
 

 

 
 

Department of Physics 

 

 

 

 

 

Joakim Hirvonen Grytzelius 

 

 

Atomic Force and Scanning 

Tunneling Microscopy Studies of 

Single Walled Carbon Nanotubes 
 

 

 

 
 

 
 

 

Physics 

D-level Thesis 

 
Date: 06-02-03 

Supervisor: Lars Johansson 

Examiner: Kjell Magnusson 

Serial Number:  2006:1 

Karlstads universitet 651 88 Karlstad 

Tfn 054-700 10 00 Fax 054-700 14 60 

Information@kau.se www.kau.se 



Abstract

In this diploma work I present the first experimental investigations
of carbon nanotubes at Karlstads University. Raw nanotube powder
of single walled carbon nanotubes have been dispersed primarily in
1,2-dichloroethane. The solutions have been spincoated on Au(111)
substrates. In order to determine the solubility of carbon nanotubes
in the solution the samples have been investigated in an atomic force
microscope.

Single walled carbon nanotubes deposited on a Au(111) substrate
have been investigated in a scanning tunneling microscope. Atomically
resolved STM images of single walled carbon nanotubes were obtained.
Scanning tunneling spectroscopy spectra was taken on a tube revealing
its chirality. The measured data from the nanotubes was compared to
calculations and confirmed their properties.

Dry direct contact transfers of individual single walled carbon nan-
otubes have been done as a first step when trying to deposit carbon
nanotubes on reactive surfaces in ultra-high vacuum. Individual nan-
otubes were found, confirming the success of dry direct contact transfer.
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1 Introduction

Nanotechnology or nanoscale science is concerned with the investiga-
tion of matter at the nanoscale, generally taken as the 1 to 100 nm
range. The breakthrough in both academic and industrial interest in
these nanoscale materials over the past ten years has arisen because
of the remarkable variations in solid-state properties. There have been
several demonstrations revealing many remarkable electrical, mechani-
cal and optical properties of carbon nanotubes. Because of their unique
properties they are used in fundamental scientific research but they are
also very attractive for industry. Many potential applications have
been demonstrated: They can be used as field emission sources and
electronic devices; as scanning probe tips; as chemical sensors; as fillers
in high strength composites and there are plenty more aspects. Some-
thing common to most of the applications is that they are based on
the unique electronic properties and geometrical structure of carbon
nanotubes. For a review of current carbon nanotube technologies see
reference [1].

Carbon nanotube devices can compete with today’s used silicon de-
vices or even better when comparing them at appropriate length scale.
They have also the potential to play a significant role in future silicon
based technology due to their extraordinary 1D, structural and elec-
tronic properties which in turn make single walled carbon nanotubes
the ideal building block of hybrid devices.

The main goals with this essay is to learn how to deposit and charac-
terize carbon nanotubes on a substrate, first from single walled carbon
nanotubes suspended in a solution and secondly by dry direct contact
transfer (DCT) on a reactive surface in ultra-high vacuum.

J H Grützelius Physics Master Thesis
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2 Introduction to Carbon Nanotubes

Carbon, one of the most abundant element in the universe can in the
sp2 hybridization form a wide range of interesting structures. Except
from graphite, carbon can build a variety of amazing structures like
spheres, cones and tubes. In 1985, the first of these structures to be
observed were the C60 molecule by Kroto et. al. [2]. It was in the
study of these soccer ball-like structures that S. Iijima [3] in 1991 ob-
served the first tubular carbon structures. These nanotubes consisted
of a collection of cylindrical concentric shells, so called multi walled
carbon nanotubes (MWNT). Two years later single walled carbon nan-
otubes (SWNT) were discovered experimentally by Iijima et. al. [4]
and Bethune et. al. [5]. This discovery was of great importance since
SWNT are more fundamental in their nature and has been predicted
by theoretical calculations to possess many remarkable properties. One
of these properties is that the nanotubes can either be semiconducting
or metallic depending on their structure, depending on diameter and
orientation of the hexagons compared to the tube axis.

In 1996 Smalley et. al. [6] successfully synthesized bundles of
SWNT. This made it possible to study the nanotubes in different mi-
croscopes. But, it was not until 1998 that the theoretical predictions
could be corrobated experimentally.

Since their discovery nanotubes have captured the imagination of
physicists, chemists and materials scientists. Physicists have been at-
tracted to their extraordinary electronic properties, chemists to their
potential as ’nanotest-tubes’ and material scientists to their amazing
stiffness, strength and resilience [7].

In addition to their interesting electronic structure, nanotubes have
a number of other useful properties. Nanotubes are incredibly stiff and
tough mechanically - the world’s strongest fibers. Nanotubes conduct
heat as well as diamond at room temperature. Nanotubes are very
sharp, and thus can be used as probe tips for scanning-probe micro-
scopes, and field-emission electron sources for lamps and displays [8].

Since the discovery in 1991, a great number of researches have been
done on synthesizing, characterizing, purifying, separating and under-
standing the unique properties of carbon nanotubes.

In every method of carbon nanotube synthesis, the problem of im-
purities is always there. These impurities are varied: fullerenes, carbon-
coated metal and metal carbide nanoparticles, hydrocarbons, sp2-bonded
carbon nanospheres, amorphous carbons, catalyst residues, and other
graphitic debris. Hence, there is a need for purifying the carbon nan-
otubes. Removing these side products was never easy and has hindered
the progress in testing the properties of carbon nanotubes. However,
at present there have been several studies showing an improvement in
the effectiveness of purifying carbon nanotubes.

Aside from impurities, the synthesis of these carbon nanotubes result

J H Grützelius Physics Master Thesis
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in a wide distribution of sizes (lengths and diameters) and structures
(bundled, multi-walled, single-walled carbon nanotubes). Hence, for
effective use in applications there is a need for separation to obtain
carbon nanotubes of more or less uniform and equal size [9][10].

3 Properties of Single Wall Carbon Nanotubes

3.1 Basic Background

A free carbon atom has the electronic arrangement (1s)2(2s)2(2p)2. In
order to form covalent bonds, one of the 2s electrons are promoted to 2p,
the orbits are then hybridized in one of three possible ways. In graphite,
one of the 2s electrons hybridize with two of the 2p′s to give three sp2

orbitals at 120◦ to each other in a plane. The remaining orbital have
a pz configuration and is normal to this plane. The sp2 orbitals form
strong covalent bonds between carbon atoms in the graphite planes
and are called σ bonds. The pz orbital provide the weak van der Waals
bonds between the planes which are called π bonds.

The structure of carbon nanotubes has been explored early on with
the help of transmission electron microscopy (TEM) and scanning tun-
neling microscopy (STM), yielding direct confirmation that the nan-
otubes are seamless cylinders derived from the honeycomb lattice of
the graphene sheet, a single atomic layer of crystalline graphite. The

Figure 1: The chiral vector OA or Ch is defined on the honeycomb lattice of carbon
atoms by unit vectors a1 and a2 and the chiral angle θ with respect to the zigzag
axis. Along the zigzag axis θ = 0. Also shown are the translation vector T.

simplest way of specifying the structure of an individual tube is in terms
of the vector Ch which is joining two equivalent points on the original
graphene lattice, see figure 1. The cylinder is produced by rolling up
the sheet such that the two end points of the vector are superimposed.

J H Grützelius Physics Master Thesis
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Because of the symmetry of the honeycomb lattice, many of the cylin-
ders produced in this way will be equivalent, but there is an irreducible
wedge, with points on the lattice labeled according to the notation of
Dresselhaus et. al. [10]. Each pair of integers (n,m) represents a pos-
sible tube structure and are illustrated in figure 2. The vector Ch can

Figure 2: Possible chiral vector specified by the pair of integers (n, m) for general
nanotubes, including zigzag, armchair and chiral nanotubes. The encircled dots
denote metallic nanotubes while the small dots are for semiconducting nanotubes.

then be expressed as
Ch = na1 +ma2, (1)

where a1 and a2 are the unit cell base vectors of the graphene sheet
and n ≥ m.

There are three main groups of nanotubes, which depend on the in-
dices (n,m). The tubes with indices (n, 0) are called zigzag tubes while
tubes with indices (n, n) are called armchair. All other tubes, (n,m),
correspond to chiral nanotubes. The different tube structures are illus-
trated in figure 3 together with a schematic model of the capping of
the tubes. The nanotube diameter is given by

dt =
√

3aC−C

(
n2 + nm+m2

)1/2
/π = Ch/π, (2)

where Ch is the length of the chiral vector, aC−C is the carbon atoms
bond length (1.42 Å). The angle between the zigzag axis and chiral
vector is called the chiral angle and is denoted θ and is given by

θ = tan−1

( √
3m

2n+m

)
. (3)

From figure 2 it follows that θ = 0 for the zigzag tubes and for the
armchair tubes θ = 30◦. By symmetry both of these tubes have a
mirror plane and are thus called achiral. Differences in the nanotube

J H Grützelius Physics Master Thesis



AFM and STM Studies of SWNTs 7

Figure 3: Schematic models for single walled nanotubes with the axis of the tube
normal to the chiral vector. The upmost tube is an armchair tube with θ = 30o

and indices (n, n). In the middle a zigzag tube with θ = 0 and indices (n, 0). At
the bottom we have a chiral nanotube with 0 < θ < 30 with indices (n, m). The
actual nanotubes shown here corresponds to (n, m) values of (5, 5), (9, 0) and (10, 5)
respectively [10].

diameter dt and chiral angle θ give rise to different properties of the
various nanotubes.

