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Literature review

Carbon nanotubes were discovered by Sumio Iijima in 1991 [']. They can be
defined as hollow cylindrical objects made from graphene layers with diameters varying
between 1 and 50 nm, and lengths which might exceed 10 um. Carbon nanotubes were
intensely studied in the past fifteen years due to their unique mechanical ["] and
electronic ["'] properties which open numerous potential applications. They can be used
as building elements in the future nanoelectronics [, ‘], as reinforcement elements in
composite materials [*'], in flat panel displays [""], or in field emitting lamps [*""].

There are several methods for carbon nanotube production. The as-grown
nanotube samples usually contain also catalyst particles (and the catalyst bearer),
graphitic nanoparticles and amorphous carbon. Hence, the purification methods had to be
developed soon after the production methods. These involve wet oxidation procedures []
using different acids, which can dissolve catalyst particles and oxidize amorphous carbon
(amorphous carbon is oxidizing faster than carbon nanotubes) [*].

In the past decade, several interesting phenomena had been observed during the
study of carbon nanotubes. For example, during the TEM investigation of a single-wall
carbon nanotube, researchers observed that the diameter of the nanotube shrank due to
electron irradiation [*']. Another experiment shows that crossing single-wall carbon
nanotubes can be joined by focused electron beam welding to form molecular X-type
junctions ["]. The shrinkage of nanotube diameter and the welding of two nanotubes
could also be observed using focused Ga* ions of 30 keV [*"]. These structural changes
in the nanotube walls can be explained by the large number of simple or multiple
vacancies induced by irradiation which can transform into other defect types (e.g. non-
hexagonal rings) by dangling bond saturation [*, *']. Molecular dynamics simulations
show that when a bundle of single-wall nanotubes is irradiated with Ar" ions of 0,1 — 1
keV, covalent bonds can form between adjacent nanotubes [*']. The bonds created
between the nanotubes improve the mechanical [*'] and transport properties [*"'] of the
bundle. Similar covalent bonds can also form between the adjacent walls of multi-walled
carbon nanotubes [*"']. Krasheninnikov and co-workers calculated the STM images of
nanotube defects (vacancies) induced by ion irradiation [**"", **]. The vacancies appear as
hillock-like protrusions on the simulated images due to the locally changed density of
states. Experimental STM investigations dealing with irradiation-induced carbon
nanotube defects lack from the literature.

Objectives

At an early stage, I had to acquire the skills necessary for doing scanning
tunneling microscopy (STM) and atomic force microscopy (AFM). I started the work in
the frame of the EU FP5 NANOCOMP Research Training Network and my main task
was the STM characterization of carbon nanotubes produced by different methods.

One of my objectives was to study by STM the effect of a two-step chemical
purification procedure, and to determine the catalyst content remained in the carbon
nanotube samples after each purification step, using ion beam techniques.



The second objective was to create point defects in the nanotube walls by ion
irradiation, and to investigate the nanotube defects by atomic resolution STM and
scanning tunneling spectroscopy (STS). I studied carbon nanotubes irradiated with
different ion doses, and also investigated the nanotube defects after annealing the samples
at 450 °C. The perspective of this research is the examination of gas sensing properties of
irradiated nanotubes, and the exploitation of the possibility of attaching functional groups
to the created defects.

Experimental methods

In the first part of the thesis I investigated the catalyst content (Co) of CVD
grown carbon nanotube samples after each purification step. The catalyst content was
determined by Rutherford Backscattering Spectrometry (RBS), Particle Induced X-ray
Emission analysis (PIXE), and X-ray Fluorescence analysis (XRF).

In case of RBS and PIXE methods the samples are probed with energetic ions (in
our case ‘He"). In RBS, the energies of the ions backscattered from the sample give
information about the type of elements present in the sample. The yield of backscattered
ions in a given channel of the detector is directly proportional to the concentration of a
given chemical element in a certain depth. In case of PIXE the X-ray emission induced
by the ions is detected, which is characteristic for the emitting element. PIXE is an
important complementary method of RBS, particularly if neighbouring atoms with larger
atomic masses are to be distinguished.

In the XRF method one uses the primary emission of an X-ray tube or a
radioactive element to excite the atoms of the sample. The elemental composition can be
determined from the energy analysis of the secondary (fluorescent) X-ray emission, and
the intensity of the fluorescent emission emitted by an element is proportional to the
concentration of the given element in the sample.

In the second part of the thesis I investigated nanotube point defects produced by
irradiation with Ar" ions of 30 keV. The irradiation was done in one of the ion implanters
of our institute. I used scanning tunneling microscopy (STM) for the investigation of the
irradiated nanotubes.

