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This thesis dals withscanning probe microscopy (SPad two-dimensional matdal graphene and
their impact on themodern physics of surface$he brief introductions of the fielare extended about
the comments of autha® éontributions represented by seveselectedpapers. The contributions are

of atheoretical and experimental charaateouchingon the issues of atomic force microscopy water
bridge, Kelvin probe force microscopy mapping of charge transpographene/Si@nanostructures
local anodic oxidation furaimentals and applications in selective growth, graphene fabrication and
doping of graphene by gallium.

SPM, graphenayater, LAQ selective growthKPFMcharge transport, diffusion equation, BET theory,
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1 Introduction

The main and linking topic of this habilitation thesis is physics of surface$repethe perspective of
scanning probe microscopy (SPM) and graphene. Deggiteg different SPM is amicroscopy
techniqueand graphene is wo-dimensionalmaterial, both together caused eeal revolution in our
understanding of surface physicBhoughalmost nobody hadeard of SPMbefore 1981, andeven
graphene before 2004, since thema hugevolume of scientific aticles has been publishedand
numerous patent applicationdealing with these topichave beerfiled. In todayQ scientific world
specialconferencesare heldand specialjournalsare printed, dealingonly with SPM or graphenand
both of them have become a common partsafientificdictionaries in various fieldslere, we have to
ask:&What is behind this hint?thy havethese two discoveries been so influential in modern surface
physicsin addition to other field% To answer thesguestions, letushave a look at things in a wider
context.

Ingeneral, physics of surfacesaiglifficult discipline, since the presence of surface boundaries
disturbsthe periodicity and symmetry of atom arrangement in bulk sglidgking their mathematal
description more difficult. This fact was nicely expressed by Wolfgang Paulifamagsstatement:
¢God made bulk; surfaces were invented by deMihfortunately, the harderit is to understand the
surfaces, the mordruitful they are sincenowadays in the era of nanotechnologyve more often
meet and will meetobjects defined predominantly by their surfaceTherefore, any discoverhat
ONAyYy3JIa GKS af Adakidsdid (1 NEBEKA T A | oRignlicRs imfokance hada A &
only in theory but also in applicationk this sense, we can say abo8PM and graphene without
exaggeration that they really atbe huge lighs and as the gospel of John sgidh (1 K N®é ligh8 TY @ X
shines in the darknexXg Xdua in tenebris luceXé dhis ismainlycausedoy the followingfacts.SPM
includesa family oftools that first enabledus toobservethe surface and its properties down the
atomic level. Graphene is thendirectembodiment of the firsisolatedtwo-dimensional oneatom-
thick material consisting only of its surfadbese factsvereknown or at least expected in 1986 when
Gerd Binnig and Heinrich Rohrer were awarded b 2 6 St fdr M&irl d&signiof the scanning
tunneling microscopge  Fond\ild lhe SPM family and ithe year 2010 when Andre Geim and
Konstantin Novoseloreceived theb 2 6 St far dgiduhdBreaking experiments regarding the two
dimensional material graphege@though thesediscoveries contributéo surface physici slightly
different ways, what they have in commols arelative simplicity, wide versatilityeasy accessibility,
potential for solving fundamental questions aadroad range of possible applications. It all caused
their popularity across the saitific communityshortly after their iventionandledto theird Y I & & A @S ¢
utilization.

Thepath thatauthor of this thesisookF N2 Y {ta (2 3INFILKSYS Aa FI N f§
undoubtedly also filleavith a lotof very interesting physics and has its own stétythe end of 2002,
| first learned about SPM techniques while working on my diploma thadise Institute of Physical
Engineering at Brno University of Technology (IPE.BWThattime, | wastesting the possibilities of
atomic force microscopy (AFM) for the study of selenbled monolayers (SAM) and modification of
surface by local anodic oxidation (LA@jng the AFM tip. The second topittracted most of my
attention, since LAO represents a quite simple arasily applicable method for localusface
modification, however, behind it is hidden a lot mte, fundamentahnd not very wetunderstood
physics (e.g. charge diffusion across oxide barrier, the influence of extreme electric fieltseand
strange behavior of wateat the nanometerscalg.

Therefore, during my Ph.D. study 20032009, | focusedon the understanding of théasic
processes governing theAQ however | was also fascinated by its applicatidosthe selective growth
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of metals, and mainly by its utilization the fabricaion of real quantummechanical nanodevices
where phenomenalike quantum transport in pointantact, the Coulomb blockage ahe Aharonov
Bohm effect could be studiedh nanostructures exhibiting such a behavior it is necessary to confine
the charge carriemotion to a smalhreawithout asignificant disturbancef their crystallinity to fulfill

the strict conditions of ballistic transport. The usual way of limiting the carrier motion in 2 dimensions
at high mobilityis by use otwo-dimensional electron/ble gases (2DE/HG) fabricated at the interface
of heterostructures(e.g. AlGaAs/GaAswith the use ofa relatively expensive and demanding
molecularbeam epitaxy (MBE)hanks to my paitime job atthe Institute of Physics &he Academy

of ScienceflP ASin Prague | had access to an apparatus produtiesecperfecte 2DE/HG that could

be used as a basic substrate forthar patterning towards thenentioned quantum device©ptical
lithography or electron beam lithography (EBL) is often usedittem 2DE/HG into a requirddteral
shape however, we decided to test the possibilities of LAO in such patterning siappatred tobe
much finer, especially with regard to the creation of edges that are a critical Akheughduring my
doctoral study LAO proved to be a useful technique for patterning 2BBfconfining the lateral
motion of electrons it provedto be very difficultto fabricate shallow 2DEG with sufficiently high
St SOUNRBY RSyaAade G2 20aSNBS rsgort expefrersSIt vay oD S €
difficult to fabricate aheterostructue quantumwell deep beneath the surface (> 50 nm), however,
the obstacles of this task grow as the quanturall approaches the surface (< 30 nm). The closer th
surface, the more electrws arell NI LILJISR 6@ dzy LINBRA Ol I ®ieSto iedRISti®A f £
2DEG by low penetrating LADis necessary to have trguantumwell close to the surface. This was

a problem that could not be easily solved by heterostructureal&aAs/GaAand MBE.

Moreover, thiswasthe year2009 when | finished my Ak, moved completely tdBrno (IPE
BUT)eft my part-time jobin PragugIP A% andalsolosteasy access to an expensive MBE apparatus
so necessary for studying 2DE/HGooked like the end of my work with twdimensional gases of
charge carrierddowever, during the years of my cooperation with IP AS, | found pleasinephysics
of 2DEHG and | did not want to leave this field completely ewbaugh | was still keeron SPM
technologiesDuring thistime, grapheneappearedlike ¢a bolt from the blué. Apart from its other
extraordinary and interesting physical featukfes A G & SSYSR (2 ¢ an@mostidead |
material to replacehe 2DE/HG GaAs/AlGaleterodructures 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 incrediblystable,yet, thinnest possibleand, finally bestof all, it wasavailableto anyone
without anyextrabudget. Mechanical exfoliation of graphene using Sctagie that wefirst decided
to use in Brno cost almost nothing but effortAnd kter when we sarted to use our homduilt
chemicalvapor deposition (CVD) furnace, everyihhiwas much cheaper icomparison with MBE
technology, and the physics behiitdvasjust as fascinating.

This waghe main story, how the author of this thesi®uld move from SPM technologies to
graphene, however, he remained faithful to both. Furtherthis work, themost importantresults
achieved bythe author and his colleagues in thedields (SPM, grapheneyill be described and
primarily, included into the overall scientific framewodk surface physics



2 A brief overview of SPM

Nowadays sanning probe microscopfSPM) includes more than 30 techniqudg that have in
common scanningf a sample surface using a sharp prdlip) to gain information about its local
physical properties down to atomic resolutidhdoes not make sese to list althe SPM branches here
and instead letis focus @ those ones that haveeenused or are importanto present the results of
this work(Figure2.1).