In this work I will focus on the electronic properties of single walled
carbon nanotubes. For a more comprehensive description of the nan-
otubes mechanical, vibrational and thermic properties see references
[7][10].

3.2 Electronic Properties

3.2.1 Electronic Band Structure

The electronic structure of carbon nanotubes is unique in solid-state
physics in the sense that carbon nanotubes can be either semiconduct-
ing or metallic, depending on their diameter and chirality. Because of
this one should think of carbon nanotubes not as individual molecules
but as an entire class of molecules possessing different electronic prop-
erties.

The electronic properties of a molecule with discrete energy states
are strongly related to the gap between the highest occupied molecular
orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO).
If it was possible to build a carbon nanotube by putting together one sp2

hybridized carbon atom at the time, we would to begin with have two of
them and the HOMO and LUMO states are the π and π∗, respectively.
These are produced by overlap of the pz orbitals. When adding more
atoms these states are split due to Exclusion principle. When a SWNT
is formed this splitting is extensive and the overlap of the pz orbitals will
produce the HOMO and LUMO bands (π and π∗) which are separated
by the Fermi level. The splitting of the sp2 molecular orbitals results in
the σ and σ∗ bands. These bands are less important when determining

J H Grützelius Physics Master Thesis
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the electronic character of a nanotube due to that they lie so far below
and above the Fermi level. There will also be a mixing of the π and
the σ orbitals but this mixing is small and can be neglected. So it is
the pz orbitals that are most important when determine the electronic
character of a nanotube.

The band structure of a SWNT can be obtained by a quantum me-
chanical derivation that begins with the pz orbitals of the graphene
sheet. The tight binding approximation which excludes multi-body in-
teraction and assumes mixing of only nearest neighbor wavefunctions,
can be applied to these orbitals and will give a two-dimensional energy
dispersion around the Fermi level given by [11]:

E2D

(
~k
)

= ±γ0

√√√√1 + 4 cos
(

3kxa

2

)
cos

(√
3kya

2

)
+ 4 cos2

(√
3kya

2

)
, (4)

where γ0 is the nearest neighbor overlap integral, a is the length be-
tween neighboring atoms (0,142 nm), kx and ky are components of the

wavevector ~k. The two different signs in (4) represent the π- and π∗-
band. In figure 4 the calculated dispersion relation show that the π-
and π∗-band just touch each other at the corners of the 2-D Brillouin
zone. The labels Γ, M and K indicates the high symmetry points of

Figure 4: 3D illustration of the dispersion relation of graphene [12].

the first Brillouin zone. In each unit cell of graphene there are two π
electrons which results in that the lower π band is completely filled. At
each K point the π band is tangent to the π∗ band and no energy gap
exists in the graphene dispersion relation. In this case we have the un-
usual situation of a gapless semiconductor. Anyway, the real graphite
is still a metal since the bands overlap due to the interaction of the
graphene planes [12].

When describing the band structure of graphene it is assumed that
the graphene planes are infinite in two dimensions. For a carbon nan-

J H Grützelius Physics Master Thesis
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otube this is not the case, instead we have a structure that is macro-
scopic along the tube axis while the circumference is in atomic dimen-
sions. This results in that the density of allowed quantum mechanical
states in the axial direction will be high ,while in the circumferential
direction the DOS will be limited. So, when rolling up the chiral vector
Ch the result is a periodic boundary condition in the circumferential
direction. Quantum mechanically these boundary conditions will de-
fine 1D states along the tube axis according to the Born-von Karman
periodic boundary conditions given by:

Ch · k = 2πj , |j| = 0, 1, 2 . . . (5)

In the case of armchair tubes, the periodic boundary conditions give
allowed states for the wave vector in the circumferential direction ac-
cording to:

kj
x =

j

Nx

2π√
3a
, (6)

where Nx is the number of hexagons in the x-direction. In the geometry
of the armchair tube the axis of the tube is identical to the y-direction.
The energy dispersion for a (3, 3) armchair tube is illustrated in figure
5 together with the projection of the allowed 1D states onto the first

Figure 5: Dispersion relation of a (3, 3) armchair tube. (a) 3D illustration of
graphene. The black lines in (a) and (b) indicate the allowed states of the (3, 3)
armchair tube. Due to the periodic boundary conditions along the circumference
of the tube the result is a discrete set of kx values. In (b) we can see the projection
of allowed states into the first Brillouin zone of graphene, we see clearly that the K
points are allowed states for tubes with this structure. (c) is the 2D illustration of
the dispersion E(ky). The states at the Fermi level indicate the metallic behaviour
of the tube. The periodicity in k-space is given by the interval −π/P to π/P [12].

Brillouin zone of graphene and the E(ky) relation for a (3,3) tube.
When inserting the periodic boundary conditions from equation (6),
into equation (4) the allowed states will condense into lines, these are
the black lines seen in figure 5. In this case there are three lines on
either side of the center of the Brillouin zone and one additional line
through the center. For this case of the (3, 3) armchair tube the allowed
states include the K points and the tube is metallic.

In the case of a chiral tube with indices (4, 2) we will have a different
behaviour in the energy dispersion even thus the diameter only differ by

J H Grützelius Physics Master Thesis
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7.5 pm. Thus we have a clear situation where the electronic properties
are strongly related to the chiral angle. In figure 6 the energy dispersion
for the (4, 2) nanotube is illustrated. Here the chiral vector is not

Figure 6: Dispersion relation of a (4,2) chiral tube. (a) The 3D illustration of
graphene together with the allowed states of the (4,2) chiral tube (black lines). The
periodic boundary conditions result in a discrete set of allowed k values. In (b) we
see the projection of the allowed states into the Brillouin zone of graphene. Here
the K points are not allowed states. In the 2D energy dispersion (c) we see that the
conduction band and the valence band are separated by a bandgap [12].

parallel to the x-direction which leads to a mixed quantisation of kx

and ky. When describing the propagation of an electron along the tube
axis there will be a combination of both kx and ky components. This is
why the general letter k is used in the 2D dispersion representing the
momentum of the electron in the direction of propagation. In this case
there are no allowed states including the K points and this will result
in a bandgap as illustrated in figure 6(c).

If we look back into figure 4 we can see that there is a gap between
the π and π∗ bands everywhere except at the K points. This means

that a SWNT will have a bandgap unless the vector ~k connecting Γ
and K is an allowed wavevector. In order to find out which tubes that
have an allowed k-state at the K point we put the vector ~k into the
periodic boundary condition (5) along the circumference as follows:

~k ·Ch = 2πj. (7)

In terms of the reciprocal lattice vectors, ~k = (b1 − b2)/3. When

evaluating ~k ·Ch we use the definition of the reciprocal lattice: ai ·bj =
2πδij leading to:

~k ·Ch =

(
b1 − b2

3

)
· (na1 +ma2)

=
n

3
b1 · a1 −

m

3
b2 · a2 (8)

=
2π

3
(n−m) .

When putting (8) in (7) we will get

n−m = 3j, (9)

J H Grützelius Physics Master Thesis
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which is the criterion for a SWNT to have an allowed k-state at the K
point. All other tubes will have a bandgap and thus be semiconducting.

To see if the tubes that satisfy this rule is metallic we need to con-
sider the finite curvature of the graphene sheet that forms the nanotubes
[13]. When forming a cylinder with graphene there will be a distortion
in the sheet that complicates the tight binding method and thus affect-
ing the overlap integrals. The result is a shift of the K point degeneracy

in the direction of ~k and slightly off the corner of the Brillouin zone,
this is illustrated in figure 7. The outcome of this is that many tubes

Figure 7: Schematic of the shift of kF for a curved graphene sheet. To the left A
and B′ represent the parallel π orbitals of the two nearest-neighbor carbon atoms
on a flat graphene sheet. B is the nearest-neighbor atom on the curved surface.
To the right is the K point of the first Brillouin zone together with the allowed
k-states. In metallic zigzag tubes, kF moves along the circumferential direction, c,
away from the K-point [13].

having an allowed wavevector will still have small bandgaps. Only those

tubes having lines of allowed states that superimpose with ~k are truly
metallic because the shifted degeneracy is still allowed, and no bandgap
appears in the dispersion. These tubes are the armchair tubes having
n = m. The shift for a (3,0) zigzag tube and a (3,3) armchair tube is
illustrated in figure 8.

