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Abstract 

This thesis deals with scanning probe microscopy (SPM) and two-dimensional material graphene and 

their impact on the modern physics of surfaces. The brief introductions of the field are extended about 

the comments of authorΩǎ contributions represented by seven selected papers. The contributions are 

of a theoretical and experimental character touching on the issues of atomic force microscopy water-

bridge, Kelvin probe force microscopy mapping of charge transport on graphene/SiO2 nanostructures, 

local anodic oxidation fundamentals and applications in selective growth, graphene fabrication and 

doping of graphene by gallium. 
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1 Introduction 
The main and linking topic of this habilitation thesis is physics of surfaces seen from the perspective of 

scanning probe microscopy (SPM) and graphene. Despite being different, SPM is a microscopy 

technique and graphene is a two-dimensional material, both together caused a real revolution in our 

understanding of surface physics. Though almost nobody had heard of SPM before 1981, and even 

graphene before 2004, since then a huge volume of scientific articles has been published and 

numerous patent applications dealing with these topics have been filed. In todayΩǎ scientific world, 

special conferences are held and special journals are printed, dealing only with SPM or graphene and 

both of them have become a common part of scientific dictionaries in various fields. Here, we have to 

ask: άWhat is behind this hint? Why have these two discoveries been so influential in modern surface 

physics, in addition to other fields?έ To answer these questions, let us have a look at things in a wider 

context. 

In general, physics of surfaces is a difficult discipline, since the presence of surface boundaries 

disturbs the periodicity and symmetry of atom arrangement in bulk solids, making their mathematical 

description more difficult. This fact was nicely expressed by Wolfgang Pauli in his famous statement: 

άGod made bulk; surfaces were invented by devil.έ Unfortunately, the harder it is to understand the 

surfaces, the more fruitful they are; since nowadays, in the era of nanotechnology, we more often 

meet and will meet objects defined predominantly by their surface. Therefore, any discovery that 

ōǊƛƴƎǎ ǘƘŜ ǎƭƛƎƘǘŜǎǘ ƭƛƎƘǘ ƛƴǘƻ ǘƘŜ άdark devilέ ŀǊŜŀ ƻŦ ǎǳǊŦŀŎŜ ǇƘȅǎƛŎǎ ƛǎ of significant importance not 

only in theory but also in applications. In this sense, we can say about SPM and graphene without 

exaggeration that they really are the huge lights and as the gospel of John said ǿƛǘƘ ǊŜƭƛŜŦΥ άΧ the light 

shines in the darknessΧέ όάΧ lux in tenebris lucet ΧέύΦ This is mainly caused by the following facts. SPM 

includes a family of tools that first enabled us to observe the surface and its properties down to the 

atomic level. Graphene is then a direct embodiment of the first isolated two-dimensional one-atom-

thick material consisting only of its surface. These facts were known or at least expected in 1986 when 

Gerd Binnig and Heinrich Rohrer were awarded the bƻōŜƭ tǊƛȊŜ άfor their design of the scanning 

tunneling microscopeέ ŦƛǊǎǘ one in the SPM family and in the year 2010 when Andre Geim and 

Konstantin Novoselov received the bƻōŜƭ tǊƛȊŜ άfor groundbreaking experiments regarding the two-

dimensional material grapheneέΦ Although these discoveries contribute to surface physics in slightly 

different ways, what they have in common is a relative simplicity, wide versatility, easy accessibility, 

potential for solving fundamental questions and a broad range of possible applications. It all caused 

their popularity across the scientific community shortly after their invention and led to their άƳŀǎǎƛǾŜέ 

utilization. 

The path that author of this thesis took ŦǊƻƳ {ta ǘƻ ƎǊŀǇƘŜƴŜ ƛǎ ŦŀǊ ƭŜǎǎ άƎǊƻǳƴŘōǊŜŀƪƛƴƎέ ōǳǘ 

undoubtedly also filled with a lot of very interesting physics and has its own story. At the end of 2002, 

I first learned about SPM techniques while working on my diploma thesis at the Institute of Physical 

Engineering at Brno University of Technology (IPE BUT). At that time, I was testing the possibilities of 

atomic force microscopy (AFM) for the study of self-assembled monolayers (SAM) and modification of 

surface by local anodic oxidation (LAO) using the AFM tip. The second topic attracted most of my 

attention, since LAO represents a quite simple and easily applicable method for local surface 

modification, however, behind it is hidden a lot of nice, fundamental and not very well-understood 

physics (e.g. charge diffusion across oxide barrier, the influence of extreme electric fields and the 

strange behavior of water at the nanometer scale).  

Therefore, during my Ph.D. study in 2003-2009, I focused on the understanding of the basic 

processes governing the LAO, however, I was also fascinated by its applications for the selective growth 
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of metals, and mainly by its utilization in the fabrication of real quantum-mechanical nanodevices 

where phenomena like quantum transport in point contact, the Coulomb blockage or the Aharonov-

Bohm effect could be studied. In nanostructures exhibiting such a behavior it is necessary to confine 

the charge carrier motion to a small area without a significant disturbance of their crystallinity to fulfill 

the strict conditions of ballistic transport. The usual way of limiting the carrier motion in 2 dimensions 

at high mobility is by use of two-dimensional electron/hole gases (2DE/HG) fabricated at the interface 

of heterostructures (e.g. AlGaAs/GaAs) with the use of a relatively expensive and demanding 

molecular-beam epitaxy (MBE). Thanks to my part-time job at the Institute of Physics at the Academy 

of Sciences (IP AS) in Prague I had access to an apparatus producing these άperfectέ 2DE/HG that could 

be used as a basic substrate for further patterning towards the mentioned quantum devices. Optical 

lithography or electron beam lithography (EBL) is often used to pattern 2DE/HG into a required lateral 

shape, however, we decided to test the possibilities of LAO in such patterning since it appeared to be 

much finer, especially with regard to the creation of edges that are a critical issue. Although during my 

doctoral study LAO proved to be a useful technique for patterning 2DEG and confining the lateral 

motion of electrons, it proved to be very difficult to fabricate shallow 2DEG with sufficiently high 

ŜƭŜŎǘǊƻƴ ŘŜƴǎƛǘȅ ǘƻ ƻōǎŜǊǾŜ ŀƭƭ ǘƘƻǎŜ άƴƛŎŜέ ǉǳŀƴǘǳƳ ŜŦŦŜŎǘǎ ƛƴ ǘǊŀnsport experiments. It was not 

difficult to fabricate a heterostructure quantum-well deep beneath the surface (> 50 nm), however, 

the obstacles of this task grow as the quantum-well approaches the surface (< 30 nm). The closer the 

surface, the more electrons are ǘǊŀǇǇŜŘ ōȅ ǳƴǇǊŜŘƛŎǘŀōƭŜ άŘŜǾƛƭέ ǎǳǊŦŀŎŜ ǎǘŀǘŜǎΣ Ƙƻǿever, to reach the 

2DEG by low penetrating LAO, it is necessary to have the quantum well close to the surface. This was 

a problem that could not be easily solved by heterostructures of AlGaAs/GaAs and MBE. 

Moreover, this was the year 2009 when I finished my Ph.D., moved completely to Brno (IPE 

BUT), left my part-time job in Prague (IP AS), and also lost easy access to an expensive MBE apparatus 

so necessary for studying 2DE/HG. It looked like the end of my work with two-dimensional gases of 

charge carriers. However, during the years of my cooperation with IP AS, I found pleasure in the physics 

of 2DE/HG and I did not want to leave this field completely even though I was still keen on SPM 

technologies. During this time, graphene appeared like άa bolt from the blueέ. Apart from its other 

extraordinary and interesting physical featuresΣ ƛǘ ǎŜŜƳŜŘ ǘƻ ƳŜ ƭƛƪŜ ŀ άŘǊŜŀƳέ ς an almost ideal 

material to replace the 2DE/HG GaAs/AlGaAs heterostructures and continue my work. Graphene could 

be placed directly on a surface, it had charge carriers with a high mobility even at room temperature 

(RT), it was incredibly stable, yet, thinnest possible, and, finally best of all, it was available to anyone 

without any extra budget. Mechanical exfoliation of graphene using Scotch-tape that we first decided 

to use in Brno cost almost nothing but effort.  And later when we started to use our home-built 

chemical-vapor deposition (CVD) furnace, everything was much cheaper in comparison with MBE 

technology, and the physics behind it was just as fascinating.  

This was the main story, how the author of this thesis could move from SPM technologies to 

graphene, however, he remained faithful to both. Further in this work, the most important results 

achieved by the author and his colleagues in these fields (SPM, graphene) will be described and, 

primarily, included into the overall scientific framework of surface physics. 
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2 A brief overview of SPM 
Nowadays, scanning probe microscopy (SPM) includes more than 30 techniques [1] that have in 

common scanning of a sample surface using a sharp probe (tip) to gain information about its local 

physical properties down to atomic resolution. It does not make sense to list all the SPM branches here 

and instead let us focus on those ones that have been used or are important to present the results of 

this work (Figure 2.1). 

 

 

Figure 2.1: A brief overview of SPM used (blue shaded) and mentioned (grey shaded) in this work and 

their relationship. (ML ς mechanical lithography, FDS ς force distance spectroscopy) 

 The first of the SPM techniques is scanning tunneling microscopy (STM) born in 1981. STM 

utilizes an exponential decay of a tunneling current with a tip-sample separation to image a sample 

topography (more accurately, local density of states). Although the physical principles of quantum 

tunneling have been known since the beginning of the 19th century, the inventors of STM Gerd Binnig 

and Heinrich Rohrer were able to solve plenty of practical problems leading to a truly usable apparatus 

ŀƴŘ ǘƘǳǎ ƻǇŜƴŜŘ ǘƘŜ ŘƻƻǊ ǘƻ ŀƭƭ ƻǘƘŜǊ {taΩǎΦ These most basic problems were (1) motion of tip/sample 

in a distance of less than one atom, (2) tip sharpening into an almost single atom, and (3) damping of 

ubiquitous vibrations. CƻǊ ǘƘƛǎ ǇǳǊǇƻǎŜΣ ǘƘŜ ƛƴǾŜƴǘƻǊǎ ǳǎŜŘ ŀƭƭ ǘƘŜ ǇƻǎǎƛōƭŜ ŀƴŘ άƛƳǇƻǎǎƛōƭŜέ ƳŜans like 

(1) piezoelectric materials, (2) high electric fields in vacuum, άtip-ǘƻǳŎƘƛƴƎέ the surface, and (3) double-

stage spring-system with eddy-current damping [2]. Moreover, they showed a benefit of STM by 

imaging the challenging 7x7 reconstruction of Si(111) [3]. In an incredibly short time of 5 years (until  

winning the Nobel Prize in 1986), the set of technical solutions inspiring all the SPM industry were 

performed. Among others, the STM was moved from vacuum into the air [4], incorporated into a 

scanning electron microscope (SEM)[5], used to determine energy gaps using tunneling spectroscopy 

[6], and to gain local surface potential [7]. 

 Since STM is primarily designed to measure conductive samples, Gerd Binnig patented the 

atomic force microscopy (AFM) technique [8] in 1986 applicable also on non-conductive samples [9]. 