SPM

ST™M SFM

[AFM | [ EFM | [ MFM |

[ ML [ FDS KPFM | SCM | LAO

Figure2.1: A brief overview of SPM used (blue shaded) and mentioned (grey shaded) in this work and
their relationship. (MIlg mechanical lithography, FlzSorce distance spectroscopy)

The firstof the SPM techniques is scanning tuhing microscopy (STMjorn in 1981 STM
utilizes an exponential decay aftunneling current witha tip-sample separatioto image a sample
topography (more accurately, local density of statédthough thephysicalprinciples of quantum
tunnelinghavebeen known since the beginning of the™8entury, the inventors of STM Gerd Binnig
and Heinrich Rohrer were able to solve plenty of practical problems leading to a truly usable apparatus
YR (Kdza 2LISY SR (i KShesemndshagicprotlems wese (L Knihbh df tipsamaled
in a distance of less than one atom, {B) sharpeningnto an almostsingle atom, and (3) damping of
ubiquitous vibrationsC2 NJ § KA & LJzN1J32 aS> (GKS Ay @Sy 2 Mbislikdzd SR
(1) piezelectricmaterials, (2) high electrifields in vacuunttip-i 2 dzO k& sGaée, and (3) double
stage springsystem with eddycurrent damping[2]. Moreover, they showed a benefit of ST
imagingthe challenging 7x7 reconstruction of Si(113) In an incredibf short time of 5 years (until
winning the Nobel Prizén 1986, the set of technical solutions inspiring all the SPM industry were
performed Among othes, the STM was moved from vacuum indoe air [4], incorporated into a
scanning electron microscope (SEB])used to determine energy gaps using tunneling spectroscopy
[6], andto gainlocalsurface potentia[7].

Since STM is primarily designed toasere conductive sampleserd Binnig patentethe
atomic force microscopy (AFM) technig[83 in 198 applicable alsmn non-conductive samplef9].
AFM uses a dependency of atomic fordesvn to 108N on a tipsample separation to image a sample
topography (more accurately, local #ffample force)AFM laid foundations of a large scanning force
microscopy (SFM) family utilizing a detection of different forces,shart-range Pauli repulsion, van
der Waals, capillary arelectromagnetidorces In all SFM,He tip-sample force isisuallydetected by
abending(static modepr by aresonance frequency changeynamic modedf a cantilevexwhere the
tip is placed onRecently a subatomic resolution corresponding the infa@omic charge density can
be achieved by a dynamic AFM magsng ag-plus sensobased on a watchmaking tuning fdiO-
11].
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SFM techiques can be dividealccording tahe kind ofa prevalent forcén a certain tipsample
distance The shorrange Pauli repulsioff 'Q ) and van der Waals attractioh Q ) is used in
AFM On the other hand, the longangemagnetostatic ( ‘Q ) andeledrostaticinteraction( Q )
is used in electrostatic force microscopy (EFM) and magnetic force microscopy (MFM), respédively
stated by Richard Feyman in his famous lecturdd?2] the force versus the distance between two
interacting atoms is of the most important in science being at the basis of our understaoiding
interactionbetween two objects. Thereforefaf { Ca Q& | NB SEGNBYSt & AYLRNI
to perform a forcedistance spectroscopy (FDS) in a single point ofteheaitomic level.
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Figure2.2: Tipsample force as a functioof tip-sample separation (a) and a corresponding ferce
distance curve measured in real AFM experinaaming approaching/retracting of the tip, respectively

[1].

Figure2.2 (a)depictsthe ideal dependency of the tipample force on thelistance andrigure
2.2 (b)the usual real forceadistance curve measured by approaching/retragtof the AFM tip in static
mode. While inthe ideal curve (a) a nice smooth transition from repulsive to attractive foces be
observedthe real measurement isften characterizedy an approachingnapin (Figure2.2 c-d) and
a retractingpull-off (Figure2.2 h-i) force as a consequence of suddencantileverdeflection The
approachingnapin of the tip towards thesurfacecan be explainetly a sudden predominance of the
attractive tip-sample face over the repulsive forceaused by theantilever defledbn (Figure2.2 a-
c). The cantilever deflection force is depicted as a(ffigure2.2 dashed line crossing the,@ince it
Oy 68 | LINZEAYL (SR &BO wherd Qs th&fdrad tohstast bf Sahtdevet an &
YQis thebending ofthe cantilever.On the other handthe retracting puHoff is caused by a sudden
predominance of the repulsive cantilever deflection force over the attractivsdipple forceKigure
2.2 h). Consequently, the pubhff force Figure2.2 h-i on force axis) is proportionalub not exactly
equal to the maximum attractive tip sample force. This problem is solved by utilizatiloa cdntilever
with a suitable stiffnessr by combinatn of a static and dynamic modé3] when the real curve
(Figure2.2b) is more like the ideal curvEifure2.2 a). In ambient condition, the pulbff force is mainly
determined by a force resulting from the condensation of water between the tip and the stirface
which is he topic we dealt with in the commented papé&rand which is briefly described in the
following chapter.

" The dependences of force on distargtare valid for two atoms, magnetic dipoles or ions.
"The same capillary and tension ford¢esd togetherthe grains of wet sand when we built castles as children.

4



2.1 Ambient SFM and watdaridge

In general, the best resolution using SFM is achieved in vacuum conditions, however, with increasing
utilization in chenstry, 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 arttie surface into a water bridge occuiSigure2.3) and is stable

even at relative humidity less than 100% (saturated vapors). This is described by the equilibrium
thermodynamé¢ KelvinYoungLaplace guation[14]

(o

= — R

PP [ - (2.1)
o =

—_—)

U
n
where i is Kelvin radius characterizirthe mean curvature of water water vapor interface
determined by the main radii of curvatuie,i ; [ is the interfacial energy dhe liquid and water
vapor, @ is the molar volume of waterY is the molar gas constantYis the thermodynamic
temperature, and the ratio of partial water vapor pressuyeand saturated water vapor pressuné
corresponds to the relative humidity RH. Since most of the SFM measureanenarried out aty 'O

p Tt T, the waterbridge is stable when 1 which isachievedin an SFM water bridge by a low
negative radius . Therefore, the bridge is more like a cavity, aatrop. The KelvitYoungLaplace
equation also predictsan increase of the watebridge dimensions with relative humidittrongly
dipolar water mdecules and highly curved surface of this water bridge results in a reduction of van der
Waals and electrostatic forces, respectively. Consequently, the vimigge capillary and tension
forces have a crucial impact on AFM and EFM in ambient conditions.

(b)
101 R=10nm total adhesive force
8_
< 8]
] van der Waals force !
4 — capillary force
2l :
. tension force
0

0 10 20 30 40 50 60 70 80 90 100
RH (%)

Figure2.3: (@) Geometry of watebridge (meniscus) betweerhé¢ AFM tip and the surfaceb)(
Calculated forces as a function of relative humidtyAFMtip with radiusR= 10 nm[15].

The waterbridge between the SFM tip and surface influences not only forces buthaka
strong impact on SPM nanolithographgchniques, e. g. local anodic oxidation (LAO) anepéip
nanolithography (DPN) (see belo@hapter 2.3). Moreover, the watetbridge exhibits extreme
fundamental physical properties of na2 f dzyS ¢l G SNJ 32 3SNY SR Yl Ayte oe@

For example,he Laplace pressure differenfid]

o |
Yo — (22)



between the inside and outside of the meniscus at RT and RH %f i3fecordablenegative[16] -160

MP4d [17,18,19]. At such a strong negative pressure the water vapor cavities should start nucleating
or, easily saigthe water should start boiling even at room temperatufidat is not the case of nano
volume AFM watebridge, since any cavity needs to achieve a certaitical value to continue
growing, unlesit disappearsThiscan be explained if we calculate a change in Gibbs free eé@yy
when a cavity of radiu¥ forms[19]

< T < .
Yo 0 O 8“ YeyY Yl h (2.3)

where "0 and 'O are Gibbs energies inside a spherical vapor cavity and its iqpior surface,
respectively. The ¥* corresponds to a decrease othemical potential of a single molecule of liquid
water transforming into a single molecule of vapor water which is morélstat conditions of
cavitation The cavity can grow independently if it reaches the critical rddRis

q
above which the Gibbs free energy decreasesa hancvolume water bridge, the cavities cannot
achieve the critical sizeannot grow andhe bridge is stable at this egimely negative pressufeThe
liquid water ata negative pressure at RT belongs to metastable liquidish can be evaporated by a
sudden stimulus since they are not thermodynamically stabilae concept ohegative pressure is
related to the fact that the interatomic forces of water can be both repulsive and attractive, similarly
to tip-sample force depicted iRigure2.2 (a), howeverat a pressure less thaerothe attractive forces
between water molecules prevatbuch water will tend to collapse and act on the outside with the
opposite(negative pressure The waterbridge formationitselfis very fast. The time necessary to form
the bridgeis 5 ms at R&nd approximately 1 ms at higher temperatw60 AC[19].