Figure 8: Illustration of the shift of kF . To the left for a (3,0) zigzag tube where ~k
for the shifted degenerate point do not superimpose with the allowed k-states and
thus induce a bandgap. To the right a (3,3) tube where ~k superimpose with the
allowed k-states and the shifted degeneracy is still allowed.

J H Grützelius Physics Master Thesis



AFM and STM Studies of SWNTs 12

3.2.2 Electronic Density of States

The 1D density of states (DOS) in units of (states/C-atom)/eV is cal-
culated by

D(E) =
T

2πN

∑
±

N∑
µ=1

∫
1∣∣∣dE±µ (k)

dk

∣∣∣δ
(
E±

µ (k)− E
)
dE, (10)

where the summation is taken for the N conduction (+) and valence
(−) 1D bands. T is the magnitude of the translation vector T shown
in figure 1 and E±

µ (k) is the 1D energy dispersion relations of a SWNT.
Since the energy dispersion near the Fermi energy is linear [11], the
density of states of metallic nanotubes is constant at the Fermi energy
and is inversely proportional to the diameter of the tube.

D (EF ) =
a

2π2γ0dt

(11)

It is clear from (10) that the density of states becomes large when
the energy dispersion relation becomes flat as a function of k. One-
dimensional van Hove singularities (vHs) appear in the density of states,

which are known to be proportional to (E2 − E2
0)

−1/2
at both the en-

ergy minima and maxima (±E0) of the dispersion relations for car-
bon nanotubes. These are important for determining many solid state
properties of carbon nanotubes, such as the scanning tunneling spectra
(STS). In figure 9 some examples of the DOS for several nanotubes are
shown and the van Hove singularities are clearly shown. The vHs is

Figure 9: Density of states for three metallic and three semiconducting SWNTs.
The Fermi level is at 0, and the DOS for the metallic tubes are offset by 0.03 along
the vertical axis. For the semiconducting tube the DOS is zero at the Fermi level.
For all nanotubes, vHs arise at each band edge due to the low dimensionality of the
material [14].

a common feature to all 1D energy bands and the separation between

J H Grützelius Physics Master Thesis
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the first peaks will tell us the magnitude of the bandgap for the semi-
conducting tubes. The differences between the highest-lying valence
band singularity and the lowest-lying conduction-band singularity in
the 1D electronic density of states have been calculated by Mintmire
and White [15], and White and Todorov [16] and are given by

EM
11 (dt) = 6ac−cγ0/dt and ES

11(dt) = 2ac−cγ0/dt, (12)

where the superscript M and S denotes metallic and semiconducting,
respectively.

3.3 Synthesis and Purification

Carbon nanotubes are generally produced by three main techniques,
arc discharge, laser ablation and chemical vapour deposition. In arc-
discharge, a vapour is created by an arc discharge between two carbon
electrodes with or without catalyst. Nanotubes will self-assemble from
the resulting carbon vapour. In the laser-ablation technique a high
power laser beam impinges on a volume of carbon that contain feed-
stock gas. The chemical vapour deposition (CVD) will be treated in
more detail here since the purchased nanotubes used in this work are
produced in this way.

The synthesis of carbon nanotubes by CVD is achieved by putting
a carbon source in the gas phase and using an energy source, such
as plasma or resistively heated coil to transfer energy to a gaseous
carbon molecule. Some commonly used gaseous carbon sources include
methane, carbon monoxide and acetylene. Due to the energy source the
molecule will crack into reactive atomic carbon. The carbon will diffuse
towards the substrate, which is heated and coated with a catalyst where
it will bind. Excellent alignment and positioning on nanometer scale
of carbon nanotubes can be achived when using CVD. When using the
appropriate catalyst it is possible to control the diameter and growth
rate of single walled carbon nanotubes. A schematic illustration of a
CVD apparatus is shown in figure 10 where a feedstock gas passes into

Figure 10: Illustration of the chemical vapour deposition method. A feedstock gas
is applied to the oven and the molecules will crack into reactive atomic carbon that
will diffuse towards the substrate and nanotubes will form with the help of catalyst.

a hot furnace and nanotubes will grow on the supporting substrate
due to the catalyst. The nanotubes used in this work are grown on a
magnesium supported iron catalyst.

J H Grützelius Physics Master Thesis
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After the synthesis there is always a lot of impurities. The main
impurities are amorphous carbon, metal catalyst and smaller fullerenes.
One common purification method is acid treatment. The SWNTs used
in this work are cleaned this way which results in a nanotube soot with
a purity of 70-90% [17].

3.4 Solution Properties

SWNTs are easily bundled by van der Waals interactions during synthe-
sis and purification processes. The bundling often obscures the superb
characteristics of carbon nanotubes, and has been a bottleneck from
scientific and technological points of view. For example, dispersion
into individual nanotubes is necessary to be able to construct individ-
ual nanotube transistors. Nanodispersion can also provide excellent
information about electronic structures from optical absorption and
fluorescence spectra [18].

Although nanotubes in bundles interact via weak van der Waals
forces, the length of the nanotubes can be up to ten micrometer and
resulting in strong interaction energy of an order of 1000 eV [19]. This
is barely breakable with physical approaches. Different kinds of surfac-
tants in water have been used to force the nanotubes out of the bun-
dles by wrapping up the individual nanotubes. This method achieve
nanodispersion to some extent but surfactants are usually left in the
sample. Thus there is a need for a extra step to remove the remaining
surfactants.

Polymers with functional groups, DNA and liquid crystals have been
used to disperse carbon nanotubes with a similar idea. Sonication in
strong acid has also been used but in this case the length of the nan-
otubes has been shortened by attacks on the nanotube sidewalls. The
solubility of carbon nanotubes is greatly enhanced when using an or-
ganic solvent such as DMF (N, N-dimethylformamide) by attaching the
functional groups at the sidewalls or at the ends of the tubes. Unfortu-
nately the reaction with this organic solvent provoked strong chemical
disruption of the π bonding of the nanotubes and thus modified the
electronic structure of the tubes.

Something common to all these approaches is that they leave some
dispersants left in the final sample or affect the electronic properties
of the tubes. So, there is a need to find a solvent who can disperse
the tubes without affecting the tubes’ structure and electronic proper-
ties. The most promising solvent so far is the non-polar dichloroethane
(DCE) solvent [20].

J H Grützelius Physics Master Thesis
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4 Experimental Techniques

This section will present the different experimental techniques used in
this thesis. It will deal with a short introduction to ultra high vacuum
(UHV) followed by some theoretical basics of scanning probe micro-
scopes. The following subsection will give some brief description of
some techniques less used like low energy electron diffraction (LEED),
ozon-assisted cleaning, spincoating and freeze drying.

4.1 Ultra High Vacuum

The surface of a solid that is exposed to atmosphere can be significantly
more complex than the ideal, clean reconstructed or relaxed surfaces.
When the surface is exposed to the atmosphere, atoms and molecules
will adsorb on the surface generally destroying any well-ordered surface
structure, unless the surface is inert.

The presence of the contaminant layer generally prohibits any con-
trolled, systematic investigation of fundamental surface properties.
Hence, we must work in the UHV regime to maintain clean surfaces
for any length of time. And this is only the first reason. Ultra high
vacuum with a pressure < 10−9 Torr is required for most surface sci-
ence experiments for two principal reasons. First it is needed to enable
atomically clean surfaces to be prepared for study and maintain it in a
contamination free state for the duration of the experiment. Secondly
it will permit the use of low energy electron and ion-based experimental
techniques without the interference from gas phase scattering.

4.2 Scanning Tunneling Microscopy

The invention of the scanning tunneling microscope made it possible to
further advance in science and technology. The phenomenon of quan-
tum mechanical tunneling has been known since the beginning of 1900
century, but it was not until 1982 when the first STM was built by Bin-
nig et. al. [21] that this phenomenon were used to study conducting
surfaces. At present STM is a powerful tool for analyzing metallic and
semiconducting surfaces. The most important feature of STM is the
real space visualization of surfaces on atomic scale. What is converted
into an image in STM is either the spatial variation of the tunnel-
ing current or the spatial variation of the tip height. When using the
scanning tunneling microscope a fine metallic tip is used as probe, see
figure 11. This tip is approached toward the surface until a current
flows when a voltage is applied between the tip and the sample surface.
This normally occurs at a distance in the order of 1 nm. The current
is called tunnel current since it is based on the quantum mechanical
tunnel effect. After a tunneling contact is established, the tip is moved
over the surface by a piezoelectric unit, whose mechanical extension
can be controlled by applying appropriate voltages. The scanning unit
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Figure 11: Schematic representation of the scanning tunneling microscope: the
tunneling current is used as measurement signal.

is typically capable of scanning an area of a few nm2 up to several µm2.
The tunneling current is used to investigate the local structure of the
surface. The extremely high resolution is generated by the fact that
the tunneling current is very sensitive to small changes in the tunnel-
ing distance since it depends exponentially on the tip-sample distance.
The current can be approximated by

I ∝ e
−2d

√
2mφ

~ , (13)

where d is the distance between the tip and the surface, φ is the work
function and m is the electron mass. The tunneling current is kept con-
stant by a feedback mechanism during the scan and the tip movement
perpendicular to the surface, required to keep the current constant, is
recorded as the surface contour. Aside from the constant current mode
an image of the surface can also be provided by the use of constant
height mode. In this mode the variations in current is measured while
the tip is swept over the surface at a constant height.