AFM uses a dependency of atomic forces down to 10-18 N on a tip-sample separation to image a sample 

topography (more accurately, local tip-sample force). AFM laid foundations of a large scanning force 

microscopy (SFM) family utilizing a detection of different forces, e.g. short-range Pauli repulsion, van 

der Waals, capillary and electromagnetic forces. In all SFM, the tip-sample force is usually detected by 

a bending (static mode) or by a resonance frequency change (dynamic mode) of a cantilever where the 

tip is placed on. Recently, a subatomic resolution corresponding the inner-atomic charge density can 

be achieved by a dynamic AFM mode using a q-plus sensor based on a watchmaking tuning fork [10-

11]. 



4 
 

 SFM techniques can be divided according to the kind of a prevalent force in a certain tip-sample 

distance. The short-range Pauli repulsion ( Ὠ ) and van der Waals attraction ( Ὠ ) is used in 

AFM. On the other hand, the long-range magnetostatic ( Ὠ ) and electrostatic interaction ( Ὠ )* 

is used in electrostatic force microscopy (EFM) and magnetic force microscopy (MFM), respectively. As 

stated by Richard Feynman in his famous lectures [12] the force versus the distance between two 

interacting atoms is of the most important in science being at the basis of our understanding of 

interaction between two objects. Therefore, aƭƭ {CaΩǎ ŀǊŜ ŜȄǘǊŜƳŜƭȅ ƛƳǇƻǊǘŀƴǘ ŀǇǇŀǊŀǘǳǎ ŀƭƭƻǿƛƴƎ ǳǎ 

to perform a force-distance spectroscopy (FDS) in a single point often at the atomic level.   

   

 

Figure 2.2: Tip-sample force as a function of tip-sample separation (a) and a corresponding force-

distance curve measured in real AFM experiment during approaching/retracting of the tip, respectively 

[1]. 

Figure 2.2 (a) depicts the ideal dependency of the tip-sample force on the distance and Figure 

2.2 (b) the usual real force-distance curve measured by approaching/retracting of the AFM tip in static 

mode. While in the ideal curve (a) a nice smooth transition from repulsive to attractive forces can be 

observed, the real measurement is often characterized by an approaching snap-in (Figure 2.2 c-d) and 

a retracting pull-off (Figure 2.2 h-i) force as a consequence of a sudden cantilever deflection. The 

approaching snap-in of the tip towards the surface can be explained by a sudden predominance of the 

attractive tip-sample force over the repulsive force caused by the cantilever deflection (Figure 2.2 a- 

c). The cantilever deflection force is depicted as a line (Figure 2.2 dashed line crossing the c), since it 

Ŏŀƴ ōŜ ŀǇǇǊƻȄƛƳŀǘŜŘ ōȅ ŀ ƭƛƴŜŀǊ IƻƻƪŜΩǎ ƭŀǿ Ὂ ὯЎὨ, where Ὧ is the force constant of cantilever and 

ЎὨ is the bending of the cantilever. On the other hand, the retracting pull-off is caused by a sudden 

predominance of the repulsive cantilever deflection force over the attractive tip-sample force (Figure 

2.2 h). Consequently, the pull-off force (Figure 2.2 h-i on force axis) is proportional, but not exactly 

equal to the maximum attractive tip sample force. This problem is solved by utilization of the cantilever 

with a suitable stiffness or by combination of a static and dynamic mode [13] when the real curve 

(Figure 2.2 b) is more like the ideal curve (Figure 2.2 a). In ambient condition, the pull-off force is mainly 

determined by a force resulting from the condensation of water between the tip and the surfaceϞ 

which is the topic we dealt with in the commented paper 1 and which is briefly described in the 

following chapter.  

                                                           
* The dependences of force on distance d are valid for two atoms, magnetic dipoles or ions. 
Ϟ The same capillary and tension forces held together the grains of wet sand when we built castles as children. 
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2.1 Ambient SFM and water-bridge 
In general, the best resolution using SFM is achieved in vacuum conditions, however, with increasing 

utilization in chemistry, biology and technologies the SFM techniques are widely applied in 

atmospheric conditions with a hydrophilic tip or on a hydrophilic surface. Here, a condensation of 

water molecules between the tip and the surface into a water bridge occurs (Figure 2.3) and is stable 

even at relative humidity less than 100% (saturated vapors). This is described by the equilibrium 

thermodynamic Kelvin-Young-Laplace equation [14] 

 
ὶ

ρ

ὶ

ρ

ὶ

‎ ὠ

ὙὝ ÌÎ
ὴ
ὴz

 ȟ 
(2.1) 

 

where ὶ is Kelvin radius characterizing the mean curvature of water ς water vapor interface 

determined by the main radii of curvature ὶ, ὶ;  ‎  is the interfacial energy of the liquid and water 

vapor, ὠ  is the molar volume of water, Ὑ is the molar gas constant, Ὕ is the thermodynamic 

temperature, and the ratio of partial water vapor pressure ὴ and saturated water vapor pressure ὴᶻ 

corresponds to the relative humidity RH. Since most of the SFM measurements are carried out at ὙὌ

ρππϷ, the water-bridge is stable when ὶ π which is achieved in an SFM water bridge by a low 

negative radius ὶ. Therefore, the bridge is more like a cavity, not a drop. The Kelvin-Young-Laplace 

equation also predicts an increase of the water-bridge dimensions with relative humidity. Strongly 

dipolar water molecules and highly curved surface of this water bridge results in a reduction of van der 

Waals and electrostatic forces, respectively. Consequently, the water-bridge capillary and tension 

forces have a crucial impact on AFM and EFM in ambient conditions. 

 

 

Figure 2.3: (a) Geometry of water-bridge (meniscus) between the AFM tip and the surface. (b) 

Calculated forces as a function of relative humidity for AFM-tip with radius R = 10 nm [15]. 

 The water-bridge between the SFM tip and surface influences not only forces but also has a 

strong impact on SPM nanolithography techniques, e. g. local anodic oxidation (LAO) and dip-pen 

nanolithography (DPN) (see below Chapter 2.3). Moreover, the water-bridge exhibits extreme 

fundamental physical properties of nano-ǾƻƭǳƳŜ ǿŀǘŜǊ ƎƻǾŜǊƴŜŘ Ƴŀƛƴƭȅ ōȅ ǘƘŜƛǊ άŘŜǾƛƭέ ǎǳǊŦŀŎŜΦ  

For example, the Laplace pressure difference [14]  

 Ўὖ
‎

ὶ
 (2.2) 
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between the inside and outside of the meniscus at RT and RH of 30 % is recordable negative [16] -160 

MPa* [17,18,19]. At such a strong negative pressure the water vapor cavities should start nucleating 

or, easily said, the water should start boiling even at room temperature. That is not the case of nano-

volume AFM water-bridge, since any cavity needs to achieve a certain critical value to continue 

growing, unless it disappears. This can be explained if we calculate a change in Gibbs free energy ЎὋ 

when a cavity of radius Ὑ forms [19]  

 
ЎὋ Ὃ Ὃ

τ

σ
“ὙὲЎ‘ τ“Ὑ‎ ȟ (2.3) 

where Ὃ  and Ὃ  are Gibbs energies inside a spherical vapor cavity and its liquid-vapor surface, 

respectively. The Ў‘ corresponds to a decrease of a chemical potential of a single molecule of liquid 

water transforming into a single molecule of vapor water which is more stable at conditions of 

cavitation. The cavity can grow independently if it reaches the critical radius [19] 

 
Ὑ

ς‎

ὲЎ‘
 (2.4) 

above which the Gibbs free energy decreases. In a nano-volume water bridge, the cavities cannot 

achieve the critical size, cannot grow and the bridge is stable at this extremely negative pressureϞ. The 

liquid water at a negative pressure at RT belongs to metastable liquids which can be evaporated by a 

sudden stimulus since they are not thermodynamically stableϟ. The concept of negative pressure is 

related to the fact that the interatomic forces of water can be both repulsive and attractive, similarly 

to tip-sample force depicted in Figure 2.2 (a), however, at a pressure less than zero the attractive forces 

between water molecules prevail. Such water will tend to collapse and act on the outside with the 

opposite (negative) pressure. The water-bridge formation itself is very fast. The time necessary to form 

the bridge is 5 ms at RT and approximately 1 ms at higher temperature of 60 ÁC [19]. 

 Based on the above, no wonder the SPM water bridge attracts such attention. The direct 

experimental observation of bridge was performed by high-pressure environmental scanning electron 

microscope (SEM). The bridge appeared to be larger than the thermodynamic prediction. This was 

concluded by the failure of the classical thermodynamic model [20]. Later, van Honschoten et al. [21]  

calculated the charging of  the water-bridge by SEM electrons reducing the interfacial energy of liquid 

leading to unpredictable increase of water-bridge dimensions. The indirect experimental observation 

of the bridge was done by the measurement of its print in the salt crystal. Here, the properties of water 

are strongly distorted by the presence of dissolved salt again [22]. 

 In commented paper 1, we used the force distance spectroscopy (FDS) measurement of the 

pull-off force to estimate the dimensions of water as a function of relative humidity. For this purpose, 

the theoretical model was suggested. The shape and dimensions of the water-bridge were predicted 

                                                           
* That is value beyond the theoretical limit predicted by homogeneous nucleation theory (-140 MPa at 25 ÁC) 

and below the theoretical limit predicted by spinodial breakdown theory (-200 MPa at 35 ÁC). The experimentally 
most negative pressure -25 MPa was achieved by an acoustic method in macro-volumes of water, and -140 MPa 
achieved by an aqueous inclusions using quartz crystals in micro-volumes of water [17-19]. 
Ϟ The similar negative pressure is achieved in water filling the pores of tree leaves (cell wall pores) having 
diameters of 2 ς 5 nm. Therefore, the trees are able to pull water up to the heights above 100 m even though 
the standard atmospheric pressure (105 Pa) would enable to get water up to a maximum of 10 m. Moreover, 
above the height of 10 m, the pressure inside the tree xyleme tubes is less than zero and water should boil at 
room temperature. The boiling or the cavity creation cannot occur due to a small diameter of xyleme 20 - 200 

mm and pores at which the critical radius of cavity cannot be achieved. 
ϟ It is similar to a situation when the undercooled water can freeze after a first nucleation center is induced by 
shaking or stroke. 
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using the differential form of the thermodynamic Kelvin-Young-Laplace equation. Based on this, the 

total adhesive force consisted from capillary, tension and van der Waals contribution was calculated 

(Figure 2.3 b). The dependence of capillary force on RH increases up to 60 % due to the increase of the 

water-bridge dimension and tip-area dipped into the water. However, above 60 % the capillary force 

goes down, since the Kelvin radius increases reducing the Laplace pressure difference. In the suggested 

model, the van der Waals contribution is reduced by strongly polar water molecules at higher relative 

humidity.  

 In commented paper 1, a lot of attention was paid to the pull-off force measurement 

reproducibility that proved to be crucial for the measurement of a nano-size water bridge. The problem 

of reproducibility was nicely addressed by Don Eigler, the father of SPM manipulations of individual 

atoms, who said [23]: άCƻǊ ǳǎΣ ǘƘŀǘΩǎ ŀ ǎƻǊǘ ƻŦ ǎŀŎǊŜŘ ǘƘƛƴƎΦ ¢ƘŜ ƪŜȅ ǘƘƛƴƎ ŀƴŘ ƳƻǊŜ ƛƳǇƻǊǘŀƴǘ ǘƘƛƴƎ 

about science is reproducibility. If you cannot reproduce your own results, you might as well forget it. 

