/m
�

(density
of gold). This gives a mass of

�
� % � * ? 4 � � kg, and a moment of inertia of
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� � � � * ? 4 ���
kgm

�

. The torsion spring constant is 
 # * � * ? 4 � � � � . With these
values we arrive at a resonance frequency of  �

�
��� # � ? kHz for the torsional

mode of oscillation.

7.2.6 Quantum mechanical considerations

For the torsional harmonic oscillator the Schrödinger equation is

� � �

 �
� �� � � � � � 	 � � � � 	 � � � 	 � � � � � 	 (7.10)

with the harmonic potential � � � 	 � * 
 � �

(7.11)

and 
 and � as defined previously. By substituting
� � � � � (as before) and

� � �

�
�� � (7.12)

the solutions (in analogy to the linear harmonic oscillator) are

� � ���  � ��� � � � �
	 4 �� ��� ��� � * � �
� � �

���� � � �
� � � (7.13)

with the hermite polynomials� � ����	 � � � * 	 � � � � � �� � � � 4 � � � (7.14)

The energy eigenvalues are:

� � � � � � * 	 � � (7.15)

The mean value of the angular displacement is obviously
� ��� � ? . More

interesting is the mean square value of the angular displacement,

� � � � � �� 
 �
�
� � � * 	 (7.16)

With this expression we can calculate the root mean square (rms) value of the
angular displacement

� � as

� � �
� � � � � � �� 
 �

�
� � � * 	 (7.17)

which defines for
�

� ? the quantum limited position uncertainty.
For investigating quantum effects in macroscopic mechanical devices, a device

with a large zero-point motion would be useful. The above equation shows that
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for a large zero-point oscillation, it is not only important to have a small moving
object (leading to a small mass and moment of inertia � ), but also a weak coupling
(here given by the spring constant 
 ). Attaching a moving part with an individual
single-walled carbon nanotube is presumably one of the weakest couplings (lowest
spring constant) that can be realized.

For a typical device, the zero-point motion would have a width
� � � � � � � �

* ? 4 � , or approximately
 � * ? 4  degrees. This corresponds to a position uncertainty

of
 � * ? 4 � � �

at the edge of the pendulum, two orders of magnitude more than in
silicon based nanoelectromechanical devices [105].

7.2.7 Thermally excited oscillations

Although we have not directly excited the torsional oscillation mode using e.g. an
AC electric field, we can observe the thermally induced vibrations at room tem-
perature and compare it to the amplitudes predicted for the device geometry. For� ��� � � the thermal occupation number is:

� ��� � *�����8� � �,
� � 	 � * # � � � � � � (7.18)

The corresponding rms value of the angular displacement, obtained by substituting
(7.18) into (7.17) with

� � * , is:

� � �

� � � �
 (7.19)

This is also the classical amplitude for a harmonic torsional oscillation with an
energy

� � � .
From the observations we will obtain the peak-to-peak amplitude of the oscil-

lation � � � . For a sinusoidal oscillation it is related to the rms value as

� � � �  �  � � �  �  � �
 � (7.20)

Now, before comparing observed with predicted oscillations, I will present fur-
ther devices built on single-walled carbon nanotubes.

7.2.8 The single molecule torsional pendulum: more examples

Nanoelectromechanical devices based on individual single-walled carbon nano-
tubes and small nanotube bundles have been successfully prepared with very dif-
ferent geometries and sizes. The nanotube diameter in devices built on individual
nanotubes ranges from 1 to 2.4 nm. On individual nanotubes, objects as heavy as# * ? 4 ��� kg have been suspended. On the other end of the scale, a low-mass pendu-
lum consisting of a 5nm Cr layer was built on an individual SWNT (Fig. 7.11a+b),
and for comparison on a MWNT (Fig. 7.11c+d). In the nominally 5nm thick Cr



136 CHAPTER 7. NANOELECTROMECHANICAL DEVICES

a

c

b

d

Figure 7.11: A pendulum built from an only 5nm thick layer of Chromium, at-
tached to an individual SWNT (a+b), and to a MWNT (c+d) for comparison. The
SWNT based device is already turned by nearly 90 � , and vibrations are visible (b).
No vibrations are visible for the object attached to the MWNT (c+d). Here we
see that the nominally 5nm thick Cr layer, made by thermal evaporation, is not
homogeneous. Scale bars are 500nm (a+c), 50nm (b), and 20nm (d).
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a b c