It is possible to see both occupied and unoccupied states of the sam-
ple under investigation, depending on the bias applied to the sample.
For positive sample bias, the net tunneling current arises from electrons
that tunnel from the occupied states of the tip into unoccupied states
of the sample as illustrated in figure 12. When changing to negative
sample bias, electrons tunnel from occupied states of the sample into
unoccupied states of the tip. As a consequence, the bias polarity de-
termines whether unoccupied or occupied sample electronic states are
probed.

The STM pictures represents a combination of both geometric and
electronic information, where for instance the shape and electronic
structure of the scanning tip has to be taken into account. For a more
accurate quantum mechanical treatment of the tunneling current one
needs to know the surface and tip wave functions. The tip geometry is
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Figure 12: Tunneling of electrons from occupied states of the STM tip into unoc-
cupied states of the sample.

generally unknown, but Tersoff and Hamann [22][23] approximated it
with an s-wave to get the result

I ∝ |ψ(~r0)|2 δ (Eν − EF ) ≡ ρ (~r0, E) . (14)

The quantity to the right is simply the surface local density of states
(LDOS) at EF evaluated at the center of the tip. The tunneling current
is proportional to the surface LDOS at the position of the probe and the
microscope image represents a contour map of constant surface LDOS.
A restriction to the theory of Tersoff and Hamann is, when evaluating
the limit V → 0 to get the LDOS at the Fermi level, the theory is only
valid for metallic systems.

In this work a variable temperature UHV STM/AFM from Omicron
Nanotechnology GmbH has been used with a tip made of W/Ir.

4.2.1 Tip Effect due to Tube Curvature

Nanotube STM images do not show a hexagonal configuration. Instead,
a triangular lattice of dark and white dots is usually observed. There
can be a number of tip related effects that can explain the distortion
of the hexagonal graphene lattice which also play a role when imaging
single walled carbon nanotubes. The effect that is going to be treated
here is the distortion of the hexagonal lattice due to the curvature
of the tube. Due to the curvature the overlap of the π orbitals of
neighboring carbon atoms decreases, except for the bonds parallel to
the nanotube axis. It turns out for a nanotube with a chiral angle
close to 0o, the bonds parallel or almost parallel to the tube axis are
imaged as protrusions as illustrated to the left in figure 13, which leads
to the typical triangular pattern of white dots. When the chiral angle
is close to 30o there are no bonds parallel to the axis and the lattice
should appear more hexagonal, illustrated to the right in figure 13. The
mechanisms described can have an effect on the lattice contrast but do
not distort the chiral structure of a nanotube and the STM images can
thus be used to determine the nanotubes chirality. But, due to the
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Figure 13: Illustration of the curvature effect when probing carbon nanotubes. To
the left for a zigzag tube where the circles indicates how the bonds are imaged. To
the right the same is shown for a armchair tube. T indicates the axis of the tubes.

geometrical structure of the tip the tunneling on a cylindrical structure
does lead to an overestimation of the value for the chiral angle [24].
In figure 14 we can see an illustration of the distortion mechanism. In

Figure 14: Illustration of the distortion mechanism. A nanotube with radius r lies
in the xy-plane with its axis in the x-direction. When the STM tip tunnels to the
side of the nanotube, an atom at position (x,y,z) is projected in the STM image at
(x,(1+h/r)y,z) [24].

general, the tunnel current flows to the side of the nanotube and the
atom at site (x,y,z) on the nanotube surface will be projected in the
STM image at (x,(1+h/r)y,z). The result is that the hexagonal lattice
is stretched by a factor of (1+h/r) in the y-direction. This effect can
be large as for example for a typical tunneling distance h of 0.4 nm and
a tube radius of 0.7 nm, the lattice is distorted by ∼ 60%.

The diameter of the tube can be obtained from a line profile perpen-
dicular across the nanotube. The distortion that influences the tube
width in such a profile arises from the geometrical convolution between
the nanotube and the STM tip shape. If ultra sharp tips were available
the nanotube diameter could carefully be measured from the apparent
width. In general, it is not possible to obtain accurate value of the
diameter in this way since the radius of curvature of an STM tip is
typically ∼ 10 nm.
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Alternatively the diameter is estimated from the height of the nan-
otube compared to the substrate. When measuring the diameter in this
way there can be an error because of the difference in the tunneling dis-
tance between the tube and substrate. However the error in diameter
due to this effect has been shown to be less than 1%.

4.3 Scanning Tunneling Spectroscopy

The study of the tunneling current as a function of the bias voltage at
a constant tip-sample separation is an important option of STM. When
doing this, the feedback is switched off and the I-V curve is determined
while linearly ramping the voltage across the tunneling gap. The I-
V characteristics are usually repeated several times at each surface
location and finally signal-averaged. Since the feedback loop is inactive
while sweeping the applied bias voltage, the tunneling current is allowed
to become very small. Therefore, bandgap states in semiconductors can
be probed without difficulties.

The results of STS measurements are usually presented by plotting
the current I, the conductance I/V or the normalized conductance
(dI/dV )/(I/V ) as a function of the voltage V . The normalized conduc-
tance is performed to compensate for the dependence of the tunneling
conductance I/V and has been shown to reflect the electronic density
of states.

4.4 Atomic Force Microscopy

In STM a tunneling current is employed and this limits the surface
investigations to metals and semiconductors. To enable the detection
of atomic-scale features of insulating surfaces the atomic force micro-
scope (AFM) was invented in 1986 by Binnig, Quate and Gerber [25].
In general, AFM enables one to detect surface morphology, nanoscale
structures, molecular- and atomic scale lattices.

In AFM a sharp tip is attached to the end of a cantilever and is
moved over a sample surface with the help of a piezoelectric scanner.
There can be several forces involved acting between the tip and the sam-
ple with magnitudes down to 10−9 N, van der Waals and electrostatic
forces. Which force that dominate depends on the distance between
the tip and the surface. In figure 15 we have a illustration of the AFM
setup.

Due to the forces acting on the tip it will be deflected and it is this
deflection that is measured. This is done by reflecting a laser beam off
the back of the cantilever onto a split photodiode detector. The light
intensity difference between the photodiode sectors is then a measure
of the deflection of the cantilever. This information is converted into
voltage and fed back to the electronics, which controls the piezoelectric
scanner.
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Figure 15: Schematic picture of the AFM setup.

The most common operating mode is contact mode. In this case the
tip is in contact with the surface and the force between the tip and the
surface is kept constant with the help of a feedback amplifier, which
applies a voltage to the piezoelectric z-scanner that raises or lowers the
tip to keep the reference force constant due to the change of surface
features. No further details will be discussed of the contact mode and
we will instead focus on the operating mode used in this work.

In this work the AFM has been used in the so-called tapping mode,
which is mainly used when the contact and scanning between the sur-
face and tip can induce damage to the surface and/or tip. In this case it
is used because when investigating carbon nanotubes in contact mode
there is the possibility that the tip will drag the tubes along its path
resulting in an image without tubes. In tapping mode the tip has an
oscillating motion generated by the piezoelectric elements driven by a
voltage source. When the tip is touching the surface there is a lowering
in the oscillation amplitude of the cantilever so the scanner is raised to
maintain a constant set-point amplitude. The z-position is a measure
of the height of the features on the surface. Additional information in
tapping mode is obtained by the phase measurement. The phase lag
between the drive signal and the cantilever oscillation is monitored and
changes in the lag are interpreted as due to variations in surface/tip
interaction. The phase image is usually made at the same time as the
topographical image and maps local changes in mechanical and vis-
coelastic properties of the surface. The AFM used in this work was a
Nanoscope Multimode AFM from Digital Instruments.
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4.5 Other Techniques

4.5.1 Inverse Photoemission Spectroscopy System

The inverse photoemission UHV system (IPES) consist of an analysis
chamber and a preparation chamber with a load-lock for introduction of
samples. The system operates in ultra high vacuum and is designed for
studying the band structure of occupied and empty electronic states. It
is also equipped with LEED optics which is discussed in section 4.5.2.
In this work the system was mainly used for preparing clean silicon
surfaces and perform the direct contact transfer of carbon nanotubes
under UHV conditions.

4.5.2 Low Energy Electron Diffraction

In the technique of low energy electron diffraction (LEED), which is
a standard technique in surface science , monoenergetic electrons with
wavelengths comparable to the atomic spacing are elastically backscat-
tered from a periodically ordered surface. The method provides in-
formation about the crystallographic order and quality of a prepared
surface.