LǘΩǎ ŀǎ ƛŦ ȅƻǳΩŘ ƴŜǾŜǊ ŘƻƴŜ ƛǘέΦ Thanks to the careful consideration of reproducibility and measurement 

errors, it was able to find up the accurate pull-off force vs RH dependence with the convex-concave 

like initial increase of the total adhesive force (Figure 2.3 b RH from 20 to 60 %). Based on this, we 

suggested a reduction of water surface tension from bulk value 72 mN/m to curved surface value of 9 

mN/m. Such a reduction of a macroscopic surface tension for small or highly curved surfaces is in 

qualitative agreement with the conclusion made by Josiah Willard Gibbs early in the 19th century 

transformed in 1949 by Richard Tolman into a relation [24] between the surface ‎  and bulk tension 

‎   

 ‎

‎

ρ

ρ ς‏ȾὙ
 ȟ (2.5) 

where ‏  is the Tolman length which is an empirical constant for a droplet of infinite radius and Ὑ is 

the real finite radius. 

 However, the future will probably belong to the bottom-up approach by molecular calculations 

of water-bridge on the basis of molecular dynamics (MD), Monte Carlo (MC) or density functional 

theory (DFT). They still have problems to explain the whole adhesive (pull-off) force curve (Figure 2.3 

b) in its decreasing part [25], or even its whole character [26] (permits only a fall or growth, not both 

as can be seen in Figure 2.3 b). From this point of view, the correction of surface tension term in 

macroscopic thermodynamic Kelvin-Young-Laplace equation can help us with a top-down approach to 

the experimental reality. 

2.2 EFM and KPFM  
In 1898 William Thomson, ƭŀǘŜǊ ƪƴƛƎƘǘŜŘ άƭƻǊŘ YŜƭǾƛƴ ƻŦ [ŀǊƎǎέ, was first to measure the contact 

potential difference (CPD) of copper and zinc plate in an arrangemenǘ ǎƛƳƛƭŀǊ ǘƻ ǘƻŘŀȅΩǎ ǇƭŀǘŜ ŎŀǇŀŎƛǘƻǊ 

[27]. The CPD between the conductive tip and surface is a voltage ὠ  proportional to the difference 

of their work functions ɮ  and ɮ  defined as [28] 

 
ὠ

ρ

Ὡ
ɮ ɮ ȟ 

 
(2.6) 

where Ὡ is the elementary charge. Generally, when the plate capacitor is in an electric circuit equalizing 

the Fermi levels, the CPD corresponds to the charge trapped in surface states which was the case 

measured by Kelvin using an old-time gold-leaf electroscope. A more precise measurement of CPD can 

be achieved by mapping the current flowing across the circuit while the distance between the plates 

of capacitor oscillate (changes capacity in the circuit) as was firstly performed [29] by William Albert 

Zisman in 1932. The method based on this current mapping is called Kelvin Probe (KP) and measures 
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average macroscopic CPD of the whole sample with an energy resolution of 1 meV. On the other hand, 

the Kelvin probe force microscopy (KPFM) which was first introduced by Nonnemacher [30] et al. and 

Weaver [31] et al. in 1991 measures local CPD with a spatial resolution better than 10 nm and energy 

resolution 5 ς 20 meV. Since then, the KPFM has experienced a huge expansion and shifted its 

resolution to measuring the potential distribution of individual molecules. 

 

Figure 2.4: (a) The creation of contact potential difference in case of two different metals as a 

consequence of their different Fermi levels. (b) The scheme of Kelvin probe force microscopy (KPFM) 

[32]. 

 

 KPFM is based on the ƳŜŀǎǳǊŜƳŜƴǘ ƻŦ ŜƭŜŎǘǊƛŎ ŦƻǊŎŜ ǿƘƛŎƘ ƛǎ ǾŜǊȅ ǎƛƳƛƭŀǊ ǘƻ ǘƘŜ ƻǊƛƎƛƴŀƭ YŜƭǾƛƴΩǎ 

approach, however, between the tip and the surface is applied oscillating alternating voltage ὠ  

(Figure 2.4 b) ǿƘƛŎƘ ƛǎ ǘƘŜ ŀŘǾŀƴǘŀƎŜ ƻŦ ½ƛǎƳŀƴΩǎ ŀǇǇǊƻŀŎƘ. Then, the tip-surface voltage can be 

expressed as [28] 

 ὠ ὠ ὠ ὠÓÉÎ‫ὸȟ (2.7) 

where ὠ  is a direct voltage component. A consequent vertical component of the electrostatic force 

acting on the tip can be derived using a classical relationship between force and energy of a plane 

capacitor Ὗ  with capacity ὅ as follows [28] 

 
Ὂ

‬Ὗ

‬ᾀ

ρ

ς

‬ὅ

‬ᾀ
ὠ ὅὠ

Ћ6

ЋÚ
 (2.8) 

Neglecting the second term on the right side of the previous equation in case of conductive tip/sample 

and substituting the expression (2.7) results in [28] 

 Ὂ Ὂ Ὂ Ὂ ȟ (2.9) 

where Ὂ , Ὂ, Ὂ  are the constant and oscillating components of the electrostatic force, respectively. 

The force component oscillating at frequency [28] ‫ 

 
Ὂ

‬ὅ

‬ᾀ
ὠ ὠ ὠίὭὲ‫ὸ (2.10) 

is the force used in electrostatic force microscopy (EFM). Assuming the capacity of plane condenser 

we can simplified (2.10) as Ὂ ‐ὠ ὠ , where ‐ is the dielectric function. Therefore, the EFM 

measurement is a mixture of indistinguishable information about local dielectric properties and CPD.  

However, by setting the ὠ  so that the Ὂ is nullified which is practically realized by a feedback loop, 

the net value of CPD can be found by KPFM. 

 Why are the equations in the previous paragraph necessary? SƛƴŎŜ ǘƘŜǊŜ ƛǎ ŀ ŎƭƛŎƘŞ ƛƴ ƭƛǘŜǊŀǘǳǊŜ 

ǘƘŀǘ άYtCa ƳŜŀǎǳǊŜǎ ǘƘŜ ŘƛŦŦŜǊŜƴŎŜ ƻŦ ǘƛǇκǎŀƳǇƭŜ ǿƻǊƪ ŦǳƴŎǘƛƻƴǎέ ŎƻǊresponding to the relationship 

(2.6) which is true in case of a conductive/semiconductive sample (and tip). However, the 
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understanding of the previous relationship can offer us a wider picture. For example, we can realize 

that in case of a non-conductive sample, KPFM provides information about the local surface potential 

Ὗ , induced by all surface charge/dipoles produced by different processes. Moreover, we can see that 

KPFM gives much cleaner information about the surface potential than the mentioned EFM whose 

signal is a mixture of surface potential and dielectric properties of the sample. This property was used 

in commented paper 2 where we were studying the charge transport by KPFM between graphene 

flakes placed on SiO2. 

 The study of charge propagation across graphene/SiO2 interface and its further propagation 

on SiO2 is important due to the basic function of electronics, since it can lead to negative short circuits 

between isolated graphene parts and also to hysteresis caused by an accumulation of charge on the 

SiO2 surface close to the graphene limiting the electronic width of graphene conductive parts. In 

commented paper 2, we showed the charge propagation exponentially grows with relative humidity, 

which is especially important for the design of the graphene-biosensors operating in humid air or even 

more often in water solutions! Since the rapid increase of isolating SiO2 conductivity with RH can 

gradually destroy their function completely. On the other hand, the SiO2 surface conductivity 

dependence on RH can be used to build the most sensitive sensors that have ever been built based 

just on the rapid exponential increase of SiO2 conductivity with RH [33].  

 In commented paper 2, we introduced for the first time how to obtain the surface resistivity 

ƻŦ άƛǎƻƭŀǘƛƴƎέ {ƛh2 from the KPFM measurement of local surface potential distribution in time. As it has 

been mentioned, KPFM can provide information about the charge propagation on the surface, 

however, sometimes it is necessary to get more physically comparable (tabled) quantity such as 

surface resistivity. For this purpose, the following model and experimental procedure was suggested. 

The model is based on the solution of the diffusion equation for charge in two dimensions [33] 

 ‬”

‬ὸ
​ᴆ”  ​ᴆὟ  (2.11) 

where ”  is a two-dimensional surface charge density, and ” is the surface resistivity. The equation 

(2.11) ƛǎ ŀ ŎƻƳōƛƴŀǘƛƻƴ ƻŦ ŘƛŦŦŜǊŜƴǘƛŀƭ hƘƳΩǎ ƭŀǿ ŀƴŘ Ŏƻƴǘƛƴǳƛǘȅ Ŝǉǳŀǘƛƻƴ ŦƻǊ ŎƘŀǊƎŜ ŎƻƴǎŜǊǾŀǘƛƻƴΦ 

hƘƳΩǎ ƭŀǿ ōŜƘŀǾŜǎ ƘŜǊŜ ǎƛƳƛƭŀǊƭȅ ǘƻ мst CƛŎƪΩǎ ƭŀǿ and has a form of 

 ὐᴆ ”  Ὁᴆ ”   ​ᴆὟ ȟ (2.12) 

where ᴆ is the surface current density and Ὁᴆ is the electrical intensity. The two-dimensional continuity 

equation is 

 ‬”

‬ὸ
​ᴆϽὐᴆȢ (2.13) 

Generally, surface resistivity is a function of surface coordinates ” ”ὼȟώ. Therefore, the equation 

(2.11) has the potential to find out the local resistivity, however, the mathematical solution is then 

quite complicated and time-consuming. Therefore, surface resistivity was assumed to be constant on 

graphene, and especially on SiO2. Then the equation (2.11) can be simplified as 

 ‬”

‬ὸ
”  ЎὟ Ȣ (2.14) 

The previous equation is valid for the two-dimensional charge density, however, KPFM measures the 

surface potential, and therefore, the relationship for capacity  

 ” ὅὟ
‐‐

ύ
 ὠ (2.15) 
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was necessary to use. Here, the ὅ is unit area capacitance expressed as a local dielectric constant ‐ 

and ‐ divided by a thickness ύ of the isolating layer (in case of commented paper 2, the 280 nm thick 

thermal SiO2). Substituting the term (2.15) into the equation (2.14) results in a diffusion equation for 

surface potential 

 ‬Ὗ

‬ὸ

ρ

”ὅ

‬Ὗ

‬ὼ

‬Ὗ

‬ώ
ȟ (2.16) 

which is measured by KPFM. It is a diffusion equation, where the surface diffusion coefficient (surface 

diffusivity) is 

 
ὧ

ρ

”ὅ

ύ

”‐‐
 (2.17) 

Today, the equation (2.16) can be quickly solved by numerical methods (by the finite difference 

method ς FDM or, in case of a more complex geometry, also by the finite element method ς FEM) and 

the parameters of surface diffusivity or surface resistivity can be optimized with KPFM measurement 

to find values describing a real experiment. This way, it is possible to obtain the surface resistivity of 

highly resistive materials from KPFM measured Ὗ ὼȟώȟᾀȟὸ which is generally quite complicated 

using only transport measurements. An example of such a solution is depicted in Figure 2.5 (b-e) for a 

real graphene/SiO2 structure (a). The equation (2.16) can be used for description of the charge (or 

better surface potential propagation along the surface). We believe that presented way how to obtain 

from KPFM surface potential distribution in time to the average (2.11) or even local surface resistivity 

(2.14) is the most important, however a little bit hidden, result of a commented paper 2. It could be 

the cornerstone of a new SPM technique, if we realize the fact that only a conductive atomic force 

microscopy (cAFM) gives information about local conductivity and resistivity of the sample, 

respectively. However, unlike the process we introduced, cAFM is useful only in case of conductive 

samples. 