Figure 7.12: A large metal structure suspended on a small bundle of 2-4 SWNTs
(a). It is turned by moving the center of the electron beam, which has the effect
of charging parts of the structure (b+c). This device has already two separated
components: The metal block in the center is attached to the larger structure by
carbon nanotubes. This larger structure is in turn attached to the supports (visible
at the top and bottom of the images). The dashed line in (b) indicates the orientation
of the nanotube, which is not visible at this magnification. Scale bar is 1 � m.

layer, holes are visible (no homogeneous layer is formed in the evaporation pro-
cess). This object has a mass of only # * ? 4 � � kg.

Much larger objects have been attached to SWNT bundles. Figure 7.12 shows
a metal structure suspended on a bundle of a few nanotubes (2 tubes on one side,
4 tubes on the other side). Within the suspended structure, another metal block
is held by several nanotubes. The device is turned by up to 90 � by moving the
electron beam, which has the effect of charging different parts of the structure.

The nanotube torsional pendulum can be reliably prepared by the described
procedure. After preparation, most devices were mounted into the standard TEM
holder for an initial check and characterization. Most devices survived up to this
point. Afterwards, mounting into the sample holder with electric contacts was
planned for in-situ operation, carried out in a different microscope. Now, most
suspended objects had fallen off, and many devices were destroyed until we found
the reason: Upon insertion into the TEM, the airlock is slowly evacuated, so that
the sample is going smoothly from ambient pressure to high vacuum. On the way
out of the microscope, however, the sample is subjected to a sudden change from
vacuum to ambient pressure. In this process, the delicate suspended objects are
blown off from their support.

7.2.9 Predicted and measured thermal oscillations

For various devices the thermal oscillations were calculated for the device geom-
etry and also measured from TEM images. From the width of the blurred edge of
the pendulum, the amplitude of the vibration is obtained. One example is shown
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Figure 7.13: Measurement of the thermal vibration amplitude from TEM images.
(a) The observed width � depends on the viewing angle on the pendulum. From the
TEM image (b), two profile plots along A-B and C-D are shown in (c). The profile
A-B shows the apparent width of the vibration, C-D is taken as reference. Since
features close to the axis and the axis itself are much sharper (blue arrow in (b)),
we conclude that we observe mainly a torsional oscillation and not a translational
one. Curves in (c) are from the original image data, while the image displayed in
(b) is modified in brightness and contrast. Scale bar in (b) is 200nm.

in Figure 7.13. The width of the blurred edge � depends on the angle � of the pen-
dulum with respect to the direction of view, and of course on the actual vibration
amplitude. Several profile plots across the vibrating edge, and reference plots at
different positions are taken. The angle � is derived from the known length of the
pendulum (from the lithography) and its apparent length in the TEM image. The
amplitude of the torsional vibration is then deduced from the angle � , the width of
the blurred edge, and the geometry of the device. In all devices we observe that
the vibrations at the outer edges of the pendulum are much larger than close to
the nanotube axis. Therefore we conclude that the blurred edges are mainly due
to torsional oscillations, and not to translational modes. A comparison of thermal
vibrations, measured from TEM images and calculated for the device geometry, is
given in table 7.1.

We see that the observed vibration is in agreement with the predictions based
on the geometry of each device. For a pendulum that is turned by electrostatic
attraction to a nearby electrode (Fig. 7.9), the vibration amplitude decreases as
the potential is increased. At the maximum deflection, no vibration is visible any
more. The electrostatic attraction strongly increases the effective spring constant.