The surface sensitivity in LEED is due to the electrons in the energy
range used have a short mean free path in solids. Only the atomic layers
of a few Ångström into the solid will contribute to the LEED pattern.
In a typical LEED experiment an electron beam impinges on a crystal
surface. The backscattered electrons are detected on a phosphorous
screen. The LEED diffraction pattern, which consists of spots, is an
image of the surface reciprocal lattice and a Fourier transform of the
surface structure in real space. Periodic or random distributions of
impurities or crystal imperfections give broadening of the diffraction
spots and higher background intensity which can be used as qualitative
information of the surface quality.

In this work low energy electron diffraction is used as a tool to check
the surface cleaness and order by observing the symmetry pattern and
its intensity.

4.5.3 Ozone-assisted Cleaning

Ozone-assisted cleaning has been engineered to assist in cleaning sam-
ples such as AFM probes and surfaces. It operates using a high output
ultraviolet (UV) light emitting grid (mercury vapor) that excites or-
ganic molecules and produces highly reactive ozone gas from oxygen
that is present within the cleaning chamber. The system can be used
with ambient air or with an external oxygen supply. The reactive ozone
interacts at the molecular level with surface contaminants causing them
to degrade. This method is particulary effective with organic contami-
nants that are frequently found on AFM probes and surfaces. The exact
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exposure times and methods required to remove various contaminants
should be determined empirically. The model used in this experiment
is a PSD-UV from Novascan Technologies.

4.5.4 Spin Coater

The spin coating is a simple technique of producing thin films on large
areas. A solution of the material that the thin film should consist
of is deposited on a rotating substrate. Normal rotation speeds are
between 1000-4000 rpm. Here a spincoater model P6700 from Speedline
Technologies is used and a very short description will be given with
relevans to this work. In short, the SWNT solution is deposited to the
rotating substrate by using a pipet with rubber bulb and drop a few
drops on the substrate. Due to the rotating substrate the final result
should be a homogeneous coverage of carbon nanotubes.

4.5.5 Freeze Drying

Freeze drying has been used in a number of applications for many years,
most commonly in the food and pharmaceutical industries. There are,
however, many other uses for the process including the stabilization
of living materials such as microbial cultures, preservation of whole
animal specimens for museum display, restoration of books and other
items damaged by water.

Freeze drying involves the removal of water or other solvents from
a frozen product by a process called sublimation. Sublimation occurs
when a frozen liquid goes directly to the gaseous state without passing
through the liquid phase.

The freeze drying process consists of three stages: prefreezing, pri-
mary drying and secondary drying. Since freeze drying is a change from
the solid phase to the gaseous phase, the material to be freeze dried
must first be adequately prefrozen. After prefreezing the product, con-
ditions must be established in which ice can be removed from the frozen
product via sublimation, resulting in a dry, structurally intact product.
This requires very careful control of temperature and pressure. Af-
ter primary freeze drying is complete, and all ice has sublimed, bound
moisture is still present in the product. The product appears dry, but
the residual moisture can be as high as 7 − 8%. Continued drying is
necessary at warmer temperature to reduce the residual moisture con-
tent.

Specialized equipment is required to create the conditions conducive
to the freeze drying process. This equipment is currently available
and can accommodate freeze drying of materials from laboratory scale
projects to industrial production. The drawback when one want to
use this equipment in a small scale is that these are rather expensive.
One thing to do is to try and create a mini equipment on your own
depending on what the resulting product is going to be used for [26].
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5 Experimental Section

This section contains the most important experimental work done in
this diploma work. I decided early on to limit the use of equipment
to what exists at Karlstad University, to see which results we could
achieve. SWNTs synthesised by CVD were purchased from Thomas
Swan & Co Ltd [17]. The raw nanotube powder consists of 70 − 90%
single walled nanotubes with diameters of < 2 nm and an average
length of microns. The remaining 10 − 30% consists of amorphous
carbon, metals from synthesis and other carbon debris. The section
is devided into four different parts. The two first will deal with the
substrate and solution preparations and the final two with the major
experiments.

5.1 Substrate Preparation

Several different substrates have been used, Au(111), Si(111) and Si(100).
The most important substrate in the following experiments are the
Au(111) on mica and Si(111) and the preparation of these are going to
be treated in detail.

The commercially available Au on mica wafers were cut with a
scalpel into a size of 3 × 12 mm to fit the sample holder of the STM.
The samples were immersed in ethanol and blown dry with a nitro-
gen stream and then placed in the Novascan PSD-UV for 5 minutes
to get cleaned from organic contaminations. The samples were left in
the ozone environment for another 30 minutes. During this time, ozone
will continue to attack organic materials within the chamber and much
ozone will dissipate. After the ozone treatment the samples were once
again immersed in ethanol and blown dry with a argon stream.

The Si(111) substrates were cut from commercially available wafers.
These samples were cut into sizes of 5 × 12 mm to fit in the sam-
ple holder of the IPES UHV system. The samples were immersed in
hydrofluoric acid (HF) for 5 minutes to remove the oxide layer. The
samples were then rinsed in superclean water ten times. The clean
samples were blown dry and placed in the Novascan PSD-UV for one
minute to form a new thin oxide layer. These substrates were further
prepared in different ways and will be treated in detail in section 5.4.

5.2 Preparation of SWNT Solutions

Two different types of solutions have been prepared. One aqueous
surfactant solution of sodium dodecyl sulfate (SDS) and one nonpolar
1,2 dichloroethane (DCE) solution. The surfactant based solution were
planned to be used in the direct dry contact transfer (DCT) and the 1,2
dichloroethane solution were used to deposit nanotubes on a Au(111)
substrate.
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The solutions were blended in 5 ml test tubes with round bottoms.
A Branson sonicator (model 5510) with a frequency of 40 kHz were
used to disperse the tubes. The centrifugation was done with an old
centrifuge with a maximum of 5700 rpm. The variables changed for the
different solutions are sonication and centrifugation time.

The solutions were deposited on the different substrates treated in
section 5.1. These were investigated in the AFM operating in tapping
mode to find out the tube surface density.

5.2.1 Dispersion of SWNTs in aqueous SDS solution with ul-
trasonic bath and centrifugation

The first approach in blending a solution of well dispersed nanotubes
were done using a aqueous surfactant solution. This solution has barely
been used in this work because of the extra cleaning step when prepar-
ing the samples. Anyway I should mention the best parameters found
for this solution.

When preparing a solution of carbon nanotubes in a aqueous SDS
solvent there are several important factors needed to be taken into
account. First the sonication time is of great importance since when
having the solution in the ultrasonic bath over a long time period, in
this case 2h, the tubes will began to be destroyed. The sidewalls of the
tubes will begin to break and result in amorphous carbon particles, the
tubes will be bent and lose their remarkable structure and the tubes will
be shortened. When sonicating the solution less then about 30 minutes
it will result in a poor solvent containing mostly big bundles of tubes.
Another very important thing to do after the ultrasonic treatment is
to centrifuge the solution.

When the bundles of tubes are attacked by the ultrasound they will
begin to vibrate and then some or all tubes in the bundle will leave
it and thus be dispersed in the solvent. The tubes will stay dispersed
due to the nature of the solvent used. Here a surfactant SDS solution
has been used which applies a non perturbing coating to the tubes and
thus prevent reaggregation. When centrifuging the solution one can

Figure 16: Illustrations of micelle coated nanotubes. To the left a single nanotube
coated with SDS micelles with density of ≈ 1.0 g cm−3. To the right a seven tube
bundle coated with a layer of SDS, ≈ 1.2 g cm−3 [18].
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bring the heavier bundles to the bottom which will leave a supernatant
rich in single nanotubes. In figure 16 there is a illustration of the cross
section of the coated tubes. Depending on the speed of the centrifuge
and how long the solution is centrifuged one decanter between 50-80%
of the solution into a new testtube.

For about 5 ml of prepared solution two testtubes were prepared as
follows: 0.5 mg of raw nanotube powder were dispersed in 5 ml of SDS
surfactant, 1 wt%, by 90 minutes in a ultrasonic bath. Immediately
after the solution was centrifuged for 4 hours at 5700 rpm. After the
centrifugation the upper 50% of the solution were decanted into a 5
ml testtube. The resulting supernatant was the best solution achieved
with the equipment available. Due to the extra step needed to unravel
the tubes from the coating, this solution was discarded on a early stage
in this work. Anyway it was tested in the DCT method.

5.2.2 Dispersion of SWNTs in 1,2 Dichloroethane

A much more suitable solvent to use is the nonpolar 1,2 dichloroethane.
This is due to that it is very easy to prepare and suitable to deposit
on a gold surface (wets the surface well). The slightly hydrophobic
nanotubes are well dispersed in the non-polar DCE solvent, which can
be explained by the ”like dissolves like” principle. When centrifugating
the solution only the big bundles of nanotubes will be settled out be-
cause the 1,2-dichloroethane solvent has a density of 1.26 g/cm3 while
the density for individual nanotubes is ∼ 1 g/cm3. There have been
many different solution prepared, but here I will mention those solu-
tions that have been successful when depositing. The following is a list
of the solutions used in section 5.3 and are labeled as follows.

