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1. Introduction 

Due to the miniaturization of the silicon-based electronics, building blocks of 

integrated circuits have reached the size of few 10 nanometres. Shrinking the 

components size, the rise of unwanted physical effects resulting inoperability of the 

devices is experienced. The research of nano-dimensional structures has been getting 

in the focus of interest in several areas of natural science. During technical evolution 

the use of new approaches and preparation methods is necessary. New measurement 

techniques and interdisciplinary thinking help the investigation of the new structures 

in nanoscience. The behaviour of materials in nano-dimensions can be different from 

the properties of bulk materials described by classical physics (e.g. few nanometer 

thin metal layer can be transparent, or the colour of the nanosized metal particles 

differs from the colour of bulk ones). More and more new phenomena offered by 

downscaling can be explored in the field of experimental and theoretical physics. 

Hereby I present three topics of my research related to nanometric-size carbon 

material structures, shortly carbon nanostructures. 

2. Research objectives 

A basic scientific requirement is to keep the physical and chemical properties of 

the examined object/sample unchanged during the contact preparation process. (e.g. it 

is especially important for graphene surface analysis). Typical example is the 

scanning tunnel microscopy (STM) study of graphene, where no surface 

contamination is allowed if atomic resolution is aimed. In case of macroscopic 

samples there are several techniques to prepare contacts in a contamination-free way, 

e.g using conductive sample holder or conductive silver or carbon paste on insulating 

substrates. In case of microscopic sizes, just like in graphene research, these 

techniques are usually not applicable. It is not possible to localize the graphene flakes 

on conductive substrates by optical microscopy, besides, conductive paste contacts are 

much bigger than the typical size of graphene flakes. A ground-breaking hit was the 

indium spike contacting method developed by Girit and Zettl [1]. With this method, it 

                                                
1  Ç.Ö. Girit and A. Zettl, Soldering to a single atomic layer, Applied Physics Letters 91 (2007) 193512 
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is possible to prepare contacts on graphene in a contamination-less way, resulting in 

graphene samples suitable for atomic resolution STM analysis. The aim of my first 

research topic was to investigate the adaptability of In contacts for electrical transport 

measurements of individual graphene nanoobjects, such as graphene nanoribbons, 

nanorings or nanobranches prepared by STM or AFM lithography. For this, I studied 

the operation of indium contacts at ambient conditions and elevated temperatures, as 

well as the effect of illumination on their properties.  

My second research topic is related to the preparation of active electronic devices 

from graphene. Despite of its excellent properties, graphene is not suitable directly for 

preparing active electronic devices from it due to its zero band gap. Hence a transistor 

device from graphene cannot be switched off. One way for inducing graphene band 

gap is when the geometrical sizes of tailored structures (e.g. nanoribbons or branches) 

are in nanometer range. Another important criterion is the crystallographic orientation 

of tailored edges. The graphene nanoribbons with zig-zag edges are well known to 

display metallic conduction behaviour. It is less known that this conduction can be 

spin selective [2], that is they can operate as spin rectifiers being possibly important 

building blocks of future quantum computers. The edges of graphene structures 

prepared by conventional direct structuring processes, e.g. plasma etching are not 

regular enough for spintronic applications. There is however a graphene etching 

process, based on thermal oxidation in inert atmosphere [3] which is known to prepare 

regular zig-zag edges. The aim of my second topic was to investigate the combination 

of this thermal oxidation process with electron beam lithography and low energy 

plasma etching techniques to prepare large scale graphene nanostructures with zig-zag 

edges. 

The aim of my third topic was the investigation of the mechanism of CNT-based 

chemical sensing. They are general requirements during chemical sensor development 

to achieve more selective, sensitive, and cheaper devices. Several specific properties 

of CNTs make them suitable as very effective sensor material. For a better 

comparison, I prepared sensors with different, individual and networked layout from 

the same CNT materials. The effect of five different vapours on the functioning of 

these sensors were compared using the same measurement setup and experimental 

                                                
2  Y.W. Son, M.L. Cohen, and S.G. Louie1, Half-metallic graphene nanoribbons, Nature 444 (2006) 

347- 349 
3  P. Nemes-Incze, G. Magda, K. Kamarás, and L.P. Biró, Crystallographically selective 

nanopatterning of graphene on SiO2, Nano Res 3 (2010) 110–116 
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conditions. The aim of the work was to compare the operation of individual and 

networked layout sensors made of the same CNT material and to use the conclusions 

derived from the differences for better understanding of the sensing mechanism. 