(2.4)

Based orthe above no wonder the SPM watebridge attractssuchattention. The drect
experimental observation of bridge was performed by Righssure environmental scanning electron
microscope (SEM). The bridge appeared to be larger than the thermodynamic prediction. This was
concluded by the fidure of the classical thermodynamic mod20]. Later,van Honschotert al.[21]
calculated the charging ahe water-bridge by SEM electrons reducing ihéerfacial energy of liquid
leading to unpredictable increase of wateridge dimensions.He 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 aj@&ih

In commented paper 1, we used tlierce distance spectroscof##rD$ measurement othe
pull-off force to estimate the dimensions of water as a function of relative humidity. For this purpose
the theoretical model was sggsted. The shape and dimensionghaf water-bridge were predicted

* That is value beyond the theoretical limit predicted by homogeneous nucleation thelt9 (Pa at 25C)

and below the theoretical limit predicted by spinodial breakdown thee2@@ MPa at 3%C). Thexperimentally

most negative pressur@5 MPa was achieved by an acoustitiod in macrevolumes of waterand-140 MPa
achieved by an aqueous inclusions using quartz crystals in-wotumes of watef17-19].

" The similar negative pressure is achieved in water filling the pores of treresldaell wall pores) having
diameters of 2¢ 5 nm. Thereforethe trees are able tgull water up to the heights above 100 aventhough

the standard atmospheric pressu(@(® 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 duedmall diameter of xyleme 20200

mm and pores at which the critical radius of cavity cannot be achieved.

1t 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 ofhe thermodynamicKelvirYoungLaplace equationBased on thighe

total adhesive force consisted from capillary, tension and van der Waals contribution was calculated
(Figure2.3 b). The dependence of capillary force on iReteasesup to 60% due to thencrease othe
water-bridge dimension and tiarea dipged into the water However, above 606 the capillary force

goes down, since the Kelvin radiosreases reducing theaplace pessure differencenthe 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 ttie pull-off force measurement
reproducibility thatprovedto be crucial fothe measurement of a naneize water bridgeThe problem
of reproducibility was nicely addressed bgn Eiglerthe father of SPM manipulations of individual
atoms whosaid[23; 6C2 NJ dzaX G KI 4Q&a | &a2NI 2F al ONBR (GKAy3d
about science is reproducibility. If you cannot reproduce your own results, you might as well forget it.
LiQa QR YIF0$ Mhdieofh® calefill consideration of reproducibility and measurement
errors, it was able to find up thaccuratepull-off force vs RH dependence withe convexconcave
like initial increase ofhe total adhesive forceHigure2.3 b RH from 20 to 6@6).Based on thiswe
suggestedareduction 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 withthe conclusion made by Josiah Willard Gildasly in the 19 century
transformed in 1949 by Richard Tolman into a relafi>4] between the surfacé  and bulktension
I

I p
h
r p q TY

where] is the Tolman lengtiwvhichis an empirical constarfor a droplet of infinite radius an® is
the real finite radius.

(2.5)

However, the future wilbrobably belong tahe bottom-up approach bynolecular calculations
of water-bridge onthe basis of molecular dynamics (MD), Monte Carlo (MC) or density functional
theory (DFT). They still have problems to explain the whole adhesiveo{futbrce curve(Figure2.3
b) in its decreasing paf25], or even its whole charact¢26] (permits only a fall or growth, not both
as can be seein Figure2.3 b). From this point of view, the correction of surface tension term in
macroscopic thermodymaic KelvirYoungLaplace equation can help us wilop-down approach to
the experimental reality.

2.2 EFM and KPFM

In 1898 William Thomsori I 4 SNJ { YA IKGSR wagisRto veagud AhgontacF [ | NH 2
potential difference (CPD) of copper and zitate inanarrangemei 3 A YA T I NJ G2 (2RI @ Q&
[27]. The CPDetween the conductive tignd surfacdsa voltagew  proportional to the difference

of their work functionds  andBiy defined aq28]

3¢

' P

© b B (26)
whereQis the elementary charge. Generally, when the plate capacitor is in an electric circuit equalizing
the Fermi levels, the CPD correspondghe charge trapped in surface $& which was the case
measured by Kelvin using an dgiche goldleaf electroscopeA more precise measurement of CPD can

be achieved by mapping the current flowing across the circuit while the distarteeée the plates

of capacitor gcilate (changes capacity in the circuit) as was firstly perforifa&d by William Alber

Zisman in 1932. The method based on this current mapping is called Kelvin Probe (KP) and measures



averagemacroscopi€CPD of the whole sampléth an energy resolution of 1 meV. On the other hand,
the Kelvin probdorce micrscopy (KPFM) which was firstrimtiuced by Nonemacher{30] et al. and
Weaver[31] et al.in 1991 measures local CPD with a spatial resolution better #flanm and energy
resolution 5¢ 20 meV.Sincethen, the KPFM has experienced a huge expansion and shifted its
resolution to measuring the potential distribution of individual molecules

(a) (b)
EVac

mTip
ETip

y
Conducting g, g
coating \ :
VCPD

e CRenl T Sl be

e D

Figure2.4: (a) The creation of contact potential difference in case of two different metals as a
consequence®f their different Fermi levels. (b) The scheme of Kelvin probe force microscopy (KPFM)
[32].

KPFMisbaseddheY S| A dzZNBYSy i 2F St SOGNRO FT2NDOS gKAOK
approach, however, between the tip and the surface is applied oscillating alternating veltage
(Figure24b)g KA OK Aa GKS | ROl y i.lTHS, the Fpufaseavditagg Oz bel LILINE |
expressedis[28]

O O w » OB oh (2.7)
where® is a direct voltage component. A consequent vertical congmo of the electrostatic force

acting on the tip can be derived using a classical relationship between force and ehergyane
capacitor’Y with capacityd as follows[28]

1Y pr 6, , T6
" — L . 2.8
0 N 6 Gs (2.8)
Neglecting the second teram theright side of the previous equation in case of conductive tip/sample
and substitutinghe expressior{2.7) results in[28]
'O O O Oh (2.9)

where™O ,"0,"0O are the constant and oscillating components of the electrosfatice, respectively
Theforce componentoscillating at frequency [28]

5
T—, W W wi Qo (2.10)
Ta

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

we can simplifieq2.10)as’™O - @ ® , where- isthe dielectric function. Therefore, the EFM

measurement is a mixture of indistinguishable information about local dielectric properties and CPD.
However, by setting thé» so that the™O is nullifiedwhich is practically realized by a feedback loop,
the net value of CPD can be found by KPFM.