7.2.10 Discussion

A major distinction from existing nanoelectromechanical systems is the ultra-low
spring constant associated with the suspension on a single molecule. Therefore, a
torsional pendulum built on a single-walled nanotube can be turned by extremely
small forces. For a rotation of 1 � a torque of

	 � * ? 4 � �
Nm is necessary. This cor-

responds to a force of ? � * pN acting on one end of the rotor 400nm away from the
axis. Such a deflection could be detected by optical means, since the rotor is suffi-
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Sample 03a30 03a40 0861 1023u1
(Fig. 7.8) (Fig. 7.9) (Fig. 7.11)

Mass [kg]
% � * ? 4 � �  � * ? 4 � � * � * ? 4 � � ��� * ? 4 � �

Moment of inertia [kgm
�

]
� � * ? 4 ��� � � * ? 4 � �  � * ? 4 � �  � * ? 4 ���

Nanotube diameter [nm] 2.4 1.7 1.5 1.0
Resonance freq. (calc.) [kHz] 60 140 580 40

Calculated thermal osc. [ � ] � � ? � ? � � � �  � ? � 	 � �  � � � % � *
Measured thermal osc. [ � ] � � � � ? ���  �&% � ? � 	 * � � 	 � * � �  

Table 7.1: Comparison of thermal oscillations in the SWNT based torsional pen-
dulum. Values are calculated for the geometry of each device, and measured from
vibrations observed in TEM images. The oscillation (*) was measured with a po-
tential applied between the pendulum and the side electrode. Uncertainties in the
calculated values arise from the not precisely known device geometry (especially
nanotube diameter).

ciently large. Optical detection with nanometer sensitivity has been demonstrated
for objects of similar size [106]. More intriguing however, is the possibility that
the nanotube itself could be used to sense the deformation. A torsional deforma-
tion is expected to strongly influence the tube’s electronic structure [107], making
it possible to build a truly nano-scale force or torsion sensor that detects tiny de-
formations from changes in the tube’s transport properties. Either way, the SWNT
pendulum will be able to detect tiny forces.

Similarly, extremely small perturbances could excite a detectable torsional os-
cillation. We already observe the thermally excited oscillations at room tempera-
ture in the TEM as unsharp edges of the pendulum. The good agreement between
observed and calculated values confirms that the modelisation of the vibrational
modes is valid and the nanotubes indeed exhibit the predicted mechanical proper-
ties.

7.3 Enantiomer identification

Nanotubes (with exception of the armchair (n,n) or zigzag (n,0) types) are chiral
molecules, i.e. they are not identical with their mirror objects. Normally it is not
possible to determine the handedness of a nanotube from a diffraction pattern. The
diffraction pattern is the Fourier transform of the projected atomic potentials, and
the (n,m) nanotube, and its mirror counterpart which we will call (m,n) have the
same projected potential for normal incidence.

For non-normal incidence, the projected potential is identical for the (n,m)
nanotube and the (m,n) nanotube with opposite incidence angle. But in any case
the diffraction pattern remains symmetric, so that the enantiomers can not be iden-
tified. It would be possible in principle to determine the enantiomer by atomic
resolution TEM imaging of a tilted nanotube (with known sign and value of the
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a b c

Figure 7.14: (a) Low-magnification TEM image of the as-prepared SWNT pendu-
lum device. The metal block is freely suspended on the nanotube. (b) As the mag-
nification is increased (leading to a higher current density of the electron beam)
the object is charged, it flips by 180 � and gets stuck on one of the contacts. (c)
An SEM image taken afterwards clearly shows in which direction the pendulum
is turned. The red circle in (b) indicates the section of the nanotube from which
a diffraction pattern is obtained. This is now a diffraction pattern from a twisted
nanotube (shown in Fig. 7.16), where one end of the 300nm long tube section is
turned by nearly 180 � . Scale bars: 500nm (a+c), 200nm (b).

incidence angle), or by dark-field imaging on a given diffraction peak. The latter
has been demonstrated for MWNTs [45], but would be difficult for SWNTs since
the diffraction intensities are extremely weak (for adjusting the objective aperture
and/or illumination tilt angle for dark field imaging, the diffraction peaks must be
visible on the screen or CCD).

In a SWNT torsional pendulum, the nanotube is torsionally deformed in
a known direction. This literally breaks the symmetry: The two mirror-
symmetric enantiomers, after deformation in a given direction, are no longer
mirror-symmetric. It now becomes possible to determine which type is present
by electron diffraction. This is conceptually different from the aforementioned
approaches: Instead of determining the handedness in the original molecule, we
remove the symmetry by a deformation and investigate the deformed molecule.