 

Figure 2.5: (a) AFM topography of graphene/SiO2 for the study of charge transport. (b-e) Surface 

potential distribution as a function of time simulated by a diffusion equation (2.16) corresponding to 

a real KPFM experiment. 

 In commented paper 2, we also asked the fundamental question, how the relative humidity 

physically influences charge transport. The answer was given by a combination of BET theory and 

electron hopping theory. The physisorption* BET [34] theory water molecules on a surface was 

designed by Brunauer, Emmett and TellerϞ in 1938. The theory is based on the thermodynamical 

equilibrium between condensation and evaporation of water molecules in first, second and higher 

                                                           
* It is important to emphasize that this is not a hard reversible chemisorption adhesion occuring in the early 
stages of hydrogen or oxide layer growth. The physisorption adhesion occurs mostly on top of the chemisorbed 
molecules and is easily reversible. 
Ϟ Edward Teller (1908 - 2003) is known for his contribution to the development of the hydrogen bomb and is 
called αǘƘŜ ŦŀǘƘŜǊ ƻŦ ǘƘŜ ƘȅŘǊƻƎŜƴ ōƻƳōάΦ 
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layers without assuming completion of the previous layer. The theory enables us to calculate the 

coverage ratio Ὑ as a function of ὙὌ having an almost exponentially growing course [35] 

 
Ὑ

ὯϽὙὌ

ρ Ὧ ρϽὙὌ
 ȟ (2.18) 

where Ὧ is a parameter characterizing the hydrophilicity of the surface. The electron hopping theory 

enables us to explain the changes of surface resistivity with water coverage. It is based on the 

assumption that electrons can quantum mechanically tunnel between the water spots, and the 

probability of this jump decreases with the distance between the spots formed ōȅ ŀ άŘǊȅέ {ƛh2 surface. 

In connection with BET theory, the electron hopping theory suggests the following dependency of 

surface resistivity on [36] ὙὌ 

 

” ” ϷÅØÐ
ȿὴȿ

ᴐ
ὦ
ρ ὙὌ

ὯϽὙὌ
 (2.19) 

where ” Ϸ is the surface resistivity at 100% RH (when the surface is completely covered by water), 

ȿὴȿ ςάὠ is the modulus of the momentum in the classically forbidden region (pure SiO2) in the 

potential barrier ὠ for electron of mass ά, ᴐ is the reduced Planck constant, and ὦ is the width of the 

potential barrier (average size of the clean SiO2 surface). Using the typical parameters for SiO2 and 

fitting the data obtained in the KPFM measurement and surface resistivity calculation it was possible 

to estimate the ” ρϽρπ W  and Ὧ ςȢχ. These values of surface resistivity are much lower than 

the surface resistivity of a standard SiO2 in the range of 1010 ς 1015 W depending on surface treatment 

[34], and the Ὧ parameter corresponds the much more hydrophilic surface than standard SiO2 whose 

Ὧ is [36] 0.05. This was attributed to the patterning of graphene into a required shape by mechanical 

lithography using AFM. Here, the tip is pushed towards the surface at a high load force 1000 nN (the 

tip is in strong repulsive regime, see Figure 2.2 Chapter 2ύΣ ŀƴŘ ǘƘŜ ƎǊŀǇƘŜƴŜ ƛǎ άǎŎǊŀǘŎƘŜŘέ ŀǿŀȅ ŦǊƻƳ 

the SiO2 surface. The scratching causes charge traps acting as a recombination centers, leaves 

graphene residues on the surface (with low surface resistivity of about 103 W), and finally causes 

grooves enhancing water condensation (see Chapter 2.1). All of these influences significantly reduce 

the surface resistivity of the surface. 

2.3 LAO and Mechanical nanolithography 
In addition to surface imaging, SPM techniques are suitable to fabricate surface nanostructures, which 

is called SPM nanolithography. The surface is modified by physical and chemical processes running in 

a small region under the tip and the most famous techniques from this family are (1) manipulation of 

individual atoms/molecules by SPM tip, (2) Dip-pen nanolithography (DPN), (3) mechanical lithography 

(ML), and (4) local anodic oxidation (LAO).  

The positioning of individual atoms by the SPM tip is a technique with an ultimate precision 

and with high demands as well. (1) The ultra-high vacuum conditions (ρπ 0Á), ultra-cold 

temperatures ( τ +), and atomic resolution are necessary but often insufficient conditions. Although 

the technique of atomic manipulation is nowadays quite widely used, the pioneer of atomic 

manipulations is Donald Eigler, who first (in 1990) moved individual Xe atoms on a Ni surface into the 

famous IBM logo [37], and whose group developed this method up to the limits of possible, fabricating 

for example a structure enabling the observation of quantum mirage in scanning tunneling 

spectroscopy (STS) signal [38].  

On the other hand, (2) the dip-pen nanolithography uses the SPM tip much like an ink pen is 

used when writing, however, the ink is replaced by a solution of molecules that are capable of adhesion 
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and self-assembling on the surface (self-assembled monolayer - SAM). In order to transfer the 

molecules from the tip to the surface, the presence of the water meniscus discussed in chapter 2.1 is 

necessary. The DPN is a quite easily available method working in atmospheric conditions, room 

temperatures and achieving a relatively high resolution [39] of 15 nm. 

The simplest SPM nanolithography technique is (3) mechanical lithography (ML) using an AFM 

tip. Here, the tip is pushed towards the surface at a high load force to create holes or grooves. In spite 

of its simplicity, the technique is used in fundamental research, since there is only a purely mechanical 

influence on the surface. In comparison with that, electron beam lithography (EBL) using highly 

energetic electrons (5 ς 30 keV) or reactive ion etching (RIE) using ions (0.5 keV) and following optical 

lithography (OL) includes more significant influence on electronic properties of the material. If a soft 

polymeric material is used as the substrate, the technique resolution is limited only by the tip-apex 

radius [40] (typically about 10 nm). The main disadvantage of this method is the mechanical damage 

as a consequence of direct contact between the tip and surface. ML has been used in commented 

paper 2 to prepare graphene nanostructures on SiO2 surface (chapter 2.2). 

The last, but certainly not least, nanolithography technique is local anodic oxidation (LAO). LAO 

is carried out in an ordinary atmosphere and the presence of water on the surface or under the tip in 

the form of water meniscus (see Chapter 2.1 and Figure 2.3) is a necessary condition. Here, a voltage 

is applied between the conductive AFM tip and the conductive surface causing a dissociation of water 

molecules into hydroxide and hydrogen ions (OH-, H+). The hydroxide ions locally oxidize the surface 

acting as an anode while the hydrogen atoms evaporate. The applied voltages are in order of tens of 

volts and, considering the short tip-surface distance in nanometer units, the intensity of electric field 

is quite huge approximately Ὁ ρπ V/m which is also a critical value allowing oxide growth. Such 

a strong field can strongly influence water behavior as will be discussed later. The technique is 

applicable on conductive and semiconductive materials to create local isolation barriers. It has also 

been used to oxidize locally the top ςCH3 groups of highly ordered SAM monolayer of OTS (n-

octadecyltrichlorsilane) into ςCOOH groups for further selective chemical reactions [41]. Moreover, it 

can be utilized on a graphene [42,43], where opposite voltage was also used to hydrogenate graphene 

[44]. Since LAO on SiO2 was studied in detail by the author of this work from a fundamental physical 

point of view in commented papers 3 and 4, and from an application point of view for selective growth 

of metallic nanostructures in commented paper 5, let us take a closer look at this process. 

The theory of oxidation of metals was exhaustively described by Cabrera and Mott [45] and its 

part dealing with the formation of very thin (< 10 nm) oxide layers is suitable for LAO. Here, a 

propagation of oxide ions across the previously formed oxide layer (Figure 2.6) is understood as a 

sequence of tunneling jumps between the surface (P) and stable interstitial sites (Q1, Q2) through the 

potential barriers (S1, S2). Then, the general differential equation of oxide thickness Ὤ growth with time 

ὸ is determined by the formula 

 ÄὬ

Äὸ
ό ÅØÐ

Ὤ

Ὤ
 (2.20) 

where 

 
ό ό ÅØÐ

ὡ ὠ

ὯὝ
ȟ 

 

(2.21) 

 
Ὤ

ήὥᴂὟ

ὯὝ
Ȣ (2.22) 



13 
 

The ό is the empirical constant characterizing the speed of oxidation given by the number of 

penetrating ions and their drift velocity. A typical value of  ό is 104 cm/s. The ὡ  and ὠ are the 

potential barriers of surface-interstitial and interstitial-interstitial sites, respectively. The Ὧ  is the 

Boltzmann constant, Ὕ is the thermodynamic temperature, ή is the charge of ion, ὥᴂ is the half-width 

of the potential barrier, and Ὗ  is the externally applied voltage. Considering a certain saturation 

thickness of the oxide Ὤ Ὗ ȾὉ above which the further growth is strongly reduced, the equation 

(2.20) can be integrated as 

 Ὤ

Ὤ
ÌÎ

Ὤ

Ὤόὸ
ȟ (2.23) 

which is a logarithmic law of very thin oxide layer growth. 

 

 

Figure 2.6: (a) The Cabrera-Mott model of very thin oxide layer potential energy as a function of ion 

distance from surface (point P) into the oxide potential maxima (S1, S2) and stable interstitial sites (Q1, 

Q2). (b) ThŜ ǎŎƘŜƳŜ ŦƻǊ ŜȄǇƭŀƴŀǘƛƻƴ ƻŦ {ǘƛŞǾŜƴłǊŘ, Fontaine and Dubois [46] correction for local anodic 

oxidation.  

 Unlike the classical Cabrera-Mott oxidation theory where voltage is applied on a large area 

surface for a specific time, during the LAO the tip is being moved along the surface by the speed of ὺ 

fabricating oxide with lateral width of ύ . In order to estimate the time of the tip staying over a single 

ǎǳǊŦŀŎŜ ǇƻƛƴǘΣ {ǘƛŞǾŜƴŀǊŘΣ CƻƴǘŀƛƴŜ ŀƴŘ 5ǳōƻƛǎ [46] suggested a substitution 

 ὸ
ύ

ὺ
 (2.24) 

resulting in an indirect logarithmic dependence of the oxide thickness on the velocity 

 ρ

Ὤ

ρ

Ὤ
ÌÎὺ

ρ

Ὤ
ÌÎ

Ὤ

Ὤόύ
ȟ (2.25) 

and on applied voltage 

 

Ὤ

ήὥ
ὯὝ

ÌÎ
ὬὺὯὝ
όύ ήὥ ÌÎὟ

ὟȢ (2.26) 

The denominator in the relationship (2.26) according to experimentally reasonable values and 

logarithmic dependency is almost constant, and therefore the dependency on applied voltage is linear 

Ὤ Ὗ. 