D 1 When blending the first DCE solution 1 mg of nanotube powder
was dispersed in 10 ml of 1,2 dichloroethane by ultrasonic bath for
30 minutes. Immediately after, the solution was decanted into two
testtubes suited for the centrifuge. The solution were centrifuged
for 1h and then decanted into a new testtube.

D 2 The D 1 solution treated for another 7 hours in ultrasonic bath.
This was done with reference to Kim et. al. [20] where they claim
that 0,1 mg of nanotube powder in DCE are not dispersed any
sooner than 6-8 h.

D 3 Four 5 ml testtubes with round bottoms were used, each with 1
mg of nanotube powder and 5 ml of DCE solvent. These were
treated in a ultrasonic bath for four hours. When checking the
solution after 15 minutes, the solution in one of the testtubes had
changed color from transparent into almost black, figure 17. The
other three testtubes were taken out from the bath and whacked by
hand and then put back into the bath. When back into the bath
one could see that the ultrasound really got to the big bundles
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Figure 17: Left: Two solutions with undispersed powder. Right: Well dispersed
nanotube powder in 1,2-dichloroethane.

and nanodispersion has taken place for real. After the ultrasonic
treatment the solution were centrifuged for 4 hours at 5700 rpm.
The above 50% supernatant of each testtube were decanted into a
10 ml testtube.

5.3 Deposition and Characterization of Single Walled Car-
bon Nanotubes on Au(111)

There have been several studies of carbon nanotubes on gold surfaces
[24][27], where they have dispersed the tubes in 1,2 dichloroethane so-
lution. This solution has been either spincoated or dropped on the
substrate and dried in ambient conditions. The samples have then
been studied in different STMs. In some of the experiments they have
found carbon nanotubes in good atomic resolution and in some poor
resolution. Something common between the earlier experiments is that
the atomically resolved tubes seems to be on top of a bundle and is
rarely individual nanotubes. My approach to this has been to prepare
a solution with well dispersed SWNTs (section 5.2.2), to deposit on a
clean Au(111) surface for investigation in the STM at room temper-
ature. To start with several samples has been made and investigated
in the AFM to see how well the tubes are spread out on the surface
and in the same time decide how well the tubes are dispersed in the
solution. This section is divided into two parts, one where the tubes
are deposited and investigated in the AFM and one dealing with the
STM studies.
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5.3.1 AFM Studies of SWNTs on Au(111)

One drop of the prepared solution D 1 were spincoated at 1500 rpm
on a cleaned Au(111) surface prepared in the way described in section
5.1. The sample was then investigated in the AFM in tapping mode.
About ten areas of 5× 5 µm were scanned until nanotubes were found
indicating a very low coverage of tubes. The first observed tube at
Karlstad university can be seen in figure 18. One thing to notice is
that the tubes are bent and buckled; this is most likely a result of the
ultrasonic treatment. When zooming in, the tube height is determined

Figure 18: The first carbon nanotubes deposited at Karlstad University. To the left
is the height image where the brighter fields are the highest points and to the right
is the phase image. The frame size is 1 × 1 µm and thus the length of the tubes
are > 1 µm. The middle frame is the height image from the area indicated by the
black rectangle. The height of the structure is measured along the line to 3 nm. To
the right is the phase image.

to 3 nm and indicating that this is a small bundle of carbon nanotubes.
The large extension in the x-direction can be explained due to the tip
interaction with the nanotube, where we get a broadening in the x-
direction. In figure 19 there is another interesting structure. Here
we have a big bundle of carbon nanotubes probably on its way to be
separated. In the upper part of the image we can see a small bundle
sticking out from the rest. Also notice in the lower part a double bent
tube is sticking out from the rest.

The upper part of this bundle was zoomed in, revealing that the
end of the bundle contains two aligned nanotubes with diameters of
2.5 nm and 0.5 nm. The bigger one should be a small bundle carbon
nanotubes.

Due to the low coverage of nanotubes on the surface one can easily
draw the conclusion that the raw nanotube powder are not dispersed
in the solution.

The prepared solution D 2 with a total ultrasonic treatment of 7.5 h
were deposited by spincoating at 1500 rpm on a clean Au(111) surface
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Figure 19: To the left is the height image and in the middle the phase image. The
frame sizes are 550× 780nm. The 3D image to the right is from the area indicated
in the left frame. The nanotubes diameters is measured to 2.5 nm and 0.5 nm.

in a continuous droplet stream. The tubes found from this deposition
can be seen in figure 20. In this image one clearly see the grain bound-
aries between the atomically flat gold islands, which is well suited for
studying carbon nanotubes. The main big bundle has an average height

Figure 20: One big bundle of carbon nanotubes with an average diameter of 70
nm. The length of the bundle is estimated to about 5 µm. The frame size are
5× 3, 7 µm.

of 70 nm and a length of about 5µm. There are a lot of smaller bun-
dles and also some individual tubes sticking out from the big one, once
again indicating that nanodispersion are on its way to take place. Some
more big bundles were found on the sample with a similar appearance.
Still the nanotube coverage on the surface is too low to continue the
experiment into the STM.

One drop of the third solution, D 3 with a nanotube concentration
twice the previous, was spincoated on a Au(111) on mica substrate at
1500 rpm. When this sample was investigated in the AFM a high den-
sity of tubes were found. The resulting images are presented in the
following figures. To the left in figure 21 we can see that the result-
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Figure 21: AFM images showing a high surface density of carbon nanotubes. To
the right the frame size is 5 × 5 µm. To the left the area indicated by the black
rectangle is zoomed in with a frame size of 1× 1 µm.

ing tube surface density is much greater than the earlier samples. We
can see both bundles and individual nanotubes with a much higher per-
centage of bundles. The large white spots is either carbon coated metal
particles which is a residue from the synthesis, or islands of amorphous
carbon.

Five different spots with a size of 5 × 5 µm were investigated and
they all showed the same result as in figure 21. In all these images
there were a lot of interesting structures that are investigated further.
To begin with in figure 22 we can see a bunch of carbon nanotubes.
Some individual nanotubes with a diameter of about 1, 4 nm and some

Figure 22: A nice bunch of carbon nanotubes. Frame size: 2× 1, 2 µm.

small bundles with diameters between 4−7 nm. These tubes has prob-
ably been nanodispersed in the solution but got stuck together while
spincoating. Some other interesting structures found are what is called
carbon onion rings. These kind of structures have been studied in detail
early on by IBM [28]. The diameters of the rings have been determined.
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Figure 23: Three possible carbon rings with diameter. The one to the left and in
the middle has a diameter of about 230 nm and 270 nm, respectively. The ring to
the right is lying across the grain boundaries of the gold surface.

The left ring in figure 23 has an diameter of 230 nm and the one in the
middle 270 nm. The ring to the right is interesting because it is posi-
tioned over the grain boundaries of the gold surface. It is possible that
the tube is hanging free over the boundary, and this would be a per-
fectly suited configuration to study the carbon nanotubes vibrational
properties without any direct interference from the substrate.

Now a suitable solution has been found that can be used in the STM.
Due to the design of the spincoater that was used it is not possible to
spincoat a sample with the size that fits into the sample holder of
the STM. One thing to do is to spincoat on a larger sample and cut it
afterwards. When doing this one increases the risk of contaminating the
sample. I decided instead to create a sampleholder to fit the spincoater
that could hold the sample while spincoating. The modified sample
holder was tested and the test sample was investigated in the AFM
resulting in a similar coverage of nanotubes as in figure 21.

5.3.2 STM Studies of SWNTs on Au(111)

The Au on mica samples used in the STM studies were prepared as
mentioned in section 5.1. One drop of D 3 were spincoated on a sam-
ple mounted to the modified sample holder. The sample was put in
the STM operating in ultra high vacuum. All images are taken with
the STM operating in constant current mode and with a tip made of
W/Ir. One of the first interesting structures found are the bundles of
nanotubes seen in figure 24. What is fascinating in this image is that
one can see a tube that is twisted around another one. From the 3D
rendering and the height images we can see that it is two bundles of
tubes with diameters of 2 and 2.5 nm. There is a possibility that these
two structures are individual nanotubes. Due to the reference from
Elicarb [17] the diameters should be less than 2 nm with an average
of 1.4 nm. The twisted tubes are individual tubes with a diameter of
approximately 1.1 nm determined from the height measurement.

Another interesting image is seen in figure 25 where we see three
aligned nanotubes from the end of a large bundle. The ends of the
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Figure 24: To the left is the height image and to the right the 3D rendering of
the images. Below is the height measurment taken along the line shown in the left
frame. Tunneling parameters: -1.6 V, 200 pA.

carbon nanotubes can be thought to be composed of half a fullerene
cage, see figure 3. The ends of the tubes are very interesting since they
can give information of how the tubes are grown, this is something that
yet is not fully understand. The three tubes have a diameter of less than

Figure 25: Unoccupied state image of three single walled nanotubes from the end
of a large bundle. From the height measurment it is determined that all tubes has
a diameter less than 2 nm. Tunneling parameters: 0.8 V, 50 pA.