STM is a modern method which is able to investigate metallic and
semiconducting surfaces with atomic resolution. It was also very effective in detecting
atomic-scale carbon nanotube defects. In STM a very sharp tip is placed at nanometric
distance and scanned over the sample surface. The tip — sample bias voltage (~ 1 V) gives
rise to a tunneling current (~ 1 nA) which is held constant by a feedback loop during the
scanning process (constant current mode). The feedback loop controls the vertical
movement of the STM tip which gives the surface topography. The magnitude of the
tunneling current depends on the local density of states of the sample, thus the measured
surface contains both topographic and electronic information. The electronic information
can be better explored by scanning tunneling spectroscopy (STS), which is another
operating mode of the STM. In this mode one measures a current-voltage characteristic of
the sample while the STM tip is staying in the same place.



In order to estimate the percentage of irradiation-induced defects appearing as
hillocks due to geometrical change and not due to electronic effects, I used atomic force
microscopy (AFM) as a complementary tool. In AFM, a pyramid-like silicon-nitride tip is
fixed to a cantilever which is moved above the investigated surface. When the tip comes
in contact with the surface, the cantilever slightly deflects from the equilibrium (contact
mode). The deflection of the cantilever is kept constant by a feedback loop during
scanning, which is achieved by controlling the vertical position of the AFM tip. The
constant cantilever deflection ensures that the tip — sample force is also constant, and thus
the measured vertical tip positions give the topography of the sample.

The research presented in the thesis was done in broad national and international
cooperation. The nanotube samples were supplied by European research partners. The
STM and AFM investigations were done in our institute (MFA) using a Veeco
Nanoscope E instrument.

Results

The most important results are summarized in the following statements:

1) T used the RBS, PIXE, and XRF techniques to measure the cobalt catalyst content in
CVD grown carbon nanotube samples after each purification step. The residual cobalt
content was 1 (wt) % after the whole purification procedure, which showed a
decrease by a factor of 2.5 relative to the initial material. Based on TEM images I
showed that the residual cobalt found in the nanotube sample resides inside of carbon
nanotubes and other graphitic structures. I demonstrated by STM that the applied
purification procedure modifies the surface of the nanotubes and generates craters of
1 — 3 nanometers [/, 2].

2) I detected by STM carbon nanotube point defects produced by low dose (5 - 10"
jons/cm?) Ar* ion irradiation of 30 keV. These defects appear as hillock-like
protrusions of several angstroms in the STM images. I demonstrated by STS
measurements that the local density of states at the defect sites differs from the
density of states measured at the undamaged nanotube portions [3, 4, 6].

Using STM and AFM on the graphite (HOPG) substrate, I demonstrated that the
major part (90 %) of the hillock-like protrusions induced by irradiation was due to the
local change in the density of states, and only a small part (10 %) can be attributed to
clusters and deformations topographically emerging from the HOPG surface (to be
published).

3) I observed by STM the partial healing of irradiation induced nanotube defects after
annealing the sample at 450 °C. After annealing, I observed additional electronic
states at the defect sites at about 0.35 eV above the Fermi energy by STS, while
before annealing similar states were present at about 0.1 eV. From these observations
I concluded that the type of the defects had changed during the annealing [4, 5, 6].



4)

5)

6)

I performed atomic resolution STM study of multi-wall carbon nanotubes with point

defects. T observed “v3x+3 R’-type superstructures in the close vicinity of the
hillock-like protrusions corresponding to the defects. These superstructures appear
due to the interference between normal and backscattered electron waves. I
demonstrated that the superstructures observed on a nanotube with a given chirality
had the same orientation [4, 3, 6, 7].

Using STM I showed that the surface of multi-wall carbon nanotubes became ragged
after high dose (10" ions/cm?) Ar* ion irradiation of 800 eV. I attributed the ragged
nanotube surfaces to the high number of point defects (vacancies, interstitials, etc.)
created by the Ar® ions, and also to the links appearing between adjacent nanotube
walls, which offer alternative tunneling paths for the electrons [3].

During the STM investigation of multi-wall carbon nanotubes irradiated with high
dose (1015 ion/cmz) Ar" ions of 800 eV, I removed carbon atoms from the outer
nanotube walls by varying the tunneling parameters and fast scanning (1 — 10 Hz)
with the STM tip. Using line-cut analysis I determined that the STM tip removed
carbon atoms from the outer 2 — 3 atomic layers. Since I did not observe similar
modification in case of non-irradiated nanotubes, I concluded that the high-dose Ar"
irradiation significantly modified the graphitic structure of the external nanotube
walls. I observed that the shape of the STM tip used in the investigation changed
during the interaction with the nanotube [8].

Utilization of the results

The results presented in the thesis contributed to the success of the following projects:

EU FP5 NANOCOMP: , Large scale synthesis of carbon nanotubes and their composite

materials”

OTKA projects No. T030435, T043685, and T043704.
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