 We experimentally validated the theory of Cabrera-aƻǘǘ ǿƛǘƘ ŀ ǎǳōǎǘƛǘǳǘƛƻƴ ƻŦ {ǘƛŞǾŜƴŀǊŘΣ 

Fontaine, Dubois represented by equations (2.25) and (2.26) for LAO of Si(111) surface in commented 
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paper 3. The activation energy ὡ ὠ πȢχχ Å6 was determined, which is between the values of 

activation energy of plasma oxidation (0.15 ς 0.4 eV) and thermal oxidation (2 ς 4 eV) [46]. Since the 

SiO2 molar volume is approximately two times higher than Si, the oxidized structures protrude above 

the surface and its depth-height ratio is 1 ς 1.4. The equations (2.25), (2.26) gives information about 

the oxide thickness, however, from the recent view of modern nanofabrication the lateral resolution, 

i. e. the width of the oxide ύ  is the most important. Related to this, we have proved the oxide width 

exhibits the similar indirect logarithmic dependency on speed and linear dependency on voltage where 

the smallest width (resolution) was 40 nm depending on the mentioned speed and voltage, and also 

on the radius of the tip (sharpness) which is given and on relative humidity (RH). Therefore, we decided 

to study the influence of the RH on LAO structures on GaAs in more detail in commented paper 4. 

 In commented paper 4, the decrease of LAO structure width with the decrease of relative 

humidity was experimentally proved. Too low values of RH lead to discharges in the oxidation process. 

Both of these effects are explained by considering the water-bridge between the AFM tip and surface 

(see Chapter 2.1) as the main source of hydroxide ions for LAO. Therefore, the water-bridge width as 

its variability with the RH is responsible for LAO structures width and its instability (Figure 2.7). In 

commented paper 4, the numerical finite element method (FEM) calculations of electric field 

distribution close to the AFM tip was performed without and with the presence of a water-bridge at 

different RH. It demonstrated how the water bridge (due to its high dielectric constant 81.0) pushes 

the equipotential lines deep into the native oxide layer (dielectric constant 3.5) increasing the intensity 

of the electric field as can be seen in Figure 2.7 (b), (c). As a consequence, the oxide ions are able to 

penetrate the oxide layer more efficiently. Therefore, the water bridge is not only a source of 

ƘȅŘǊƻȄƛŘŜ ƛƻƴǎΣ ōǳǘ ǿƻǊƪǎ ŀǎ ŀ άƭŜƴǎέ Ŧƻcusing the electric field into the native oxide under the water 

bridge. 

 

 

Figure 2.7: (a) The calculation of water-bridge width as a function of RH during the scanning of real 

GaAs surface by an AFM tip (left top insets) and the relative variability of its thickness (right bottom 

inset). (b, c) The influence of the water-bridge on the distribution of electric field under the AFM tip 

depicted in form of equipotential lines. 
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Finally, it is important to note that electric field also enhances the water condensation. Hans-

JǸǊƎŜƴ .ǳǘǘ ŎƛǘƛƴƎ [47] our commented paper 4 incorporated the influence of electrostatic energy 

density 

 ό
‐‐

ς
ὉȢ (2.27) 

into the Gibbs energy deriving the extended Kelvin equation* 
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Here, the ὴᶻ  is the reduced saturation vapor pressure at an applied electric field E. Then it is obvious 

that the higher electric field can strongly enhance water condensation, or, simply said, it increases the 

water bridge dimensions at the same level of relative humidity. 

 Here, it is possible to summarize the additions to the thermodynamic description of water-

bridge condensing between the AFM tip and surface in ambient conditions. The basic behavior is 

characterized by the Kelvin-Young-Laplace equation (2.1), however, for nanometer dimensions the 

corrections of surface tension should be included (2.5). In the presence of an electric field, the Kelvin 

equation in its extended form should be considered (2.28). This classical thermodynamic treatment 

can of course be overcome by the atomic calculations using molecular dynamics, or Monte-Carlo 

simulations, however, even these approaches are nowadays limited by the performance of computers, 

and also by a proper setting of inter-atomic potentials.  

 From an application point of view, the utilization of LAO is relatively wide. The main advantages 

here in comparison with the massively used electron beam lithography or photolithography is the 

absence of a resist, much less lithographic steps and really only a fine superficial influence on the 

sample. In comparison with that, the electrons in EBL and ions from reactive ion etching (RIE) following 

the PL influence deeper layers of surface. On the other hand, the disadvantages consist in the need of 

a conductive surface and impossibility to use in mass production. The LAO is seemingly useful only for 

preparation of oxide nanostructures, however, these structures can be easily transformed into  

metallic nanostructures as we have demonstrated in commented paper 5. Here, the LAO prepared 

oxide patterns on Si(100), and GaAs(100) were used for selective growth of gallium and cobalt, which 

is based on different surface functionalization and hydrogen passivation. 

                                                           
* Compare with the original Kelvin equation (2.1). 
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3 A brief overview of graphene 
Graphene represents a two-dimensional (2D) one-layer thick crystalline form of carbon atoms with 

ƘŜȄŀƎƻƴŀƭ άƘƻƴŜȅŎƻƳōέ ǎȅƳƳŜǘǊȅ (Figure 3.1 a, b). It complements the family of carbon allotropes 

(Figure 3.1 d-g) which also includes three-dimensional (3D) forms: diamond, graphite (known from 

ancient times), one-dimensional (1D) carbon nanotubes, and zero-dimensional (0D) fullerenes 

(discovered in [48-49] 1991 and [50] 1985, respectively). Although the simplest of all allotropes, 

graphene was experimentally discovered and recognized as an actually existing material at the latest 

in [51] 2004 by Andrej K. Geim, and Konstantin S. Novoselov. Originally, graphene was not believed to 

exist, because of the thermodynamic prediction of Landau and Peierls, it should be immediately torn 

off due to thermal oscillations*. In spite of this, Geim and Novoselov prepared graphene by the most 

primitive method using the peeling of graphite (Figure 3.1 e) by Scotch-tape which is called mechanical 

exfoliation [51]. It is possible, since graphite consists of graphene layers holding together by weak van 

der Waals forcesϞ.  

 

 

Figure 3.1: (a) Graphene, its (b) real-space and (c) reciprocal-space lattice grid [52]. Other carbon 

allotropes: (d) diamond, (e) graphite, (f) carbon nanotube, and (g) fullerene. 

 

 The hexagonal graphene structure can be seen as a triangular lattice with a basis of two atoms 

per unit cell (blue and yellow in Figure 3.1 b). The graphene lattice vectors can be written as [52] 

 ὥᴆ
ὥ

ς
σȟЍσȟ ὥᴆ

ὥ

ς
σȟЍσȟ  (3.1) 

where ὥ ρȢτς ᴠ is the carbon-carbon distance and the surface concentration of carbon atoms in 

graphene is 3.8 x 1015 cm-2. Graphene is extremely thin and its thickness can be compared with 

0.335 nm which is the distance between two graphene layers in graphite, however, its experimental 

thickness is often hardly estimated depending on the measurement method. The reciprocal-lattice 

vectors ὦᴆ, ὦᴆ are given by [52] 

 
ὦᴆ

ς“

σὥ
ρȟЍσȟ ὦᴆ

ς“

σὥ
ρȟЍσȢ (3.2) 

                                                           
* It was later proved that the stability of graphene against thermal fluctuations is ensured by its corrugations. 
Ϟ The same peeling of graphite layers allowed by weak inter-layer van der Waals forces has been used since 
1564 whenever we write with an ordinary pencil. 
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Graphene has unique and extraordinary properties. Since all the atoms are also surface atoms, 

graphene has the largest specific surface area (SSA) 2 630 m2/g (for comparison the carbon nanotubes 

SSA is 1000 m2/g). Further, the graphene is biocompatible and easily chemically functionalized [53]. 

No gas can penetrate the graphene membrane [54]. Graphene should be the strongest material [55-

56] ǿƛǘƘ ŀƴ ŜȄǘǊŜƳŜ ¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ* м ¢tŀ ό¸ƻǳƴƎΩǎ ƳƻŘǳƭǳǎ ƻŦ ǎǘŜŜƭ лΦн ¢tŀύ and intrinsic 

strength of 130 GPa which is caused by a huge covalent binding energy 7.6 eV of carbon atoms in 

graphene. As a monolayer, the graphene is particularly transparent, absorbing only “‌ ςȢσ Ϸ of the 

incident light [57] (in the infrared limit, where ‌ ρȾρσχ is a fine structure constant). The thermal 

conductivity of graphene is dominated by phonons and has been measured to be very high about 

5000 Wm-1K-1 at RT [58] and 710 Wm-1K-1 at 500 K (for comparison the copper thermal conductivity is 

401 Wm-1K-1) [59].  

Graphene has four valence electrons. Three of them form bonds with neighboring atoms in 

the plane, and the fourth electron in the 2pz state perpendicular to the plane is responsible for the 

conductivity of graphene (sp2 hybridization)Ϟ.  Graphene band structure was calculated theoretically 

by Philip R. Wallace in 1946 [61] long before its discovery as an elementary building block of graphite 

using tight bindingϟ model of 2pz orbitals of the nearest and next nearest carbon atoms in a grid with 

the Hamiltonian [52]  

 ꞊ ὸ ὥȟὦȟ (ȢÃȢ

ộȟỚȟ

ὸᴂ ὥȟὥȟ ὦȟὦȟ (ȢÃȢ

ộộȟỚỚȟ

ȟ 
(3.3) 

where ὥȟ (ὥȟ) are the operators annihilating (creating) an electron with spin „ („ ȟᴻȢ) on site Ὑᴆ 

on sublattice A (and an equivalent definition is used for sublattice B, Figure 3.1 b), ὸḗςȢψ eV is the 

nearest neighbor hopping energy (between different A and B sublattices), ὸḗπȢρ Å6 is the next 

nearest-neighbor hopping energy (between the same sublattices), and (ȢÃȢ is the Hermitian conjugate. 

Using the Hamiltonian (3.3) the energy bands can be found in a form [60]  

 
Ὁ Ὧᴆ ὸσ ὪὯᴆ ὸὪὯᴆȟ (3.4) 

where  

 
ὪὯᴆ ςÃÏÓЍσὯὥ τÃÏÓ

Ѝσ

ς
Ὧὥ ÃÏÓ

σ

ς
ὯὥȢ (3.5) 

The plus sign corresponds to the conductive band and the minus sign the valence band as depicted in 

Figure 3.2 (a). The dispersion relation (3.4) shows the graphene is a semiconductor with zero band gap 

in ὑ, ὑᴂ points of Brillouin zone. The physics of charge carriers close to the ὑ, ὑᴂ points which are 

                                                           
* The value was estimated by pushing the AFM tip into the suspended graphene membrane similarly to force-
distance spectroscopy measurement (see Chapter 2 ς FDS and Figure 2.2). It was also necessary to solve the 
problem of strength comparison between the two-dimensional graphene when the standard strength tests are 
designed for three-dimensional materials. 
Ϟ On the other hand, all four valence electrons in diamond create bonds in sp3 hybridization, and the diamond 
is non-conductive. 
ϟ The electrons in a tight-binding model are tightly bound to the atom they belong to and the interaction with 
states and potentials of other atoms of crystal is limited. Therefore, the wave function of the electron is rather 
similar to the atomic orbital of the free atom to which it belongs. 
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ŎŀƭƭŜŘ 5ƛǊŀŎΩǎ Ǉƻƛƴǘǎ όǎƻƳŜǘƛƳŜǎ ŀƭǎƻ dŜǾƛƭΩǎ Ǉƻƛƴǘǎύ is different in comparison with standard 

semiconductors (e. g. Si, GaAs, Ge), since there is a linear dispersion here (Figure 3.2 b) 

 ὉὯ ᴐὺ Ὧᴆ ὑᴆȟ (3.6) 

where ὺ σὸὥȾςḗρπ m/s is the Fermi velocity and ὑᴆ is the vector pointing to the ὑ ό5ƛǊŀŎΩǎύ ǇƻƛƴǘΦ 