2 nm and indicates three well aligned single nanotubes. Unfortunately
these tubes were not possible to get in atomic resolution, which is most
likely due to a dirty tip.

When scanning an area of 500× 500 nm I always get nanotubes in
sight and confirming the tube surface density from the AFM studies
(section 5.3.1). Because of the many islands of amorphous carbon and
big ′jungles′, see figure 22, of carbon nanotubes it is hard to find an
area on the surface that is suitable for scanning. There is also a lot of
things that is picked up by the tip and one needs to clean the tip often
which makes the whole experiment very time consuming. When trying
to do STS measurements on a tube with a tip that is not readily cleaned
the attached contaminations on the tip are released on the investigated
area and makes it impossible to find the nanotubes. One thing that I
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have done to be able to see the tubes in atomic resolution is to clean
the tip while at the same time clean the area under investigation. I
have scanned an area and then moved 2 µm away and created what I
call a dumpster, at this site I cleaned the tip by standard procedure.
When the tip was clean I moved it back into the investigation area.
This step was repeated up to ten times. The result from this procedure
is to begin with a chiral tube where we can see the tubes chirality, this
is seen in figure 26. With the measured chirality and diameter of a
tube it is possible to decide the tubes indices with the help of equation
2 and equation 3. In this case we have a chiral angle about 8.5o which

Figure 26: Unoccupied state image of almost atomically resolved individual nan-
otube. It is possible to see the tubes chirality and it is thus possible to decide
the angle between the tube axis along T and the zigzag axis. The chiral angle is
measured graphically to 8.5o. Tunneling parameters: 0.3 V, 50 pA. (The lateral
distance is reduced by 50% due to the curvature effect.)

will result in a possible (16, 3), (15, 3), (11, 2) or (10, 2) tube. With
the measured diameter of 0.8 nm we can draw the conclusion that we
have a (10,2) nanotube. With the indices known we can decide from
the schematics in figure 2 that this tube is expected to be a semicon-
ductor. To be fully convinced that this is a (10,2) tube one needs to do
STS measurement. With the spectroscopy data it is possible to deter-
mine the bandgap of the tube and with this value check the measured
diameter by the help of equation 12.

To the left in figure 27 we see a bundle of nanotubes which are
zoomed in at the position of the black rectangle. From the height mea-
surement in the middle image we see that the bundles are out flattened
on the surface. A place that is rather flat was chosen for scanning to be
able to get a tube in atomic resolution. To the right we see the result-
ing tube in atomic resolution. Figure 28 shows the atomically resolved
nanotube after correction. The amount of reduction here is determined
by fixing the angle between the zigzag and armchair direction to 30o
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which in turn resulted in a lateral reduction of 50%. It is this value

Figure 27: To the left occupied state image of nanotube bundle with tunneling
parameters: -0.87 V, 50pA. The black rectangles indicates where the bundle is
zoomed in. To the right is a unoccupied state image on atomically resolved tube
with position indicated in the height curve. Tunneling parameters: 0.5 V, 50 pA.

that was used in figure 26. The distance between the centers of carbon
hexagons were measured at ten different locations with an average value
of 0.243 nm, which agree well with the expected value of 0.246 nm for
graphene. When the angle between the armchair and zigzag axis were

Figure 28: Atomically resolved nanotube after correction. To the left we see the
height image. In the middle the 3D rendering and to the right are indicated the
tube axis along T and zigzag direction along the white arrow.

fixed to 30o it turned out that the armchair axis was parallel to the axis
of the tube. This tube should then be a zigzag tube. From the height
measurement the diameter was determined to ∼ 1 nm which in turn
applies to a (13, 0) tube (d ∼ 1.02 nm) and thus confirming the type.

The tip/surface cleaning procedure were repeated resulting in the
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tubes seen in figure 29 where STS measurement was performed at an
early stage. These tubes are not really in atomic resolution but still
its possible to see the chirality of the tube to the right. The measured

Figure 29: Unoccupied state images of two aligned nanotubes on the substrate. The
tube heights is determined to 1.2 nm for the left one and 1 nm for the right one. It
is possible to see the right tubes chirality. Tunneling parameters: 0.8 V, 10 pA.

diameters of the tubes is for the left tube ∼ 1.2 nm and for the right
∼ 1 nm. For the left tube it is only possible to estimate the diameter,
which result in 8 different possible tubes. This number can be reduced
by looking at the STS data plot in figure 30 and determine the width of
the bandgap in the normalized conductance curve. The appearence of

Figure 30: Left: Differential conduction from the left tube in figure 29 reflecting
the LDOS. Right: Normalised differential conductance showing the broadened vHs.
The bandgap is measured between the two first singularities to ∼ 0.7 eV .

the curve indicates a semiconducting tube with a bandgap of ∼ 0.7 eV
and makes it possible to rule out three of the possible tubes leaving
us with five possible structures. Putting the value of the bandgap
into equation 12 resulted in a diameter of ∼ 1.2 nm, confirming the
measured value. This is how far we can go to determine the nature of
the tube without being able to measure the chiral angle.

The chiral angle θ indicated in the right image is measured to be
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∼ 17o which applies to (5, 2), (7, 3), (10, 4) and (12, 5) tubes. From
the measured diameter we can rule out three of them and the tube
should be a semiconducting (10, 4) with a diameter of ∼ 0.98 nm.
This is controlled by putting the measured bandgap from figure 31 of
∼ 0.8 eV into equation 12 which result in a diameter of ∼ 1 nm. When

Figure 31: Left: Differential conduction from the right tube in figure 29 reflecting
the LDOS. Right: Normalised differential conductance showing the broadened vHs.
The bandgap is measured between the two first singularities to ∼ 0.8 eV .

calculating the diameter with use of the measured bandgap a value of
γ0 = 2.9 eV is used [24]. In the differential conductance curves the
bandgaps are not symmetrically positioned around zero bias. This has
been explained in previous studies by Wildöer et. al. [29] that the
nanotubes are doped by charge transfer from the Au(111) substrate
and shifts the Fermi energy towards the valence band of the tube.

5.4 Direct Dry Contact Transfer on Si(111) in UHV

P.M. Albrecht et al [30][31] have recently developed a new deposition
method of carbon nanotubes in UHV. SWNTs were deposited via an in
situ UHV dry contact transfer (DCT) procedure and a similar method
has been used in this experiment. The DCT was made with CNTs
deposited onto a holder covered with fiberglass.

A UHV compatible fiberglass holder was welded together from two
stainless steel rods with diameters of 2 and 4 mm. The 4 mm rod, which
the fiberglass was going to be attached to, was grinded to get an almost
flat surface, but yet slightly curved. The fiberglass holder was cleaned
by standard procedure for UHV equipment. A fiberglass piece was cut
out from a fiberglass microfilter (purchased from VWR International).
A sealent for high vacuum applications (Torr seal purchased from Var-
ian Inc) was used to attach the fiberglass to the prepared holder. The
final fiberglass holder is seen in figure 32.

Before impregnating the fiberglass with nanotube powder a mini
freeze-drying equipment was built. One vacuum pump were used (op-
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Figure 32: Image of the constructed fiberglass holder.

erating at a pressure of 10−3mbar) with a foreline trap and valve con-
nected to a stainless steel pipe, acting as the vacuum chamber.

One Si(111) sample prepared as in section 5.1 was put in the IPES
system operating in the UHV regime. The sample was degassed for
2 h at 600oC by direct heating. The temperature was checked with a
pyrometer. This was repeated at temperatures of 750, 800, 850 and
900oC, at every temperature step the sample were kept for 6 minutes
and between them the heating was turned off for 30 minutes. The final
heating step was done twice. To check the sample cleanliness, LEED
was used. When getting a well defined 7× 7 reconstruction the sample

Figure 33: Leed image of Si(111)-7 × 7 surface taken with electron energy of 101
eV. When a clear pattern is seen the surface should be very clean.

is most likely very clean. The resulting LEED pattern is shown in figure
33 were we can see the 7× 7 reconstruction.