7.3.1 Experimental

For the diffraction experiment a torsional pendulum that is stuck in the fully rotated
position is used. Figure 7.14 shows the sample. It allows to capture a diffraction
pattern from a torsionally deformed nanotube, with a known orientation of the tor-
sional deformation. By the turned pendulum, one end of the 300nm long tube sec-
tion is rotated by nearly 180 � . By comparison with simulations, the nanotube can
be identified as (14,12), with a small deviation due to the deformation. Among the
many diffraction patterns obtained from undeformed nanotubes within this work,
we also have a diffraction pattern for an undeformed (14,12) nanotube taken under
the same conditions that is used as reference.
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7.3.2 Results and discussion

By twisting a nanotube, we change the angle between the graphene lattice and the
nanotube axis. The torsional deformation corresponds to a shear deformation in a
planar graphene sheet. Figure 7.15 illustrates the effect of a torsional deformation.
The main point is that the torsionally deformed (14,12) nanotube is no longer mir-
ror symmetric to a (12,14) nanotube deformed in the same way (it would be mirror
symmetric to a (12,14) nanotube twisted in the opposite direction).

Figure 7.16 shows the diffraction pattern obtained from the twisted nanotube.
The inset shows a profile plot across two diffraction peaks, and the same profile for
an undeformed (14,12) and for simulated diffraction images of twisted and unde-
formed nanotubes. As reference length, the distance between the lines denoted by
X and X’ is used. In this way, the compared peak distances are independent of the
incidence angle. There is clearly a deviation in the peak distances, both compared
to the simulations and to the diffraction image of the undeformed nanotube. Fur-
ther, the observed diffraction image agrees very well with a simulated diffraction
image of a torsionally deformed (14,12) nanotube. It does not match the deformed
(12,14) nanotube. This result shows that the tube is indeed homogeneously twisted
(and not e.g. deformed at a single defect) and we can conclude that precisely the
tube structure (14,12) is present in this device, and not its mirror counterpart.

7.4 Further in-situ experiments

7.4.1 SWNT biprism

Figure 7.17 shows two interesting effects observed in a failed SWNT pendulum
device. First, the supporting nanotube survives a loss of the attached metal block.
This may be possible because the oxide layer underneath the metal was completely
etched away in this particular sample, so that the tube was not surrounded by ma-
terial (in other samples, the tube is in-between the metal block and a remaining
oxide layer, visible e.g. in Fig. 7.8c.). Second, since we have now a free-standing
nanotube with a nearby electrode, the tube can be charged electrostatically. Fig.
7.17c and d show images respectively of the neutral and charged nanotube. The
charged nanotube acts as biprism which focuses or de-focuses the electron beam
in a direction perpendicular to the tube axis.

Further, we observe that the vibrations in the free-standing tube section are
strongly reduced by applying the potential, which is due to the electrostatic attrac-
tion towards the side electrode. Diffraction images were obtained for the positively
and negatively charged tube. No difference was observed in these diffraction pat-
terns. However, if more charge can be induced on the tube (e.g. by a closer nearby
electrode) this could provide a way to measure the charge-induced bond length
change predicted for single-walled carbon nanotubes [108, 109].
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a b (14,12)

Torsional  deformation

(12,14)

Figure 7.15: (a) Modelisation of the torsional deformation. The shear deformation
of the graphene sheet turns the blue arrow towards the green arrow. The atoms
are displaced along lines around the circumference only. (b) Effect of torsional
deformation on the enantiomers of a (14,12) nanotube, viewed along the nanotube.
Without deformation, the angle between the nanotube axis and one of the main
directions along the graphene lattice shown here is the same for the (14,12) and
(12,14) nanotubes. This line along the graphene sheet continues in a helix- or
screw-like line around the nanotube cylinder. By twisting the nanotube, this angle,
or the pitch of the helix, is changed. For a deformation in a given direction, the sign
of this change is different for each enantiomer. The twisted (14,12) is no longer
mirror symmetric to the twisted (12,14).
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Figure 7.16: (a) Diffraction pattern obtained from a twisted SWNT. (b) Profile
across A-B in the diffraction pattern (solid red line) and in a diffraction pattern
of an undeformed (14,12) nanotube (solid blue line). The dashed lines are from
simulated diffraction images of torsionally deformed (14,12) nanotubes, twisted in
the same direction and magnitude as in our device. All A peaks are plotted at x=0
in (b). The clear difference in the peak distances makes it possible to determine
which enantiomer is present. Since the direction of the twist is known, we can
determine that precisely the tube structure (14,12) is present in this device, and not
its mirror counterpart.
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Figure 7.17: (a) A SWNT torsional pendulum which is blocked by an additional
carbon nanotube between the support and the moving part (arrow). The potential is
applied between the pendulum and the nearby electrode as indicated. Scale bar is
200nm. (b) Attempting to move the pendulum by high and abruptly changing fields
results in a loss of the metal block. Surprisingly, the nanotube remains intact. (c+d)
The nanotube can now be charged by applying a voltage between the support and
the nearby electrode. The charged tube acts as biprism and focuses the electron
beam (d). In images (c+d) the microscope is defocused in order to observe the
biprism effect.