The most important consequence of linear dispersion (3.6) is that the velocity of charge carriers is 

equal to Fermi velocity ὺ and does not depend on momentum (ὴᴆ ᴐὯᴆ) or energy. The situation is 

different compared with standard semiconductors whose dispersion relation can be approximately 

described by a parabolic dispersion ὉὯ ᴐὯȾςά  where the charge carrier velocity depends on 

momentum and energy; ὺ ᴐ ÄὉȾÄὯ ᴐὯȾά, where ά is the charge mass. Therefore, the speed 

ƻŦ ŎƘŀǊƎŜ ŎŀǊǊƛŜǊǎ ŎƭƻǎŜ ǘƻ 5ƛǊŀŎΩǎ Ǉƻƛƴǘǎ ƛƴ ƎǊŀǇƘŜƴŜ ƛǎ constant and high even at Ὧᴆ ὑᴆ resulting in 

the high mobility of graphene. It is also obvious that the charge carriers in graphene mimic the 

relativistic particles with zero mass, since the linear dispersion in graphene reminds the relativistic 

dispersion in the form of 

 Ὁ ὴὧ ά ὧ ȟ (3.7) 

where ὴ is momentum, ὧ is the speed of light and άπ is rest mass and for zero rest mass άπ π the 

relativistic relationship (3.7) is almost equal to linear dispersion (3.6) with effective speed of light ὧ

ὺ. Moreover, in graphene, the Klein paradox [62] is observed  which refers to the enhanced tunneling 

probability of relativistic (fast moving) particlŜǎ όŦƻƭƭƻǿƛƴƎ ǘƘŜ 5ƛǊŀŎΩǎ Ŝǉǳŀǘƛƻƴύ approaching to unity 

as the height of potential barriers is in order of electron mass άπὧ
ς. As a consequence, graphene is 

always conductive with a minimum conductivity (τὩȾὬ) [63]. 

 

 

Figure 3.2: (a) Graphene electronic bands (b) and their detaƛƭ ŎƭƻǎŜ ǘƻ ǘƘŜ 5ƛǊŀŎΩǎ Ǉƻƛƴǘ. 

 

 Graphene exhibits a strong ambipolar field effect [64] consisting in a change of charge density 

and consequent resistivity (Figure 3.3 - detail) as a function of gate voltage in field effect transistor 

multi-terminal Hall bar geometry (Figure 3.3). The Fermi level of intrinsic graphene crosses the Dirac 

point and there are no predominant charge carriers. Applying the positive/negative gate voltage 

moves the Fermi level above/below the Dirac point and the majority charge carriers will be 

electrons/holes. The surface charge density ὲ induced by gate voltage Ὗ  is given as  
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 ὲ
‐‐

Ὡὸ
Ὗȟ (3.8) 

where ‐ is the dielectric constant of vacuum, Ὡ is the elementary charge, ‐ and ὸ is the dielectric 

constant and thickness of the underlying isolating layer, respectively. For the SiO2 isolating layer with 

a thickness of 300 nm and dielectric constant of 3.9, it is possible to induce charge carrier surface 

concentrations up to 1013 cm-2 by gate voltage of 100 V resulting in a hundredfold reduction of 

resistivity. 

 

Figure 3.3: Graphene Hall bar structure and ambipolar electric field effect due to the position of Fermi 

level related to Dirac point. 

 

The intrinsic mobility of graphene is theoretically limited only by scattering on acoustic 

phonons to 2 x 105 cm2V-1s-1 (higher than any known semiconductor), and to 4 x 104 cm2V-1s-1 by SiO2 

substrate surface phonons [65] (best InAs field effect transistors [66]). However, the experimentally 

measured value is lower 15 x 103 cm2V-1s-1 and above the temperature of 100 K is further reduced [67]. 

High mobility allowing ballistic transport makes graphene interesting for devices exhibiting quantum 

mechanical behavior even at room temperature [68]. In a perpendicular magnetic field ὄ, the 

graphene allows undisturbed Landau levels (LL) with an energy of  

 Ὁ ÓÇÎὔὺ ςὩᴐȿὔȿὄȟ (3.9) 

where ὔ is the electron or hole LL index. As a consequence, the half-integer quantum Hall effect and 

Shubnikov-de Haas oscillations occur in the measurement of transversal and longitudinal resistivity as 

a function of applied magnetic field (in Hall bar structure geometry shown in Figure 3.3) [66-68].  

The previous properties make graphene very promising for high-frequency field effect 

transistors operating up to 100 GHz [70ς72]. The situation is worse in integrated circuits, especially in 

their logic elements, since, the Klein paradox ensuring minimum conductivity prevents achieving a 

complete off-state, and limits the on-off ratio up to 103. In order to overcome this problem, the 
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graphene band gap must be opened by different technological processes breaking the graphene 

symmetry like the patterning graphene into graphene nanoribbons [73], quantum dots [74], 

manufacturing related single electron transistors (SET) [75], modification by hydrogen [76], flor [77], 

nitrogen [78], or by the utilization of bilayer graphene [78-79].  

Due to a high sensitivity to adsorbants and biocompatilibity, graphene can be used in 

extremely sensitive gas sensors [81] or biosensors whose principle of working is based on resistivity 

changes of graphene field effect transistors (GFET in Figure 3.3) [82] or changes of enhanced surface 

plasmon resonance (SPR) at the interface of graphene/silver, graphene/gold interface [83] caused by 

different biological substances adsorbing on functionalized graphene surface. As a transparent and 

conductive material, it is very well suitable for optoelectronic devices: solar cells [84], liquid crystal 

displays [85], touch screens, and ultrafast photodetectors [86]. Besides electronic and optoelectronic 

applications, graphene has been successfully used as a transparent support for observation in 

transmission electron microscopy (TEM) [87, 88] or to improve the properties of composite materials 

[89]. 

3.1 Graphene CVD fabrication on copper foil 
The most serious problem for using graphene in applications is its quality on large industrial scale level. 

This problem was addressed by the άƎƻŘŦŀǘƘŜǊ ƻŦ ƎǊŀǇƘŜƴŜέ, A. H. Castro Neto, at the Graphene week 

in Barcelona in 2017 explaining the graphene properties which have been observed for layers 

composed from 1 to 5 monolayers perfectly arranged carbon atoms, however, the current industry 

produce layers composed of more than 10 poorly arranged monolayers of carbon atoms which is only 

a graphite. 

 There are about four commonly used methods to produce graphene differing in quality and 

costs for mass production. In terms of quality, the size of crystal grains l and charge carrier mobility m 

is evaluated. The best quality is achieved by original mechanical exfoliation (l > 1000 mm, 

m > 2x105 cm2V-1s-1)[90] and further deteriorates at chemical vapor deposition (l = 1000 mm, 

m  >  104 cm2V-1s-1), silicon carbide (SiC) decomposition (l = 50 mm, m > 104 cm2V-1s-1), and chemical (or 

liquid phase) exfoliation (l < 0.1 mm, m > 102 cm2V-1s-1) [91, 92]. Moreover, both exfoliation methods 

produce only individual flakes, which is not suitable for planar mass technology. Therefore, chemical 

vapor deposition (CVD) of graphene seems to be the most suitable method in terms of quality and 

mass production. 

 CVD growth of graphene catalyzed by metallic substrate is an effective way to fabricate high-

quality large-area graphene [93]. Copper is the most promising substrate in comparison with cobalt 

and nickel due to low carbon solubility in copper and low concentration of defects on copper grown 

graphene [94, 95]. Graphene CVD growth on a copper foil is based on the decomposition of methane 

into carbon forming graphene and hydrogen leaving the surface at high temperature, which can be 

realized by the procedure described by Li et al. [91]. Here, the Cu foil is heated up to 1000 ÁC in H2(g) 

atmosphere (pressure 5.4 Pa, flow 2 sccm) to clean and anneal the copper, and then the CH4(g) is 

introduced (67 Pa, 35 sccm) for graphene formation on the copper. Generally, to provide further 

analysis, the graphene must be transferred to an isolating surface (mostly SiO2 on Si). For this purpose 

the PMMA-assisted wet transfer method is used as follows. First, the graphene on copper is coated 

with poly-methyl methacrylate (PMMA) by a spincoating method. Second, copper is dissolved by wet 

etching in an iron nitrate solution. Finally, the graphene with PMMA is lifted from the solution by a 

suitable wafer [96].  

 The CVD growth of graphene on a copper foil was improved in commented paper 6 by 

introducing a template stripping method [97] for fabrication of ultra-smooth copper foils. The foils are 
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prepared by ion beam assisted deposition (IBAD) from a high purity copper target in a home-built high 

vacuum setup based on Kaufman broad ion beam sources [97] onto Si/SiO2 substrate (Figure 3.4 a-c). 

Further, the copper supporting layer is deposited by electrolysis in a mixture of sulfuric acid (H2SO4) 

and copper sulfate (CuSO4) (Figure 3.4 d-e). The roughness of the copper surface is limited only by the 

smoothness of the SiO2 template, and was below 0.6 nm, i. e. almost two orders of magnitude lower 

than the one observed on commercial Cu foils (Figure 3.4 f). The Cu surface also exhibits a low level of 

oxidation, low concentration of defects and contaminants resulting in the growth of a high quality 

graphene.  

 

 

Figure 3.4: Preparation of a copper foil by template stripping: (a) Si/SiO2 template, (b) deposition of 

copper, (c) protection of the edge areas, (d) electrolysis of a thick supporting Cu layer, (e) peeling-off 

the prepared foil, (f) top Cu surface is defined by template [98]. 

 

The mobility of graphene prepared on ultra-smooth Cu foils was quite high 3600 cm2V-1s-1 in 

comparison with graphene on commercial copper foils 1200 cm2V-1s-1 (at electron surface density of 

2x1012 cm-2). The value is still below the state-of-the-art values beyond 104 cm2V-1s-1 reported for CVD 

graphene when the graphene growth process (domain sizes and shapes) is optimized [99]. However, 

in the experiment the graphene fabrication was not been optimized, and the attention was paid only 

to the influence of Cu foil. On the other hand, generally, at less ideal conditions, CVD graphene exhibits 

a lower mobility [91] 4050 cm2V-1s-1, and line defects at grain boundaries can the mobility fall down to 

the value [100] 1100 cm2V-1s-1 which corresponds to our values. Moreover, we have measured visible 

Shubnikov-de Haas oscillations on the graphene prepared on ultrasmooth metallic Cu foil at low 

temperartures (2 K) and high magnetic fields (9T), proving well defined Landau levels [101].  
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3.2 Graphene and gallium 
As has been mentioned, graphene itself stands out with a number of remarkable features, however, 

some of its properties are suitable to improve in order to achieve practical applications. One way is to 

combine graphene with other 2D materials into heterostructures. Here, for example, the hexagonal 

boron nitride (hBN) is used as an insulating substrate for conductive graphene, and materials from 

transition metal dichalcogenides like molybdenium disulfide (MoS2) is used to incorporate a band gap 

for high enough on-off ratio in nonvolatile memory [102]. Another way is a deposition of individual 

atoms onto/into a graphene grid. Commented paper 7 focused on the change of electronic properties 

as a function of gallium (Ga) atoms deposited on a graphene surface. The motivation consists in the 

following facts moving graphene further to practical applications: (1) Ga nanoparticles can tune the 

localized surface plasmon resonance (LSPR) of graphene [103], (2) Ga enhances the reactivity and 

sensitivity of graphene on gas [104], (3) Ga can also be used as a catalyst for graphene synthesis [105], 

and (4) Ga enhances the surface-enhanced Raman scattering useful for detection of biomolecules 

[106]. 