Whyarethe equations irthe previous paragraph necessary® $ OS G KSNB A& | Of A C
GKIFO aYtCa YSIadaNBa (GKS RATT Sioidng to ha relatidnstipa I Y LI S
(2.6) which is true in case of a conductive/semiconductive sample (and HKpyvever, he
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understanding of the previous relationshianoffer usa widerpicture. For exampleye canrealize
that in case ofa non-conductive sample, KPFMovidesinformation about the local surface potential
"Y , induced by hisurface charge/dipolegroduced by different processeloreover, we can see that
KPFM gives much cleaner information about gurface potential than the mentioned EFM whose
signal is a mixture of surface potential and dielectric properties of the safig propety was used

in commented paper &vhere we were studyinghe charge transport by KPFM between graphene
flakes placd on Si@

The study of chargpropagationacross graphene/SiOnterface and its further propagation
on SiQ is important due to the basic functiorf electronics, since it can lead hegativeshort circuits
between isolated graphene parts and also to hysteresis @hbyean accumulation of charge tme
SiQ surfaceclose to the graphene limiting the electronic width of graphene cotidacparts. In
commented paper 2wve showed the charge pragation exponentially grows with relative humidity
which is especially important foine design of the graphenbiosensors operating in humid air or even
more often in water solutions! Since the rapid increasdsolating Si@conductivitywith RHcan
gradually destroy their functiorcompletely On the other hand, the SiGsurface conductivity
dependenceon RHcan be used tduild the most sensitive sensothat haveeverbeen builtbased
just on the rapid exponential increase of S@O@nductivity with RH33].

In commented paper 2nve introduced for the first timénow to obtainthe surface resistivity
2F @A a2 {frbniitheykBFM masurement lfcalsurface potential distribution in time. As it has
been mentioned, KPFM caprovide information aboutthe charge propagation on the surface,
however, sometimes it is neceary toget more phystally comparable (tabled) quantityuch 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 dimerj8&ins

7o

: 5 k% (2.11

T o
where” isatwo-dimensional surface charge densiind” is the surface resistivity. The equation
IDAa I O2YO0AYylLUA2y 2F RAFFSNBYIGAIE hKYQa fl g |
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where bisthe surface current density ar@is the electrical intensityThe twedimensional continuity
equation is

T oo (2.13)

T 0
Generally, surface resistivity is a functiorsaffacecoordinates” " ot . Therefore, he equation
(2.11) hasthe potential to find out the loal resistivity,nowever, the mathematical solution is then
quite complicated and timeonsuming Therefore, surface resistivity was assumed to be constant on
graphene, and especially on i0hen the equatiof2.11) can be simplifiecs
1—f " YY 8 (2.14)

T o
The previous equation is valid for the twdimensional charge density, however, KPiEghasures the
surface potential, ad therefore, the relationshior capacity

8Y = (2.15)



was necessary to use. Here, theis unit area capacitanaexpressed as a local dielectric constant
and- divided by a thickness of the isolating layer (in case of commentpdper 2the 280 nm thick
thermal SiQ). Substitutingthe term (2.15) into the equation(2.14) results in a diffusion equation for
surface potential

% % Yoo
! p 1T I h

To "0 Tw T (219

which is measured by KPFM. laidiffusion equation, where the surface diffusion coefficient (surface
diffusivity) is

p 0

(:) LL -4 ”
o - -

2.17)

Today, he equation(2.16) can be quickly solved by numerical methods thg finite difference
method¢ FDM orin case of a more complex geometayso bythe finite element method; FEM) and

the parameters of surface diffusivity or surface resisticiay be optimizedvith KPFM measurement

to find values describing a real experimeftis way it is possible tambtain the surface resistivity of
highly resistivematerials from KPFM measuréd ofufid which is generallyuite complicated
using only transport measuremen#&nexample of such a solution is depictedrigure2.5 (b-e) for a

real graphene/Si@structure (a). The equatio(2.16) can be used for description of the charge (or
better surface potential propagation along the surfad&’e beleve that presented way how to obtain
from KPFM surface potential distributiontime to the averagd€2.11) or even local surface resistivity
(2.14) is the most important, however a little bit hidden, result of a commented p&pdr 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 conductiatd resistivity of the sample,
respectively. However, unlike the process we introduced, cAFM is useful only in case of conductive
samples.

. 3 max
©) 50 min D min

min

Figure2.5: (a) AFM topography of graphene/Sifor the study of darge transport. (ke) Surface
potential distribution as a function of time simulated by a diffusion equafh6) correspondingo
a real KPFM expient.

In commented papeR, we also as&d the fundamental question, how the relative humidity
physically influences charge transport. The answer was given by a combination of BETatiako
electron hopping theory. Thehysisorptionn BET[34] theory water molecules on a surface was
designed by Brunauer, Emmett and Téller 1938. The theory is based dne thermodynamical
equilibrium between condensation and evaporation of water molecules in first, second and higher

" It is importart to emphasize that this is not a hard reversible chemisorption adhes@muring in the early
stages of hydrogen or oxide layer growifhe physisorption adhesion occurs mostly on top of the chemisorbed
molecules and is easily reversible.

"Edward Teller(1908- 2003) isknown for his contribution tdhe development ofthe hydrogen bomb and is
calleda i KS FTFGOKSNJ 2F (GKS K@RNR3ISY 02Y06a0d
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layers without assuming completion of th@evious layerThe theory enablesis to calculate the
coverage ratioY as a function ofY "Ghavingan almost exponentially growing cour§@5]

QY0 .
P Q p oY (51
where Qis a parameter characterizing the hydrophilicity of the surface. The electron hopping theory
enablesus to explain the changes of surface resistivity wittater coverage. It is based on the
assumption that electrons can quantum mechanically tunnel between thgemwspots and the
probability of this jump decreases withe distance between the spofermedo & | d.Ruddcé. { A h
In connection with BET tloey, the electron hopping theory suggests the following dependency of
surface resistivity of36]'Y 'O

Y (2.18)

Q5. p YO
” ” Rob = 2.19
9557% “Bvo (219
where” B the surface resistivity at 100% RH (when the surface is completely covered by water),

9SG is the modulus of the momentum in the classically forbidden region (purg BiGhe
potential barriercy for electron of mass , 2 is thereduced Planck constanand®is the width of the
potential barrier (average size of the clean SiOrface) Using the typical parameters for Siénd
fitting the dataobtainedin the KPFM measurement and surface resistivity calculation it was possible
to estimate the” pp MW andQ ¢&. These values of surface resistivatg much lower than

the surfaceresistiity of astandard Si@in the range of 18° ¢ 10*°* Wdepending on sudace treatment

[34], and theQparametercorrespond the much more hydrophilic surface than standard, Siose

"Qis [36] 0.05. This was attributed to the patterning of graphene into a reglisiape by mechanical
lithography using AFM. Here, the tip is pushed towards the surfaadigih load forceL000 nN (the

tip is instrong repulsive regimeseeFigure2.2Chapter20 = ' yR G KS 3INI LKSyS Aa aa
the SiQ surface. The scratching causes charge traps acting as a recombinationscdesstes
graphene residues on thsurface (with lowsurfaceresistivity of about 1®W), and finally causes
grooves enhancing water condensation ($&feapter2.1). All of thesenfluencessignificantly reduce

the surface resistivity of the surface.

2.3 LAO and Mechanicadndithography

In addition to surface imaging, SR&thniques are suitable to fabricateiface nanostructuresvhich

is called SPM nanolithography. The surface is modified by physical and chemical processes running in
asmall region under the tip and the most famous techniques from this familylammanpulation of
individual atoms/molecules by SPM tip, (2){pgn nanolithographyDPN) (3) mechanical lithography

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

The positioning of individual atoms tiye SPM tip is a technigque with an ultimate precision
and with high demandsas well (1) The ultra-high vacuum conditions (p Tt 0 A ultra-cold
temperatures ( T +), and atomic resolutioare necessary but ofteimsufficient conditionsAlthough
the technique of atomic manipulationis nowadays quite widely usedhe pioneer of atomic
manipulations is Donald Eigler, who first (in 1990) moved individual Xe atomBlicsurface intdhe
famous IBM log§37], and wiose groupdevelopedthis method up to the limits of possibléabricating
for example a structureenabling the observation of quantum mirage in scanning tunneling
spectroscopy (STS) sigiz8].