3. Preparation and characterization methods 

The technology and measurement technique background of my experiments was 

provided by the laboratories of HAS Centre for Energy Research, Research Institute 

for Technical Physics and Materials Science. 

The graphene samples were deposited onto insulating substrates by mechanical 

exfoliation using adhesive tape [4]. CNT samples on insulating substrate were coated 

from ethanol suspension using spin coating in case of individual CNTS and filtering 

by polymer membrane filter in case of CNT networks. Optical microscopy, atomic 

force microscopy (T-AFM) and Raman spectroscopy measurements were used for 

finding and identification of graphene or CNT objects as well as for checking the 

effect of technological processes. The oxide layer thickness on indium test samples 

was determined by optical ellipsometry analysis. High precision patterns for contacts 

and structuring were prepared by electron beam lithography. Graphene samples were 

etched by argon and argon/oxygen plasma. For Ar+ ion implantation, as a part of the 

technological processes, the noble gas implanter developed in KFKI was used. 

The electrical transport measurements were carried out by a Keithley 

Sourcemeter using an own developed LabView software. The electrical contact pads 

were connected by Süss micromanipulators with tungsten needles under optical 

microscope. Due to the small size of indium-graphene samples, a 

nanomanipulator/contacting needle system integrated in a scanning electron 

microscope (SEM) was used. During chemical sensing experiments, the test vapours 

were produced using high purity nitrogen gas streamed thought a bubbler and led on 

the sensors using a two way, home made gas system containing a flow meter, router 

valve and retaining valve.  

                                                
4  K.S. Novoselov, A.K. Geim, S.V. Morozov, D. Jiang, Y. Zhang, S.V. Dubonos, I.V.Grigorieva, A.A. 

Firsov, Electric Field Effect in Atomically Thin Carbon Films, Science 306 (2004) 666 
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4. New scientific achievements 

4.1. Investigation of indium-graphene contacts 

1. I observed that Schottky-type nonlinear conduction and illumination 

induced conduction modulation can occur in case of graphene samples 

contacted by indium spikes pulled from molten indium. Performing 

comparative I-V measurements on each elements of the In-graphene-In 

system and ellipsometry investigation, I proved that the origin of the 

mentioned effects is a few nm thin In2O3 layer between the metallic 

indium and graphene. 

Thesis related publication: L3 

4.2. Large scale graphene nanopatterning 

2.a. I developed a technology process for the preparation of large area 

graphene nanopatterns with zigzag edges on SiO2/Si substrate. I proved 

that, in contrast with other similar methods, the process consisting of EBL, 

Ar+ ion bombardment, low power plasma etching and thermal oxidation is 

suitable for removing defectless graphene without sputter contamination 

artefacts. 

2b. I proved by control experiments that the deviation of graphene edges from 

zig-zag orientation is the result of contamination originated from the 

technological processes. 

Thesis related publication: L2 

4.3. Investigation of the sensing mechanism of CNT-based chemical 
sensors 

3.a. I proved that the functioning of resistive chemical sensors prepared from 

random CNT networks disagrees the generally accepted theory of 

operation. According to the general theory, the molecules decrease or 

increase the resistance of the sensor acting as electron donors or acceptors 

when absorbed on the CNTs’ surface. The operation of control sensors 
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made of individual CNTs corresponds to this scheme, but CNT network 

sensors showed increased resistance in all the cases. 

3.b. I proposed the changing of tunnel gap or probable structural deformation 

of CNTs at CNT-CNT junctions due to liquid condensates resulted by 

capillary condensation, as possible working mechanism explaining the 

operation of CNT network resistive chemical sensors. 

Thesis related publication: L1 
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