 During the experiment presented in commented paper 7, a low dose deposition of Ga (< 4 ML) 

on CVD graphene was performed in UHV (10-7 Pa) while the transport properties in FET geometry were 

measured in-situ. For Ga concentration up to 39.6 x 1012 cm-2 (*corresponding to 0.04 ML) graphene 

proved to be strongly n-doped with an efficiency of 0.64 electrons per one Ga atom.  On the other 

hand, above this concentration, graphene started to be less n-doped (removing the electrons). Such a 

behavior is interesting in view of utilization of Ga for electronic and plasmonic applications. However, 

the sudden reversal of graphene doping is surprising. In order to understand the physics behind, 

density functional theory (DFT) calculation was used. It has been proved the individual Ga atoms dope 

graphene more than Ga layers and clusters as a consequence of utilization of electrons to bind Ga 

atoms themselves. To understand the argumentation in commented paper 7, the following text will 

briefly describe the DFT calculations and our arguments relating to this problem. 

 Density functional theory is a theoretical and computational approach for finding the energetic 

ground state of a system. DFT is based on an expression of the whole energy in the form of functional 

of electron density designed in agreement with best practices of quantum-mechanics and finding 

minimum of the functional using variational principles. Hohenberg and Kohn [107] have proved that 

the functional is a definite functional of electron density and acquires its minima for electron density 

corresponding to the quantum-mechanical ground state  

 Ὁ ÍÉÎὉὲὶᴆ ȟ (3.10) 

where Ὁ is the ground state, Ὁὲὶᴆ  is the functional of density, and ὲὶᴆ is the electron density that 

can be further expressed as  

 

ὲὶᴆ ȿ‪ ὶᴆȿȢ (3.11) 

Here, ‪ ὶᴆ are the individual electron wave-functions and the sum is performed over all the occupied 

states. The introduction of electron density depending only on 3 space coordinates is the main 

advantage in comparison with the multi-electron wave function ‪ὶᴆȟȣȟὶᴆ  depending on 3ὔ 

coordinates of all the ὔ electrons used in the Born-Oppenheimer approximationϞ. This way, the DFT 

                                                           
* Here, the one Ga monolayer (1 ML) on graphene is equal to the Ga concentration of 9.815 x 1014 cm-2 calculated 
by density functional theory (DFT calculation ς see below). 
Ϟ In the most general case, the motion of electrons and nuclei has to be considered. The Born-Oppenheimer 
approximation (BOA) is based on the fact that the motion of lightweight electrons is relatively higher in 
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reduces the dimensionality of the problem from 3ὔ to 3, significantly reducing the computational 

difficulty.  

 DFT is based on the proposal of an appropriate energy functional describing the physical 

reality. A suitable form is [108] 

 
Ὁὲ

ρ

ς
‪ᶻᴆɳ‪Äὶᴆ ὠ ὶᴆὲὶᴆÄὶᴆ

Ὡ

ς

ὲὶᴆὲὶᴆ

ὶᴆ ὶᴆ
ÄὶᴆÄὶᴆ Ὁ ὲȟ (3.12) 

where the first term describes the kinetic energy of electrons, the second term is the electron-nuclei 

electrostatic potential energy where the nuclei contribution is expressed as external potential, the 

third term is the electrostatic potential energy between electrons based on the Hartree 

approximation* ὠ ὲ and the fourth term is the so called exchange correlation functional 

incorporating the energy contribution of electron spins. The proposal of the exchange correlation term 

can stand out in different approximations, from the most simple local density approximation [108] 

(LDA) that can be expressed in an analytical form to the more complicated analytically indescribable 

forms. In commented paper 7, the general gradient approximation [109] (GGA) was used taking, in 

addition to density, also its gradient. Finding the minimum of the functional described by the 

expression (3.12) using variational Euler-Lagrange equations results in a system of equations called the 

Kohn-Sham equations [108]  

 ρ
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ᴆɳ ὠ ὶᴆ

ὠ‏ ὲ

ὲ‏

Ὁ‏ ὲ

ὲ‏
‪ ὶᴆ ‐‪ ὶᴆȟ (3.13) 

which is an eigenvalue equation for eigenstates of one-electron wave functions) ‪ ὶᴆ and eigenvalues 

‐. Since the electron density ὲ is expressed by one-electron wave functions ‪ ὶᴆ described by (3.11), 

the equation (3.13) needs to be solved by self-consistent iteration. The DFT numerical calculation in 

commented paper 7 was performed by Vienna ab-initio simulation package (VASP) which is supported 

also by molecular dynamics (MD) for finding relaxed atom positions [110ς112]. Using this combination, 

the energy, energy bands and consequent arrangement of atoms can be determined. 

 

                                                           
comparison with the motion of heavyweight nuclei, therefore, BOA assumes the motion of electrons in static 
distribution of nuclei to answer the question of electron-dynamics. 
* The Hartree approximation replaces the electrostatic interaction expressed as a sum of individual interactions 
between electrons by a more simple dependency of electrostatic energy on electron density expressed in the 
form of a functional (The Hartree approximation uses very similar concepts like the described DFT).  
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Figure 3.5: (a, b) Graphene band structure and (c) density of states at two distinct low concentrations 

of Ga atoms corresponding to 0.03 ML (a and black curve in c) and 0.50 ML (b and green curve in c) Ga 

coverage. 

 The DFT calculated adsorption energy of a Ga atom on a graphene surface is approximately* 

1  eV and the equilibrium distance of a Ga atom from a graphene plane is 0.222 nm. The adsorbed Ga 

atoms do not open a band gap in graphene, and n-dope the graphene, since the Fermi level is above 

Dirac (charge neutrality) point (CNP) (Figure 3.5 a, b). In density of states (DOS), an increase of states 

close to CNP can be observed at higher Ga concentration (Figure 3.5 c). The increase of Ga 

concentration results in a higher n-doping of graphene until the first Ga monolayer (Ga coverage 1 ML) 

is formed when the doping is zero (Figure 3.5 a). Such a result of calculation can be understood as a 

consequence of a lower binding of Ga onto the graphene in case of a complete Ga monolayer. The 

adsorption energy per one individual Ga atom on graphene in a completely formed first Ga monolayer 

is only 8 meV (more than 100x less than for individual Ga atom) and the distance of the Ga monolayer 

from the graphene plane is 0.404 nm (almost two times more than for an individual Ga atom). Further, 

the completion of a second and third Ga monolayer does not significantly change the adhesion energy 

and the distance of the first Ga layer from graphene. Simply said, after a completion of the first Ga 

monolayer, the electrons are involved in the binding of Ga atoms together, and therefore, there are 

almost no electrons to create Ga-graphene bonds and dope the graphene. While the first Ga atoms 

strongly dope graphene by electrons, the next ones take a part of the electrons from graphene back, 

and at a higher coverage Ga no more dopes the graphene (Figure 3.6 b). 

                                                           
* In the most stable central position ς above the middle of the graphene ring the adsorption energy is 987 meV, 
and in the least stable top position ς above the graphene carbon atom the adsorption energy is 941 meV. 
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Figure 3.6: (a) Concentration of charge carriers (electrons) in graphene as a function of Ga 

concentration calculated by DFT for layer growth (green circles) and for clusters composed of 2 and 3 

Ga atoms (red circles). (b) The change of graphene charge carrier concentration caused by adding one 

Ga atom as a function of Ga coverage. (c) Detail of (a) for Ga clusters composed of 2 and 3 atoms. 

 

 In DFT calculations it is possible to increase the concentration of ideally and evenly distributed 

Ga atoms on graphene until the completion of the first, second, third and other monolayers as has 

been done. However, this calculation helped us to understand the influence of Ga-Ga bonds by 

shortening their distances on the doping, in real room temperature conditions the Ga atoms can 

diffuse* along the graphene surface forming clusters and islands which has also been supported by the 

observation of island-like growth in commented paper 7. Due to clusters formation, the decrease of 

graphene doping can occur at lower Ga concentrations than in case of evenly distributed ideal layer 

growth that has also been supported by the DFT calculation. In Figure 3.6 (c) a significant slowdown of 

doping can be observed when clusters consisting of 2 and 3 Ga atoms are formed (red circles) in 

comparison with evenly distributed Ga atoms at the same concentration. However, it has not been 

published yet, recently, we have results for clusters up to 8 atoms proving a complete stop of doping 

after the formation of 4 or 6 atoms in clusters in case of a calculation without or with the incorporation 

of van der Waals corrections, respectively. 

 Considering the previous model of clusters formation and its influence on doping, the point of 

return in resistivity-back gate voltage measurement is a sign of a sufficiently large clusters formation. 

This phenomenon has two interesting consequences. Firstly, it is a point beyond which the additional 

doping is no longer relevant, and, secondly, it can help to estimate the diffusion length of Ga along the 

graphene surface. The second consequence was further developed in commented paper 7, where the 

diffusion length was estimated following the proposed theory that the return point in the experiment 

occurs at the formation of 3 atom clusters predicted by DFT. The estimated values incorporating only 

experimentally measured surface resistivity, DFT calculation or their combination ranged from 

approximately 1 to 2.2 nm which is a good agreement. 

                                                           
* The energy barrier of the Ga diffusion on a graphene surface calculated by DFT is only 106 meV. 
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4 Great unification ς graphene, biosensors, sensors and SPM 
The last but one chapter of the habilitation thesis has a character of a future vision where the author 

would like to aim his scientific interest in the future. Since all the aforementioned aims somehow 

combine graphene and scanning probe microscopy, I dared to call the chapter great unification. 

Hopefully, I will not offend theoreticians in the area of the grand unified theory (GUT) or even the 

theory of everything (TOE) by the illustrating but just playful similarity of the chapter title. The 

connection in this vision has a much more modest intentions, namely: 

1) to understand how the charge flow on graphene/SiO2 or on graphene/hydrogenated graphene 

influences the functionality of biosensors 

2) to use the graphene based water molecules sensor to estimate the SPM water bridge 

dimensions 

3) to use SPM or STM to observe a real arrangement of Ga clusters on graphene surface to 

support our indirect theory about the formation of clusters of Ga 

 

The first intention is closely related to Chapter 2.2 where the first pioneering KPFM measurement 

was used to observe the charge transport on a graphene/SiO2 system at different relative humidity.  

Since the recent graphene based biosensors operate in ambient conditions or in a water solution and 

their active graphene parts and passive isolating parts are directly exposed to environment water 

molecules, their functionality is influenced by charge transport across the graphene/isolating interface. 

In spite of this problem that is generally considered as a solved, however, that can be the cause of 

hysteresis and unpredictable sensor behavior, the attention is paid only to a better functionalization 

of graphene or increase the precision of transport response measurement. In this respect, the 

simultaneous measurement of biosensor resistivity sensor by a standard transport measurement and 

charge distribution evolution measured by KPFM in a controlled environment could help us to 

understand the physics behind the sensor response, to uncover the potential problems of specific 

types of biosensors, and finally improve their design.  

 The second intention is closely related to Chapter 2.1 and partly to Chapter 2.3 where the 

interesting problems of nano-volume water embodied by the SPM water-bridge were addressed. Since 

graphene itself proved to be a very sensitive sensor of water, and also the graphene based sensor 

utilizing the surface conductivity of SiO2 was used to design the most sensitive water sensor that has 

ever been made [33], the author of this work believes that the graphene based water sensor could be 

used to map the real dimensions of water in an SPM water bridge better than any method used so far 

and give us valuable information for our understanding of water in nanovolumes. 