7.4.2 Suspended nanospheres

Objects suspended on SWNTs can be significantly heated by electron irradiation in
the TEM. The gold structure reaches a liquid phase and forms a nearly spherical ob-
ject. The silicon dioxide part of the structure retains its original shape. Figure 7.18
shows a single molecule torsional pendulum where the moving part was melted by
electron irradiation. The object can still be turned by electrostatic attraction.

Another observation on this and other melted objects are the metal nanoparti-
cles that condense near the supporting structure (Fig. 7.18c+d). The nanotubes get
hottest near the center, but the ends remain cold. Thus, the metal condenses only at
the outer ends of the tubes, not near the suspended, heated object. Afterwards, the
nanotubes appear very clean, presumably because many contaminations have been
evaporated.

Figure 7.19 shows a series of images obtained during melting of a suspended
object by electron irradiation. The melting metal forms a nearly spherical structure,
only disturbed by some remaining silicon dioxide.

Higher intensities are required to melt objects attached to many carbon nano-
tubes. This clearly shows that the main path of thermal dissipation is along the
tubes, and not by radiation. Objects which are in touch with the supporting struc-
ture (similar to Fig. 7.14), or attached on large bundles, can not be melted at all.
We conclude that in the equilibrium, the object is heated by the beam, and the heat
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Figure 7.18: A suspended object before (a) and after (b) melting due to electron
irradiation. The gold structure melts into a nearly spherical object, while the sil-
icon dioxide layer remains in its shape. (c+d) Some of the metal condenses into
small clusters near the cold ends of the nanotube. The resulting object can still be
actuated by the electric field (e-h). Scale bars: 200nm (a,b,e), 20nm (c), 5nm (d).

a b c d

Figure 7.19: Melting of an object suspended on three nanotubes by electron irra-
diation. (a) Before, (b+c) during irradiation with increasing dose, (d) afterwards.
Scale bar, 500nm.
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is dissipated mainly along the nanotubes.
Thus, one would expect that the thermal conductivity of SWNTs can be ob-

tained from these experiments. We know the melting point of gold, and we observe
the beam intensity where the melting point is reached. In this moment the power
which is heating the object is dissipated along a known temperature difference.
The suspended object is at the melting temperature of gold, and the support is at
room temperature. We can also estimate the number and length of the nanotubes
from TEM images. However, melting of ~20 suspended objects revealed that the
beam power required for melting varies by up to an order of magnitude for objects
suspended on the same number of tubes. It seems that there are huge variations
in the thermal contact between the object and the tube - very similar to the large
variations in electric contact resistances observed in transport measurements.

7.5 Conclusions

We have built versatile novel nanoscale devices that are potentially useful in
nanoscale mechanical systems for both basic research as well as practical applica-
tions. We have reached the single-molecule level for the motion-enabling element
in our NEMS. Our SWNT pendulum can be reproducibly turned to any position
between 0 � and almost 180 � using a single electrostatic potential. Among obvious
NEMS applications, they could serve as a micromirror in various optical applica-
tions. Further, the device would allow a continuous tilting of any object attached
to the nanotube or the pendulum, with a precisely defined rotation axis. This can
be useful for tomography in a TEM or x-ray microscope. Deflections and oscil-
lations can be induced by extremely small forces, which will make it possible to
build very sensitive nanoscale force sensors. Devices with varying geometry, and
a simple multi-component device demonstrate the potential for a flexible design of
more complex nanoelectromechanical systems based on carbon nanotubes.