On the other hand(2) the dip-pen nanolithography usefi¢ SPM tip much like an ink pen is
used when writinghowever the ink is replaced by a solution of molecules that are capatdéiodésion
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and selfassembling on the surfacéselfassembled monolayer SAM) In order to transfer the
molecules from the tigo the surface, the presence of the water meniscus discussetdpter2.1is
necessary. The DPN a quite easily available methodorking in atmospheric conditionsroom
temperaturesand achieving eelatively high resolutiofi39] of 15 nm.

ThesimplestSPM nanolithography technique is (3) mechanical lithography (shy anAFM
tip. Here, the tip is pushed towards the surfaceadigh load force to create holes or grooves. In spite
of its simplicity, the technique is used in fundamengdearch, since there is only a plyrenechanical
influence on the surface. In comparison with thatectron beam lithography (EBL) using highly
energetic electrons (§ 30 keV) or reactive ion etching (RuS)ng ions (0.5 keV) aridllowing optical
lithography (OLjncludes more significant influence on electronic propertiethefmaterial. If a soft
polymeric material is used dbe substrate, the technique resolution is limited only tine tip-apex
radius[40] (typically about 10 nm)The main disadvantage ofifmethod is the mechanical damage
as a consequence of direct contact between the tip and surfisitehas been used in commented
paper 2 to prepare graphene nanostructures on.Siface (chapteR.2).

The &st, but certainlynot least nanolithography technique iscal anodic oxidation (LAQAO
is carried out irmnordinary atmospherendthe presence of water on the surface or under the tip in
the form of water neniscus gee @apter2.1andFigure2.3) is a necessary conditioHere, a voltage
is applied between the condtive AFM tip andhe conductivesurface causing a dissociation of water
molecules into hydroxide and hydrogen ions (QHff). Thehydroxide ions locally oxidize the surface
acting as an anodehile the hydrogen atomevaporate The applied voltages are inder of tensof
volts and considering theshort tip-surfacedistance in nanometer units, the intensity of electric field
is quite huge approximatel® p 1 V/m which is also a critical value allowing oxide growth. Such
a strong fieldcan strongly influencavater behavior as will be discussdater. The technique is
applicable on conductive and semiconductive materials to create local isolation barriers. It has also
been used to oxidizéocally the top ¢CH groups of highly ordered SAMhonolayer of OTS {n
octadecyltrichlorsilaneinto cCOOH groups for further selective chemical react[dda$ Moreover, it
can be utilized oragrapheng42,43], where opposite voltage waalsoused to hydrogenate graphene
[44]. Since LAO on Si@as studied in detail by the autharf this work from a fundamental physical
point of view in commented papers 3 and 4, and from an apjingoint of view for selective growth
of metallic nanostructures in commented papelét ustake a closer look at this process.

The theory of oxidation of metals was exhaustively described by Cabrera anféBlandits
part dealing with the formation ofery thin (< 10 nmpxide layers is suitable for LABere, a
propagation ofoxide ions across the previously formed oxide layegyre2.6) is understood as a
sequence of tunneling jumps between therface (P) and stable interstd sites (@ Q) through the
potential barriers (§ $). Thenthe generaldifferential equationof oxide thicknes&ygrowthwith time
0is determined byhe formula

AQ 0
— 6 2.20
75 OAQ% (2.20)

where
6 6 Agb———nh
Q7Y (2.21)
L~ N e

_ 2.22
Q .Q,,Ys (2.22)
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The 6 is the empirical constant characterizing the speed of oxidation given by the number of
penetrating ions and their drift velocityA typical valueof 6 is 10 cm/s. The® and w are the
potential barriers of surfacénterstitial and interstitialinterstitial sites, respectively. Th® is the
Boltzmann constant)Yis the thermodynamic temperaturé) is the charge of iomgeés the halfwidth

of the potential barrier, and’Y is the externally applied voltag€onsidering a certain saturation
thickness of the oxid&® Y 7TO above which the further growth is strongly reduced, the equation
(2.20) can be integrated as

0 [ 06 o (2.23

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

0 (a) (b)
> side front
] view view
: ./ Y
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Figure2.6: (a) The CabreraMott model of very thin oxide layer potential energy as a function of ion
distance from surface (point P) into the oxide potehtigxima (S, $) and stable interstial sites (@
Q).b)TE a0KSYS 7T2N 8B YJFbdkindiahdDyibof@6FcorfedtianSor local anodic
oxidation.

Unlike the classical Cabrekdott oxidation theory where voltage is applied amlarge area
surface for a specific time, during the LAO the tipasngmoved along the surface hiie speed ofb
fabricating oxide with lateral width af . In order to estimate the time of the tigtayingover asingle
adzNF I OS LRAYyGS { GAS @6guggedier a shigsyfuiidnA yS 'y R 5dz 2 A a
.U
o] o (2.249)
resulting in an indirect logarithmic dependence of the oxide thickness on the velocity

P Py P, Q .
- = — 2.25
0 0 g e " (229
and onapplied voltage
QY .

Q — 8

T Q0 QY o (2.26)

oL nw

The denominatorin the relationship (2.26) according to experimentally reasonable values and
logarithmic dependency is almost constant, and therefore the dependency on applied voltage is linear
QY

We experimentally validated the theof Cabreraa 2 GG ¢ A G K | &dzoaldAddziAaz
Fontaine, Duboigepresented byequations(2.25) and (2.26) for LAO of Si(111) surface in commented
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paper 3. The activation energy ® T YA 6wvas determined, which is between the values of
activation energy of plasma oxidation (0.49.4 eV) and thermal oxidation (24 eV)[46]. Since the

SiQ molar volume is approxintaly two times higher than Si, the oxidized structures protrude above
the surface and its deptiheight ratio is 1¢ 1.4. The equationg2.25), (2.26) gives information about

the oxide thickness, however, from the recent view of modern nana¢akion the lateral resolution,

i. e. the width of the oxid® isthe most important Related to thiswe haveproved the oxide width
exhibits the similar indirect logarithmic dependency on speed and linear dependency on voltage where
the smallest with (resolution) was 40 nm dependimm the mentionedspeed and voltageand also

on the radius of the tigsharpness) which is given and on relative humidity (Rhérefore, we decided

to studythe influence of the RH on LAO structures on Ga/sore detil in commented paper 4.

In commented paper 4, the dezase of LAO structurevidth with the decrease ofelative
humidity was experimentally provedoo low values of RH letaldischarges ithe oxidation process.
Both of these effectare explained by considering theater-bridge between the AFM tip and surface
(see ChapteR.1) asthe main source of hydroxide ions for LAlherefore, the wateibridge width as
its variability with the RH is responsible for LAO structures wadfithits instability Figure2.7). In
commented paper 4the numerical finite elerant method (FEM) calculations of electric field
distribution close to the AFM tivas performed without and with theresence of water-bridge at
different RH. It demonstrated how the water bridge (due ®high dielectic constant 810) pushes
the equpotential lines deep into the native oxide laydiglectric constant 3.5) increasing the intensity
of the electric field as can be seenkigure2.7 (b), (c). As a consequence, the oxide ions are able to
penetrate the oxide layer more efficiently. Therefore, the water bridge is not andpurce of
KERNREARS A2y as oukmgthe 8lédiicfield irto the nativie Sxjiié undefftile water
bridge.

