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Background

Carbon nanotubes possess particularly interesting mechanical, electronic and ther-

mal properties. They have been in the forefront of research during the last decades,

together with graphene and later with other low-dimensional materials. Various ap-

plications could or already do exploit the advantageous features of carbon nanotubes

in the areas of electronics, biological engineering or composite materials.

Owing to the rapid development in selective growth and nanofabrication methods,

devices based on individual nanotubes have become possible in the last few years.

The characterization of the output of these methods is very important in order to

clarify the procedures and understand sample-to-sample differences. Optical meth-

ods have been proven to be powerful in uncovering the peculiar properties of carbon

nanomaterials. A huge drawback of conventional optical methods is, however, that

their spatial resolution is limited by the wavelength of light probing the sample.

This limitation prohibits the identification of individual nanoobjects in a closely

packed sample. Further, the sensitivity of macroscale optics is also limited by the

size of an individual object and the wavelength. These limitations become cru-

cial in the mid-infrared range which is an important wavelength range for material

identification.

The only way to overcome the diffraction limited resolution and increase sensitiv-

ity in a label-free manner is to utilize optical near-fields. One of these techniques,

scattering-type near-field optical microscopy (s-SNOM) is capable of providing opti-

cal information with wavelength-independent resolution reaching 20 nm. Despite its

commercially availability, it is still a fairly new method with multiple technical diffi-

culties and open questions about its applicability in different research fields. In the

Wigner Research Centre for Physics, the laboratory of Katalin Kamarás has a long

history in the optical characterization of new materials and recently acquired a new

s-SNOM instrument, unique in Hungary. I started my work with s-SNOM during

my Master’s thesis, getting basic knowledge in the working principle of s-SNOM.

Because of the vastly different contrast mechanism in s-SNOM measurements com-

pared to conventional microscopy, the applicability and the type of information that

we acquire from the sample has to be investigated.
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Aims

The thesis concentrates on the applicability of s-SNOM to characterize individual

single-walled carbon nanotubes and their hybrid systems. The research objects can

be separated into two main groups. In the first category I wanted s-SNOM to

identify the metallicity of the components of nanotube- based systems.

• Nanotube transistors: The goal here was to study the possibility to use s-

SNOM to distinguish between semiconducting and metallic carbon nanotubes

in a real device. The reliability and resilience of the s-SNOM signals has to be

investigated to routinely use SNOM for device characterization.

• Metallic clusters in carbon nanotubes: nanotubes can serve as nanosized con-

tainers where small molecules can be encapsulated and unique chemical reac-

tions can take place. The tracking of the products is very important to gather

knowledge about the reactions. The goal here, based on our results in the

previous point, was to push s-SNOM to its limits to identify nickel clusters of

a few hundred atoms inside a carbon nanotube. We also wanted to modify

previously applied dipole models to describe and predict the s-SNOM signals.

The second part of the thesis aims to use s-SNOM not only for material identi-

fication but to study exotic nanooptical phenomena. Carbon nanotubes feature

Luttinger-liquid plasmon excitations that were shown to have high electromagnetic

field confinement and long lifetime. These properties make them perfect candidates

to enhance light-matter interactions of the type not studied before.

• My aim was to apply scanning near-field polariton interferometry using s-

SNOM to study the interaction of carbon nanotube plasmons and substrate

phonons. For this, the dispersion of the plasmon-phonon state has to be

measured and analyzed by a coupled harmonic oscillator model.
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New scientific results

1. I applied scattering-type scanning near-field optical microscopy to differentiate

between carbon nanotubes based on their metallicity. I found that the near-

field phase contrast at 960 cm-1 unambiguously tells nanotube metallicity. It

is in good agreement with the calculations based on the extended finite dipole

model modified to describe the cylindrical nanoparticle. [P1]

2. I applied scattering-type scanning near-field infrared microscopy to observe

the formation of nickel clusters inside carbon nanotubes. I showed that nano-

sized metal clusters can be efficiently detected in near-field phase images. I

corroborated the metallic nature of the near-field phase signatures by addi-

tional spectroscopic measurements. Studying multiple nanotube bundles I

found that the initial filling of the nanotubes was very efficient which is in line

with the results from transmission electron microscopy measurements. [P2]

3. I applied a modified version of extended finite dipole model to predict the s-

SNOM signature of the small metallic clusters inside carbon nanotube. I found

that the experimentally observed phase contrast agrees well with prediction

by the modified the model quantitatively. [P2]

4. I performed scanning polariton interferometry in the mid-infrared range for

different excitation frequencies and visualized the hybridization between sub-

strate surface phonon polaritons and carbon nanotube Luttinger-liquid plas-

mons in real space on two different polar dielectric support layers, namely

silica and hexagonal boron nitride. I corroborated the hybridization in real

space by observing the transparency window in phase contrast and also in

momentum space by calculating the dispersion relation of the hybrid modes

from the measurements that shows characteristic avoided crossing and mode

splitting. [P3]

5. I carried out the analysis of the experimentally measured dispersion relation

and phase contrast spectrum of hybridized carbon nanotube plasmons and

substrate phonons by applying a classical coupled harmonic oscillator model.

I showed that the coupling reaches the ultrastrong regime. I showed that the

coupled oscillator model can be used to examine the coupling strength properly

even if only direct phase contrast is measured instead of polariton interference

fringes. [P3]
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6. I showed that the electric field of carbon nanotube plasmons is so strongly

confined in the out-of-plane direction that a few nm of separation layer is able

to suppress the effect of an underlying phononic substrate. [P3]
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