Chapter 8

Summary, conclusions and
outlook

A range of different measurements were carried out on individual carbon nanotubes
which were precisely characterized by electron diffraction and high-resolution
transmission electron microscopy. We have obtained structural information in com-
bination with electronic and vibrational properties from the very same molecule.
This was achieved by the development of a novel and versatile procedure for
preparing free-standing lithographically defined structures. Further, novel devices
for in-situ transport measurements, and nanoelectromechanical devices that con-
tain individual single-walled nanotubes as key motion-enabling element, were de-
veloped.

Our combination of Raman spectroscopy and electron diffraction provides the
first measurements of vibrational properties of carbon nanotubes where the struc-
tural information is determined independently, and not derived through a mod-
elization from spectroscopic information. This is important because as long as the
structure is deduced via modelization, a verification of the model is not possible.
Further, the index assignment only from Raman spectroscopic data is only possi-
ble for small diameter nanotubes. We have measured the radial breathing mode
frequency dependence on the nanotube diameter for a large diameter range, and
find that the previously established relationships can not be extended to the larger
diameter nanotubes. Also, our measurements are done on freely suspended nano-
tubes, so that an influence from the environment (substrate, suspension) can be
excluded. Yet, we find a surprisingly good agreement with previous work with
nanotubes on substrates or in suspension, showing that the effect of the environ-
ment is much smaller than previously assumed. The diameter dependence of the
tangential mode frequencies, and the deviations between measured and calculated
transition energies, agree with previous work; although additional data especially
from smaller diameter nanotubes is desirable for a more quantitative comparison.

Transport measurements were carried out in combination with an electron mi-
croscopic analysis in different ways. For analyzing the electronic properties of a
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carbon nanotube, it is important set up a transistor configuration with an effective
gate electrode. The solution which provides the most effective gate, but also the
most labor-intensive one, is to measure the transport properties on the substrate
before etching, and analyze the tube by TEM after etching. Here, the highly doped
substrate serves as gate, separated from the nanotube by an oxide layer. High-
resolution images can show whether a nanotube is filled with fullerenes or not.
Preparing samples so that the transport and TEM measurements are done on free-
standing nanotubes requires less lithography and AFM work, but the substrate or
nearby metallic electrode is less effective as gate. We have measured the electronic
properties of nanotubes of which the indices were determined by electron diffrac-
tion. The metallic or semiconducting behaviour as predicted for the given indices
was confirmed by the transport measurement. In-situ transport measurements show
modifications of the contact by irradiation and currents. We observe joule heating
of the free-standing nanotube to high temperatures by passing a current, seen as
modifications of the catalyst particles and amorphous carbon on the tube.

A variety of nanoscale electromechanical devices based on carbon nanotubes
were demonstrated. Multi-shell nanotubes, small bundles and even individual
nanotube molecules serve as spring and mechanical support for lithographically
defined moving parts. The single-molecule based pendulum can be turned to any
position between 0 � and almost 180 � with the use of a single electrostatic poten-
tial. Possible nanoelectromechanical systems applications include micromirrors or
other devices that require a continuous tilting with a precisely defined rotation axis
of an object attached to the nanotube. Deflections and oscillations can be induced
by extremely small forces, so that the devices may also serve as very sensitive
nanoscale force sensors. We observe the thermally excited oscillations at room
temperature. The torsional deformation of a chiral molecule lifts the mirror sym-
metry between the enantiomers, which allows a determination of its handedness.

As outlook, further measurements could be carried out on precisely identified
carbon nanotubes. The presently investigated samples comprised mostly larger
diameter nanotubes, while e.g. effects of curvature in the graphene sheet will be
more dominant in smaller diameter samples. The Raman studies could be extended
towards a measurement of the transition energies, if many closely spaced excita-
tion lines were available. This would allow a direct comparison with calculated
electronic properties of a particular nanotube structure. Further, fluorescence spec-
troscopy should be possible, in the same way as Raman spectroscopy, to gain ad-
ditional information on a specific nanotube’s electronic properties. Transport mea-
surements could be improved by using other contact materials for lower contact
resistances, and by designing a more effective gate electrode in case of the free-
standing nanotubes. Concerning the nanoelectromechanical systems, it is certainly
desirable to measure directly the mechanical resonances by an A.C. excitation and
in-situ observation of the resonances. For the single-molecule torsional pendulum,
a transport measurement through the torsionally deformed tube is envisaged.
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