(a) 50 200 nm

AFM tip
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0 nm
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=
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water bridge width (nm)
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Figure2.7: (a) Thecalculationof water-bridge width as a function of RH during the scanningeaf
GaAs surface bgn AFM tip (lef top insets) and the relative variability of its thiclesg(right bottom
inset). (b, 0 The influence ofhe water-bridge onthe 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 fiemlso enhances the water condensatiorans
NNESyYy . daiibur Giimentgddpaper 4 incorporated the influence of electrostatic energy
density

o %'o 8 2.27)
into the Gibbs energy deriving the extended Kelvin equation
LN w - p-0 7

—_— — 2.28

1 - Y < — 8 (2.28)

Here, ther\” is the reduced saturation vapor presswagan applied electric fiel& Then it is obvious
that the higher electric fieldan stronglyenhance watecondensation, arsimply saidit 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 surfacarmbient conditions. The basic behavior is
characterized byhe KelvirYoungLaplaceequation (2.1), however for nanometerdimensions the
corrections of surface tensioshouldbe included(2.5). Inthe presence ofin electric field the Kelvin
equation in its extended form should lm®nsidered(2.28). This classical thermodynamic treatment
can of course be overcaenby the atomic calculations using molecular dynamics, or M@Qado
simulations, howeveleven treseapproaches araowadaydimited by the performance of computers
and also by a proper setting of intatomic potentials

Fromanapplication point ofziew, the utilization of LAO is relatively widghe main advantages
here in comparison witlthe massively used electron beam lithography or photolithography is the
absenceof aresist, much less lithographic steps and really only a fine superficial no#uen the
sample. In comparison with thahe electrons in EBL and ions from reactive ion etching (RIE) following
the PL influence deeper laysof surface. On the other hand, the disadvantages consisieimeedof
a conductive surface anthpossibiliyy to usein mass production. The LAO is seemingly us®ily for
preparation of oxide nanostructures, however, these structures can be easily transformed into
metallic nanostructureaswe have demonstrated in commented paper 5. Here, the LAO prepared
oxide patternson Si(100), and GaAs(138@@re used for selective growth of gallium and cobalt, which
is basedn different surface functionalization and hydrogen passivation.

* Compare with the original Kelvin equati¢l).
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3 A brief overiew of graphene

Graphene represesta twaedimensional (2Dpne-layer thickcrystalline form of carbon atoms with
KSEI 32yt aK?2y SEigeXiméb) ItcenpéBdntslde family of carbon allotropes
(Figure3.1 d-g) which also includes thredimensional (3D¥orms: diamond graphite known from
ancient times), onalimensional (1D) carbon nanotubes, and zdnmensional (0D) fulleress
(discovered in[48-49] 1991 and[50] 1985, respectively Although the simplest o#ll allotropes,
graphene wagxperimentallydiscoveredand recognized as an actually existing mateatahe latest

in [51] 2004by Andrej K. Geim, ari{onstantin S. Novoselov. Originatiyaphene was not believeid
exist, because othe thermodynamic prediction of Landau andi€tls, it should be immediately torn
off dueto thermal oscillations In spite of this, Geim and Novoselov prepared graphenéhb most
primitive method usinghe peelingof graphite Figure3.1e) by Scotchiapewhichiscalled mechanical
exfoliation[51]. It is possible,iace graphite consists of graphene layers holding together by weak van
der Waals forces

o ¢ s ( )
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Figure3.1: (a) Graphengits (b) realspace and (c) reciprocabace lattice grig52]. 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 iRigure3.1 b). The graphene lattice vectors can be written52]

W W L, W L=
@ —oVoh ® c ch No h (3.1)
where® p& « is the carborcarbon distanceand the surfaceconcentration of carbon atomm
grapheneis 3.8 x 1& cm?. Graphene is extremely thin ands thicknesscan be compared with

0.335nm which ighe distance between two graphene layersdraphite, however, itexperimental
thickness is often hardly estimated depending the measurement methodThe reciprocalattice

vectors®, @ are given by52]

n-
«

N
|

&) piich & = ph Vo 8 (3.2

52
g

" It was later proved thathe stability of graphene against thermal fluctuations is ensured by its corrugations.
"The same peelingf@raphite layers allowed by wkanter-layer van der Waals forcéms been usedince
1564 whenever we write with an ordinary pencil.
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Graphene has unique and extraordinary propertgisice all the atoms are alsurface atoms
graphene has the largest specific surface area (S62Q &t/g (for comparison the carbon nanotubes
SSA is 1000 #g). Further, the graphene is biocompatible and easily chemically functiongka}d
No gas can penetrate the graphene membr§b]. Graphene should be the strongest materjab-
56]6 AGK |y SEGNBYS "m2dzZy BQ® , YAR @D dzd Y 2 Ruddf imdmsic2 ¥ 4G S
strength of 130 GPwhich is caused by a hugevalentbinding energy 7.@V of carbon atoms in
graphene As a monolayer, the graphene is particularly transparent, absorbing anly ¢& b of the
incident light[57] (in the infrared limit, wher¢ ~ pZp o i& a fine structure constantfhe thermal
conductivity of graphene is dominated by phonons and has been measured werpehighabout
5000Wm*K?! at RT[58] and 710Wm*K! at 500 K (for comparison the copper thermal conductivity is
401 Wm'K?) [59].

Graphene has four valence electrons. Three of them form bonds with neighboring atoms in
the plane, and the fourth electron in thep2state perpendicular to the plane is responsible flog
conductivity of graphenésp’ hybridization}. Graphene band structure was calculated theoretically
by Philip RWallace in 198 [61] long before itsdiscovery as an elementary building blaflgraphite
using tight bindingmodelof 2p, orbitals ofthe nearest and next nearest carbon atomsaigrid with
the Hamiltonian[52]

= o Orop (88
02 WrOE WrwWp (88h
& h Qi

where ® ;, (@ ) are theoperators annihilating (creating) an electron with spit, f¥) on site Yo

on sublattice A (and an equivalent definition is used for sublattideiq@re3.1 b), 0é c& eV is the
nearest neighbor hoppingnergy (between different A and Bsublattice3, 0 € T A 6is the next

nearestneighbor hopping energpetween the same sublatticgsand( 88ds the Hermitian conjugate.
Using the Hamiltonia(B.3) the energy bands can be found in a fofé0]

0 @ o0 QB 0'Qdh (3.4)
where
. e .. Wo. . .. ag. .
QA cAl wQw TAI GC—QQ) Al ?QwS (3.5

The plus sign correspontts the conductive band and the minus sign the valence band as depicted in
Figure3.2 (a). The dispersion relatio(8.4) shows he grapheneis a semiconductor withero band gap
in 0, Lapoints of Brillouin zoneThe physic®f charge carriers close to the, 0 apoints which are

" The value was estimated by pushing the AFM tip into the suspended graphene membrane sinftandye-
distance spectroscopy measurement (see ChagterFDS andrigure2.2). It was also necessary to solve the
problem of strength comparison between the tvddimensional graphene when the standard strength tests are
designed for threedimensional materials.

"On the other hand, all four valece electrons in diamond creat®nds insp® hybridization, and the diamond

is nonconductive.

“The electrons im tight-binding model are tightly bound to the atom they belong to and the interaction with
states and potentialsfoother atons of crystals 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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OFft SR 5AN} OQa LIASEANAQ adsatHRiS ihac@nparisont vt standard
semiconductors (e. g. Si, GaAs,,Gg)cethere is a linear dispersidrere (Figure3.2 b)

0Q a0 ® ®h (3.6)

whered 00 #& é p Tim/s is the Fermi velocitgnd(Pis the vector pointingo thev 6 5 A NI O Q& 0
The most important consequence of linear disperg816) is that the velocity of charge carriers is
equal to Fermi velocity and does not depend on momentutip 2@ or energy. The situation is
different compaed with standard semiconductors whose dispersion relation can be approximately
described bya paraolic dispersiofD Q o QT ¢& where the charge carrier velocity depends on
momentum and energyy o AOFAQ o'QXa, whered is thechargemassTherefore, the speed

LJ2 7

2F OKIFNHS OF NNA SNAE Of 2 acBnstanfandhighi\eved 685 (Pueddultisglinh Ay 3 |

the high mobility of graphenelt is also obvious thathe charge carriers in graphene mimic the

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

dispersion irthe form of

O nw a  h (3.7
wherer is momentumwis the speed of light andi ;; is rest mass antbr zero rest masé ; Tthe
relativistic relationshig3.7) is almost equato linear dispersior(3.6) with effective speed of lighb
U . Moreover, in graphenghe Klein paradoj62]is observed which refers to the enhanced tunneling
probability of relativistic (fast moving) partgla o0 F2f f 2 6 A y 3  @gpdactting tedurdQ &
as the height of potential barrietis in order of electron mass 65. As a consequencgraphene is
always conductive witA minimum conductivityQ 7'Q[63].