 The third intention is closely related to chapter 3.2 where the influence of gallium on graphene 

electronic properties was discussed. However, our theory based on clusters formation appears to be 

probable, the experimental part is leaning on an indirect transport properties measurement, and 

despite of this theoryΩǎ logical simplicity and perhaps beauty, there is no direct experimental evidence, 

however, it might be done by UHV STM measurement. We believe such a measurement, despite of its 

complications (atomic resolution on not very well ordered CVD graphene on isolating SiO2), could 

dispel our last doubts about the truth can sometimes be beautifully simple, which I believe is also the 

sense of science.
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5 Conclusion 
 

The background of the entire habilitation thesis has two fundamental questions. First, why the SPM 

technology and graphene material have had such a strong impact in modern surface physics, and 

second, what is the author contribution to this field.  

The first question has been answered in introduction and in brief overviews chapters. In a short 

summary, both SPM and graphene have opened two big doors into research and application of 

surfaces. SPM has opened the wide door of studying surfaces down to individual atoms and graphene 

has opened the other fabrication door of really two-dimensional self-standing one-atom thick 

monolayers which are the very embodiment of the surface. The importance of SPM and graphene in 

ǘƻŘŀȅΩǎ ǎǳǊŦŀŎŜ ǇƘȅǎƛŎǎ ƛǎ ƛƴŘƛǎǇǳǘŀōƭŜ ŀƴŘ ŎƻƴŦƛǊƳŜŘΦ 

The second question about the contribution of the author has been answered in the chapters 

following the brief introductions. Here, a transition from general SPM and graphene problems to more 

specific issues solved by the author has been performed. These chapters deal with the atomic force 

microscopy water-bridge, Kelvin probe force microscopy (KPFM) mapping of a charge transport at 

different RH, local anodic oxidation fundamentals and applications in selective growth, graphene 

fabrication and doping of graphene by gallium. Lƴ ǘƘƛǎ ǊŜǎǇŜŎǘΣ ŀǳǘƘƻǊΩǎ scientific contribution covers 

the topics more focused either on physical theory or on experiment (applications), but also on the 

borders of both. At the same time, the author has been contributing to the research field of 

nanotechnology for  15 years of his pedagogical activities at the Faculty of Mechanical Engineering, 

BUT which is briefly mentioned at the end of this conclusion. 

AǳǘƘƻǊΩǎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ ǇƘȅǎƛŎŀƭ ǘƘŜƻǊȅ mainly covers the following areas.  

First, the complete thermodynamical model of the nano-volume AFM water-bridge explaining 

more precisely its shape and the forces acting on the tip in atmospheric conditions was suggested. The 

idea of surface tension correction has never been used in case of the SPM tip nano-volume water-

bridge, however, excellent physical chemists as Josiah Willard Gibbs and Richard Chace Tolman 

emphasized the necessity of such a correction in case of highly-curved surfaces in their fundamental 

works, which is just the case of this SPM water-bridge. This approach has shown the way, how the 

thermodynamic approach can be extended down to the mesoscopic dimensions on the border of 

classical macroscopic thermodynamics and modern molecular dynamics.  

Second, the author proposed a complete model enabling the calculation of surface resistivity and 

hydrophilicity in case of highly resistive surfaces from KPFM measurements of surface potential. The 

model is based on a charge diffusion equation, however, it is expanded by transitions between the 

charge and surface potential measured by KPFM and by transition between surface diffusivity and 

resistivity. Further, the knowledge of surface resistivity as a function of relative humidity enables to 

determine the surface hydrophilicity using the connection between the Brunnauer-Emmett-Teller 

theory and description of surface resistivity as a sequence of multiple-charge-carrier quantum 

mechanical tunneling processes. The connection of all this theories has never been used in case of 

AFM, however, it could open the door to some new SPM techniques enabling the measurement of 

surface resistivity of highly resistive surfaces, or the measurement of the hydrophilicity. With 

expanding computing capabilities, both of the mentioned quantities (surface resistivity, hydrophilicity) 

could be examined locally with a resolution limited only by a resolution of KPFM (recently 

approximately 40 nm). 
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¢ƘƛǊŘ ŀǳǘƘƻǊΩǎ ǘƘŜƻǊŜǘƛŎŀƭ ŎƻƴǘǊƛōǳǘƛƻƴ ǎƘƻǿǎ ǘƘŜ mechanism of interplay between the AFM-

water bridge formation and corresponding electric field distribution close to the AFM-tip, which is 

especially important in case of nanolithography techniques like local anodic oxidation (LAO). The 

calculation emphasizes the fact that water, due to its high dielectric constant, pushes the electric 

fieldinto the underlying oxidized layer enhancing the ion penetration. Considering the above, the 

water-bridge can be tǊŜŀǘŜŘ ƴƻǘ ƻƴƭȅ ŀǎ ŀ ǎƻǳǊŎŜ ƻŦ ƻȄȅƎŜƴ ƛƻƴǎΣ ōǳǘ ŀƭǎƻ ŀǎ ŀ άƭŜƴǎέ ŦƻŎǳǎƛƴƎ ǘƘŜ 

electric field into the space of an isolating layer and thus enhancing ion penetration.  

AǳǘƘƻǊΩǎ ŎƻƴǘǊƛōǳǘƛƻƴ ǘƻ ǘƘŜ ǇƘȅǎƛŎŀƭ experiment and applications mainly addresses the following 

areas.  

First, it has been experimentally shown how the dimensions of LAO structures (height, depth, half-

width) are related to the experimental conditions such as applied voltage, scanning speed, sharpness 

of the tip and relative humidity. Such a knowledge is a critical in nanotechnology where the method is 

used to fabricate the smallest nanostructures and shows the limits of the method. Here, the limits are 

in order of tens of nanometer in respect to width and in order of units of nanometers in case of height 

and depth. This technique has been recently used mainly in surface science rather than in technology 

applications, however, in future, it can expand and move the resolution limits of mechanical, electrical 

engineering methods of mass machining.  

Second, the methods have been developed to transfer the pure oxide structures prepared by LAO 

into a metallic form with almost the same nanometer-scale resolution using a combination of ion beam 

sputtering or selective growth of metals. While the transfer using ion beam sputtering is based on 

further ion beam milling of material masked by oxide structures, the transfer based on selective growth 

is based depends on different sticking coefficients of metallic particles (atoms, ions) on oxidized and 

non-oxidized areas. These transfer methods further expand the exploitation of SPM nanolithography 

into other fields related to preparation of metallic nanostructures. 

Third, more applied contribution falls into the field of graphene preparation. Here, an original 

method for preparation of ultra-smooth copper foils for graphene growth was proposed and varified. 

The method is based on the deposition of a copper thin film on Si/SiO2 template, and subsequent  

peeling-off of this film  then offers an ultra-smooth and extra-clean copper surface for CVD graphene 

growth. Despite its simplicity, the method can rapidly improve the quality of graphene (e. g. mobility 

of charge carriers and crystallinity) grown on as prepared Cu foils. Since the utilization of graphene 

extraordinary properties in different fields reaching from graphene composite materials to graphene 

based electronics extremely depends on the quality of graphene and the CVD technique shows to be 

the most universal and promising method for large-scale graphene fabrication in science and industry, 

the mentioned method could become a necessary complement of CVD graphene growth.     

The last author contribution mentioned in this thesis lies on the border of application and theory. 

The graphene itself is not a solution for all the problems, however, it could sometimes appear so. Its 

properties must often be tuned to meet the criteria of a specific applications. In case of electronic 

applications, it is necessary to tune the density of charge carriers, and in case of photonics, it is 

necessary to influence the interaction with electromagnetic waves, which can be achieved by 

deposition of metallic particles. Related to this, the extraordinary n-doping ability of Ga atoms has 

been proved experimentally by simultaneous deposition and transport response measurement. 

Moreover, there is a certain critical Ga concentration above which Ga does not dope the graphene. 

Based on the quantum mechanical density functional theory (DFT) calculation, the author was able to 

explain this behavior as a consequence of Ga island formation. In such Ga islands composed of several 
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atoms, the electrons are involved in Ga-Ga bonds, therefore, they cannot increase the number of free 

charge carriers in underlying graphene, which determines and limits the doping ability of Ga.  

Finally, the fields of graphene and SPM technology has been completely connected to a recent 

three-year D!2w ǇǊƻƧŜŎǘ ƎǊŀƴǘŜŘ ŎŀƭƭŜŘ άLƴ-situ Kelvin Probe Force Microscopy of a Graphene 

bŀƴƻǎŜƴǎƻǊ ŀǘ 5ƛŦŦŜǊŜƴǘ wŜƭŀǘƛǾŜ IǳƳƛŘƛǘȅέ ǿƘŜǊŜ ǘƘŜ ŀǳǘƘƻǊ ƻŦ ǘƘƛǎ ǘƘŜǎƛǎ ƛǎ ǘƘŜ ǇǊƛƴŎƛǇŀƭ ƛƴǾŜǎǘƛƎŀǘƻǊΦ 

Here, the team composed of 3 postdocs and 5 Ph.D. students carries out simultaneous KPFM and 

transport measurements of graphene sensors and nanosensors in ambient and vacuum conditions. 

Related to this project, the answer of fundamental questions dealing with the problem of graphene 

sensor transport response and its relation to the distribution of the electric charge measured by KPFM 

should be given. 

The author of this thesis is a founder of the graphene group at the Institute of Physical 

Engineering, Faculty of Mechanical Engineering at Brno University of Technology (FME BUT). At 

present, the graphene group counts 3 postdocs, 5 Ph.D. students, 15 master and bachelor students. In 

the field of SPM and graphene, the author was a co-supervisor of 1 Ph.D. student, 10 master students 

and 13 bachelor students, who successfully defended their theses. Nowadays, he is a co-supervisor of 

3 Ph.D. students, 2 master students and 2 bachelor students. The experience of the authorΩǎ research 

has been completely projected into special lectures ά{ta ƴŀƴƻƭƛǘƘƻƎǊŀǇƘȅά ŀƴŘ αDǊŀǇƘŜƴŜά organized 

for students of the Physical Engineering and Nanotechnology course  as a part  of the α5ƛŀƎƴƻǎǘƛŎǎ ƻŦ 

ƴŀƴƻǎǘǊǳŎǘǳǊŜǎά subject. Suitable problems of SPM and graphene are also discussed ŘǳǊƛƴƎ άvǳŀƴǘǳƳ 

ƳŜŎƘŀƴƛŎǎέ ŀƴŘ ά{ƻƭƛŘ ǎǘŀǘŜ ǇƘȅǎƛŎǎέ ŜȄŜǊŎƛǎŜǎ led by the author for the students of the 3rd year of the 

Physical Engineering and Nanotechnology course at FME BUT. Some simple interesting problems of 

nanotechnology dealing with classical mechanics, thermodynamics and electromagnetism (e. g. forces 

acting on SPM tip, Coulomb blockage as an extension of spherical capacitor etc.) have been regularly 

used as enrichment ƻŦ ǊƻǳǘƛƴŜƭȅ ǎƻƭǾŜŘ ǇǊƻōƭŜƳǎ ƛƴ ŎƻǳǊǎŜǎ ƻŦ άtƘȅǎƛŎǎ LέΣ άtƘȅǎƛŎǎ LLέ ŦƻǊ the students 

of Mechanical Engineering having been taught by the author for the last 15 years. 
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