The fiberglass on the stainless steel holder was impregnated in a
SDS solution for 30 minutes just by immersing it in the solution. At
this point the micelle-coated nanotubes will attach to the fiberglass
and probably be fixed. Before drying, the fiberglass were immersed
in super clean water five times and then dried in a vacuum oven at
110oC for four hours. The built vacuum system was not used at this
point because it will not make any difference to the final dried fiberglass
holder. The point when freeze-drying is to freeze the solution on the
holder and get the ice to sublimate, the remaining tubes should reside
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on the surface of the fiberglass. The fiberglass holder was transfered
into the IPES system, which caused the pressure to increase to the
10−8 scale. The direct dry contact transfer was done just by slightly

Figure 34: Illustration of the direct dry contact transfer. The impregnated fiberglass
is put into direct contact with the clean silicon surface by a light contact. To the
left is the fiberglass holder and to the right is the silicon sample.

touching the prepared silicon surface, illustrated in figure 34. According
to references [30][31] individual carbon nanotubes will during the direct
contact transfer peel away from large bundles due to van der Waals
interaction with the Si(111) surface. The fiberglass holder was taken
out of the system as soon as possible due to the risk of contamination of
the UHV system. The holder was investigated in a mass spectrometer
system revealing that the fiberglass was not dry enough. The Si(111)
sample was investigated in the AFM and a highly stepped surface were
found, shown in figure 35. The smallest steps had a height of ∼ 2 nm
and the largest ∼ 4 nm. The surface was probed very carefully but no

Figure 35: AFM image of clean highly stepped Si(111) surface taken in tapping
mode. The height image is measured along the line in the middle image indicating
bunched steps of 2− 4 nm. The bunched steps are clearly seen in the 3D rendering
to the right.

nanotubes were found. Another sample was prepared in the same way
but this time the DCE solution was used for impregnating the fiberglass.
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The result from this sample showed a similar stepped surface as the one
seen in figure 35 and without any tubes.

When using these two most common solutions for the direct contact
transfer without any results I decided to use only super clean water as
the solvent. One half mg of nanotube powder were put into a testtube
with 5 ml of super clean water. The solution was treated in a ultrasonic
bath for 30 minutes and placed at rest for a week, several times a day
the solution were whacked by hand resulting in a solution of smaller
bundles. The fiberglass holder was impregnated with the solution for
24 hours. The holder was freezed by liquid nitrogen by wrapping it up
in aluminium foil together with a thermometer, illustrated in figure 36.
The fiberglass holder was freezed to−110oC and immediately put in the

Figure 36: Schematic drawings of the freezing step.

mini vacuum system for primary drying for five hours. The secondary
drying was done by putting a heating tape around the vacuum tube and
heat it to ∼ 70oC for one hour. The holder was kept in the system for
another 18 hours. Another Si(111) sample was prepared the same way
as the previous except for a final flash heating step to reduce the step
height. The extra flash heating step was done at 1260oC for 3 seconds
and then the temperature were quickly decreased to 1060oC for one
minute. The temperature were further decreased to 850oC for 30 s to
let the surface relax and reduce the kinks. Finally the temperature was
slowly reduced to zero under 10 minutes.

The fiberglass holder was transfered into the IPES system and the
dry contact transfer was done as before. This time when putting the
holder into the system there was just a minor change in the pressure,
which implies that the holder was dry enough. The flash heated Si(111)
sample was investigated in the AFM showing the same properties as
previous samples. The steps on the surface is seen in figure 37 and
is decreased to ∼ 1 nm and the whole surface is more homogeneous
with none of the high steps observed earlier in figure 35. When further
investigating the sample in the region of contact, individual nanotubes
were found indicating that the dry contact transfer had been successful.
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Figure 37: AFM image of flash heated Si(111) taken in tapping mode. The surface
contains of more or less equal sized steps with an height of 1 nm.

In figure 38 we see the first individual tubes found. To the left is the
height image and the inset is the height measurement along the line
indicating an individual nanotube with an diameter of ∼ 1, 3 nm. To

Figure 38: AFM image obtained in tapping mode showing individual nanotubes
with an height of 1.3 nm. To the left is the height image and to the right is the
phase image clearly showing the phase change.

the right we have the phase image revealing the tubes very clearly.
Once again there is bent tubes, this time with an angle of almost 90o

lying along the step and then turns over across the steps. Either it has
been modified in the ultrasonic treatment or deposited in this way.

The sample was further investigated and several of interesting struc-
tures were found. In figure 39 we can see a single tube lying between
islands of amorphous carbon and across the silicon steps. This tube
has an average diameter of 1.2 nm and the long straight part has an
length of 200 nm. The whole length of the nanotube is estimated to
about 350 nm. In figure 40 we have the end of one nanotube found.
The diameter of the tube is estimated to be 1.8 nm and the fully length
is about 300 nm. Due to the nature of the tubes found in this transfer
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Figure 39: AFM image obtained in tapping mode. To the left is the height image
together with the height measurment indicating a tube with diameter of 1.2 nm.
In the middle the clear phase image and to the right a 3D rendering of the image.

method with an average diameter of 1.4 nm and lengths between 200
and 400 nm one can draw the conclusion that individual carbon nan-
otubes have been transferred here. When the lengths of the tubes are

Figure 40: AFM tapping mode image of the end of one individual nanotube. The
height is estimated to 1.8 nm.

short compared to those found in the other experiments it seems that
it is only the shorter tubes that are able to unravel from the bundles
attached to the fiberglass. In order to be able to transfer tubes in this
way to get a surface density similar to that in the other experiments one
needs to be able to shorten the tubes without destroying the sidewalls.
This experiment has illustrated that it is possible to deposit tubes in
ultra high vacuum. The deposition technique also reduces the many
contaminants and thus it makes it possible to study the tubes on a
clean semiconducting surface.
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6 Summary and Conclusions

The two main goals of the thesis have been achieved resulting in atom-
ically resolved carbon nanotubes and a successful dry direct contact
transfer. There have been several approaches done to be able to ac-
complish this.

First, a solution with high concentration of dissolved nanotubes,
suitable to deposit on a gold surface was prepared. The ultrasonic
treatment is a key parameter when preparing the solution. The 1,2-
dichloroethane has a density of 1,26 g/cm3, single walled carbon tubes
∼ 1 g/cm3 and bundles of tubes will then have higher density depend-
ing on the number of tubes in the bundle. This means that after the
centrifugation it is only bundles with approximately nine or more tubes
that is settled out. This explains the high surface density of nanotube
bundle after deposition. Another aspect is that after the solution was
decanted it appeared homogeneous, while after a couple of days one
could see that the tubes had reaggregated forming a big spool, thus
confirming reference [20] that states that this kind of solution is only
stable for about 72 hours. This kind of solution should be used as
soon as it is prepared in order to get a higher percentage of deposited
individual single walled carbon nanotubes.

The atomic force microscope was used for investigating the solution
properties resulting in direct confirmation of tube surface density.

The STM studies of the deposited nanotubes on the Au on mica
substrates confirmed the tube surface density from the AFM investiga-
tions. Due to the high density of big bundles, amorphous carbon and
other possible contaminations with height up to 70 nm it turned out to
be very hard and time consuming to find a suitable area to probe. One
should also be very careful when scanning a surface with this much of a
height difference because of the risk of crashing the tip. Several inter-
esting structures have been found. One nanotube in atomic resolution
were found on which it was possible to measure the chiral angle and
diameter to determine the tubes properties. In the STS spectra taken
on two aligned nanotubes there was a lot of noise in the scanning signal,
which resulted in a poor image, but on one of them it was possible to
see its chirality. So, with the chiral angle and diameter measured it was
possible to find the tubes indices and thus check to see if it was pre-
dicted to be semiconducting or metallic. The STS spectra could then
be used to confirm the type of tube. The van Hove singularities in the
spectras are broadened and not as sharp as in the theoretical model,
figure 9. This behavior is attributed to the hybridization of the wave
functions between the tube and substrate. The STM studies reached its
goal in confirming the measured properties with calculations but there
are some things that could be improved to be able to see more tubes
in atomic resolution. First, the sample should be put into the STM
as soon as possible after deposition to reduce the contamination time.
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Second, the solution can be improved by trying to optimize the ultra-
sonic treatment and centrifugation times. Finally, the solution should
be deposited directly after the centrifugation before the tubes has time
to reaggregate.

The direct contact transfer in UHV, with deposition of carbon nan-
otubes on a reactive surface, was successful. Individual single walled
nanotubes were deposited on a clean silicon surface, there was several
individual tubes found when the sample were investigated in the AFM.
Due to the size of the tubes found with average diameter of ∼ 1.4 nm
and length shorter than 500 nm, it is indicated that there are only
shorter tubes that is transferred. This could be explained by that the
interaction between the substrate can only attract the less tightly bound
tubes. The shorter tubes, the less van der Waals interaction. There
is some things that can be improved. To begin with, when using a
fiberglass filter to transfer the nanotubes, there were also some fibers
transferred from the fiberglass. To get rid of these I suggest to use one
slightly curved oxidized silicon sample to be the transfer medium. This
direct contact transfer should be reproduced in the STM system so that
the transferred tubes could be investigated with the STM. Further, in
a recent paper A. Jensen et. al. [32] report growth of a single walled
carbon nanotube into a semiconductor heterostructure. Here the nan-
otubes have been deposited with spincoating from a suspension of the
tubes in dichloroethane. Instead of using this solution for deposition it
should be possible to deposit the tubes by the direct contact transfer
method.
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