(a) (b)

conduction band

single-layer
graphene

valence band

S| dz

Figure3.2: (a)Graphene electronic bands (dtheir detah  Of 24 S (2. G KS 5ANJ C

Graphene exhibits a strong ambipolar field effgt] consistingn achange of chargdensity
and consequent resistivityr{gure3.3 - detail) as a function of gate voltage in field effect transistor
multi-terminal Hall bargeomety (Figure3.3). The Fermi level of intrinsic graphene crosses the Dirac
point and there are no predominant charge carriers. Applying the positive/negative gateyeolta
moves the Fermi level abofleelow the Dirac point and the majority charge carriers will be
electrongholes. The surface charge density induced by gate voltagey is given as
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where - is the dielectric constant of vacuunQis the elementary charge, and 0 is the dielectric
constant and thickness dfie underlying isolating layer, respectivelorthe SiQ isolating layer with
a thickness of 300 nm and dielectric constaniit3.9, it is possible to induce charge carrienface
concentrations up tol0 cm? by gate voltage of 100 Yesulting ina hurdredfold reduction of
resistivity.

p

Figure3.3: Graphene Hall4r structure and ambipolar electric field effect duethe 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 10cm?V!s? (higher than any known semiconductor), and to 4 £d®?Vv!s? by SiQ
substrate surface phonor[§5] (best InAs field effect transistof66]). However, the experimenlig
measured value is lower 15 x*?V!stand above the temperature of 100 K is further reduf&d.

High mobility allowing ballistitansport makes graphene interesting for devices exhibiting quantum
mechanical behavioeven at room temperaturg68]. In a perpendicular magnetic field, the
graphene allows undisturbed Landau levels (LL) with an energy of

0O OCbh UV cOIDh (3.9)
where U isthe electron or hole LL index. As a consequencehtikinteger quantum Hall effect and

Shubnikowde Haas osltations occur in the measurement of transversal and longitaldiesistivity as
a function of applied magnetic fie[th Hall bar structurggeometry shown ifFigure3.3) [66-68].

The previous properties make graphene very piging for higkhfrequency field effect
transistors operating up to 100 GIHO¢72]. The situation is worse in integrated circuits, especially in
their logic elements, since, the Klein paradox ensuring minimum conductivity preaehimsvinga
complete offstate, and limits the owmff ratio up to 1G. In order to overcome this problem, the
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graphene band gap must be opened by different technologicatgssesbreaking the graphene
symmetry likethe patterning graphene into graphene nanoribbofig3], quantum dots[74],
manufacturingrelated single electron transistors (SEA5], modification by hydrogefi76], flor [77],
nitrogen[78], or bythe utilization of bilayer graphen@8-79].

Due to a high sensitivity to adsorbants and biocompatilibityaphene can be used in
extremely sensitive gas sensd8i] or biosensos whose principle of working is based on resistivity
changes of graphene field effect transistors (GiREigure3.3) [82] or changes of enhanced surface
plasmon resonance (SPR) at the interface of graphene/silver, graphene/gold int@8caused by
different biological substances adsorbing on functionalized graphene su#aca.transparent and
conductive material, it is very well suitable for optoelectronic devices: solar[8d]sliquid crystal
displayq85], touch screens, and ultrafast photagetors [86]. Besides electroniand optoelectronic
applicatiors, graphene has been successfully used asaasparent supportfor observation m
transmission electron microscopy (TEJJ, 88]or to improve the properties of compositeateriak
[89].

3.1 Graphene CVD fabrication on copper foll

The most serious problem for using graphene in applications is its qoialélyge industrial scale level.
This problem was addressediie d 32 RT I (i K S NJA2HE Ca3tidINaiait the/Csaphene week
in Barcelona in 2017 explaining the graphene propertidich have been observedor layers
composed from 1 tdd monolayers perfectly arranged carbon atorhewever,the currentindustry
produce layers composenf more than 10 poorly arrangadonolayers of carbon atoms which is only
a graphite.

There are aboufour commonlyusedmethodsto produce graphendlifferingin quality and
costsfor mass productionin terms of quality, the size of crystal gral@nd charge carrier mobility
is evduated. Thebest quality is achieved byriginal mechanical exfoliation|(> 1000 mm,
m>2x1C cn?VisH[90] and further deteriorats at chemical vapor deposition € 1000 nm,
m> 10¢ cmPVis?), silicon carbid€SiCdecomposition(l = 50nm, m> 10 cnm?V!s?t), and chemicafor
liquid phasekexfoliation(l < 0.1mm, m> 1¢ cm?Vis?) [91, 92] Moreover, both exfoliation methods
produce only individual flakes, which is not suitable for planar mass technology. Therefore, chemical
vapor deposition(CVD)f graphene seems to bilne most suitable methodn terms of quality and
mass production

CVD growth of graphene catalyzed by metallic substrate is an effective way to fabricate high
quality largearea graphend93]. Copper is the most promising substrate in comparison with cobalt
and nickel due to low carbon solubility in copper and lowaamtration of defects on copper grown
grapheng[94, 95] Graphene CVD growth cacopper foil is based otihe decomposition of methane
into carbon forminggraphene and hydrogeleaving the surfacat high temperature which carbe
realized bythe procedure described by ét al. [91]. Here, he Cu foil is heated up to 10GC in H,
atmosphere (pressure 5.4 Pa, flow 2 sc¢mylean and anneal theopper, and then the Chkt)is
introduced (67 Pa, 35 sccm) for graphene formationtlom copper Generally, to provide fiher
analysis, the graphene must be transferred to an isolating surface (mostlgrs&d). For this purpose
the PMMAassisted wet transfer method is used as followsst, thegraphene oncopperis coated
with poly-methyl methacrylate (PMMA) by a spincoating meth8dcondcopperis dissolved by wet
etching inaniron nitrate solution.Finally, thegraphene with PMMAs lifted from the solution by a
suitablewafer[96].

The CVD growth of graphene oncapper foil was improved in @anmented paper 6by
introducing a template stripping methd@7]for fabrication of ultrasmooth copper foils. The foils are
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prepared by ion beam assisted deposition (IBAD) from a high purity copper target in ebadtiegh
vacuum setup based on Kaufman broad ion beam soj@dg®nto Si/SiQsubstrate(Figure3.4 a-c).
Further, the copper supporting lay&s deposited by electrolysis in a mixture of sulfuric acigS@l)
and copper sulfate (Cug@Figure3.4 d-e). The roughnessf the copper surface is limited only by the
smoothness othe SiQ template, andwasbelow 0.6 nm, i. e. almost two orders of magnitude lower
than the one observed on commerc@iifoils (Figure3.4 f). The Cu surface also exhitatkow level of
oxidation, low concentration of defects and contaminants resultinthangrowth of a high quality
graphene

(a) s . Co gy (©
® el

Si0,/Si Si0,/Si

(d)

Figure3.4: Preparation of a copper foil by template stripping: (a) S¥$@plate, (b) deposition of
copper, (c) protection of the edge areas, (d) electrolysis of a thick supporting Cu layeee(ggoff
the prepared foil, (f) top Cu surface is defined by temp[ag].

The mobility of graphene prepared on uksaooth Cu foils was quite high 3600%fis? in
comparison with graphene on commercial copper foils 1208\Vést (at electron surface density of
2x10? cm?). The value is still below the statd-the-art values beyond H&m?!s? reported for CVD
graphene wherthe graphene growth process (domain sizes and shapes) is optif@2gdowever,
in the experiment the graphene fabricatiomas not been optimized, and the attention was paid only
to the influence of Cu foil. On the other hand, genetaljess ideal conditions, CVD graphene exhibits
alower mobility[91] 4050 cniV'!s?, and line defects at grain boundariean the mobility fall down to
the value[100] 1100 cniV1st which corresponds to our valuelsloreover,we have measuredlisible
Shubnikowde Haas oscillationsen the graphene prepared on ultrasmooth metallic Cu &illow
temperartures (2 K) and high magnetic fields (§T9ving well defined Landau levéi1].
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3.2 Graphene and gallium

As has been mentioned, graphene itself stands out with a number of remarkable featavesydr,
some of its properties arsuitable toimprovein order to achieve practical applicatior@@ne way is to
combine grapkne with other 2D materials into heterostructures. Hefer example the hexagonal
boron nitride (hBN) is used as an insulating substratecéductivegraphene, and materialfrom
transition metal dichalcogenides like molybdenium disulfide (Wiz®ised to incorporate a band gap
for high enough oroff ratio in nonvolatile memory102]. Another way is aeposition d individual
atoms onto/into agraphene gridCommented paper Tocused on theehange of electronic properties
as a function ofjallium (Gaptoms deposited on graphene surfaceThe motivation consists in the
following facts moving graphenrther to practical applications: (1) Ga nanoparticles can tune the
localized surface plasmon resonance (LSPR) of gragtiéB¢ (2) Ga enhances the reactivity and
sensitivity of graphene on gfk04], (3) Ga can also be used as a catalyst for graphene synth@sjs
and (4) Ga enhancdbe surfaceenhanced Raman scattering useful for detection of biomolecules
[106].

During the experiment presented immmented paper 7alow dose deposition of Ga (< 4 ML)
on CVD graphene was performed in UHV'®8) while the transport properties in FET geometeye
measured irsitu. For Ga concentration up 8.6 x 182 cm? (‘corresponding td.04 ML)graphene
proved to be strongly sdoped with an efficiency of 0.64 electrons per one Ga atddm the other
hand, above this concentrationgraphene started to be lessdoped (removing the electrons). Such a
behavior is interesting in view of utilization of Ga for electronic and plasmonic applicatibwever,
the sudden reversabf graphene dopings surprising. In order to understand the physics behind,
density functional theory (DFT) calculation was usedadtlieen provedhe individual Ga atoms dope
graphene more than Ga layers anllisters asa consequence of utilization oflectrons to bind Ga
atoms themselvesTo understand the argumentation immented paper 7the following text will
briefly describehe DFT calculations and our argumerglating to this problem.

Density functional theory istheoretical and computationadpproach for findinghe energetic
ground state o system. DFT is based anexpression of the whole eneygnthe form of functional
of electron densitydesignedin agreement with best practices of quantumechanics and finding
minimum of the functionalising variational principle$iohenberg and Kohfi107] haveproved that
the functional is a definite functional of electron density awjuiresits minima for electron density
corresponding to the quanm-mechanicaground state

O [ EOéEb h (3.10)

whereO isthe ground stateO ¢ b isthe functional of density, and b isthe electron density that
can be further expressed as

¢ b § Ps8 (311

Here[ ip are the individuaklectronwavefunctions and the sum is performed overtak occupied
states. The introduction of electron density depending only on 3 space coordinates is the main
advantage in comparison witthe multi-electron wave functiorf f hp depending on 8
coordinates of althe 0 electronsused inthe BornOppenhemner approximatiof. This way, the DFT

" Here, the one Ga monolayer (1 ML) on graphene is equal to the Ga concentration of 9.84&w2kdalculated
by density functional theory (DFT calculatipeee below).

"In the most general case, the motion of electrons and riuthsto be considered. The Bot@ppenheimer
approximation (BOA)is based on the fact thathe motion of lightweight electrons is relatively higher in
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reduces the dimensionality of the problem frond 3o 3, significantly reducing the computational
difficulty.

DFT is based othe proposal ofan appropriate energy functional describing the physical
reality. Asuitable form i§108]

p

o~ , . ... Q ¢t .
O¢ E [ "7 Ab W IDSIDAID?—

S ApAp O € h (312
where the first term describgthe kinetic energy of electrons, the second term is the electranlei
electrostaticpotential energy where the nuclei contribution is expressed as external potential, the
third term is the electrostatic potential energy between electronsbased onthe Hatree
approximation @ & and the fourth term isthe so called exchange correlation functional
incorporating theenergycontribution of electron spinslhe proposal of the exchange correlation term
canstand outin different approximationsfrom the mostsimple local density approximatigd08]
(LDA) that can be expressedananalytical form to the more complicated analytically indescrlbab
forms. Incommented paper 7the general gradient approximatioji09] (GGAwas used takingn
addition to density, also its gradienEinding theminimum of the functionaldescribed bythe
expressior(3.12) using variational Euldragrangequatiorsresults inasystem of equationsalledthe
KohnSham equatins[108]

p ., . Jweg 10 ¢ . e

C® W b T (]éI'ID [ Ph (3.13
which is areigenvalue equation for eigenstateSone-electron wave functiong) i and eigenvalues
- . Since theelectron density is expressed bgne-electron wave functions b described by3.11),
the equation(3.13) needs to be solved by salbnsistent iteration. The DFT numerical calculation in
commented paper Was performed by Vienna ahitio simulation package (VASP) whiglsupported
also bymolecular dynamics (MD) for findimglaxed atom positiongl10¢112]. Usingthis combination
the energy, energybandsand consequent arrangement of atornan be determined

comparison with the motion of heavyweight nuclei, therefoBEDA assumethe motion of electrons in static
distribution of nucleto answer the question of electredynamics.

" The Hartree apprdmation replaces the electrostatic interaction expressed as a sum of individual interactions
between electrons by a more simple dependency of electrostatic energy on electron dexgigssed in the
form of afunctional (The Hartree approximation usesysimilar conceptlike the describedFT).
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Figure3.5: (a, b) Graphene band structure and (c) density of states at two didow concentratios
of Ga atoms corresponding to 0.03 ML (a and blackecumre) and @0 ML (b and green curve in ¢) Ga
coverage.

The DFT calculateatisorption energyf a Ga atom ora graphene surfacés approximately
1 eVandthe equilibriumdistance ofa Ga atom from a graphene plane is ®22n. The adsorbed Ga
atoms donot open aband gap in graphenend rdopethe graphene, since the Fermi level is above
Dirac (charge neutrality) point (CNfF)gure3.5 a, b). In density of state$DOS)anincrease of states
close to CNP can be observed at higher Ga concentrafayurgé 3.5 ¢). The increase of Ga
concentrationresults ina higher ndoping of graphene until the first Ga monolayer (Ga coverage 1 ML)
is formed when the doping is zel@igure3.5 a). Such a result of calculation can be understood as a
consequence oé lower binding of Ga onto the graphene in casea@omplete Ga monolayer. The
adsorption energyer one individal Ga atom omgraphene iracompletely formed first Ga monolayer
is only 8 meV (more than 100x less than for individual Ga atom) and the distaihe=@d® monolayer
from thegraprene plane is 0.404 nm (almost two tima®re than foranindividual Ga atom)urther,
the completion of a seond and third Ga monolayer does not significantly chahgeadhesion energy
and the distance ofthe first Ga layer from graphen&implysaid, after a completion ahe first Ga
monolayer, the electronare involved irthe binding of Ga atoms together, and therefore, there are
almost no electrons to create @aaphene bonds and dope the graphenghile the first Ga atoms
stronglydopegraphene by electronghe next onesake apart of the electrons frongraphene back,
and ata higher coverage Gao more dopes the graphen&igure3.6 b).

" In the most stable central positianabove the middle ofhe graphene ring the adsorption energy is 987 meV,
and in the least stable top positianabove the graphene carbon atom the adgtion energy is 94ieV.
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Figure 3.6: (a) Concentrationof charge carriers (electrons) in graphene as a function of Ga
concentration calculated by DFT for layer growth (green cireled for clusters composed 2afand 3

Ga atoms (red circles). (b) The change of graphene charge carrier concentration caaddihypne

Ga atom as a function of Ga coverage. (c) Detad)db¢ Ga clusters composed2and 3 atoms.

In DFT calculatiait is possible to increase the concentratiohideally ancevenly distributed
Ga atoms on graphene until the completiontbé first, second, third and other monolayees has
been done However, this calculation helped us to understand the influence ofz&aonds by
shortening their distances on the doping, in real room temperature conditions the Ga atoms can
diffus€ alongthe graphene surface forming clusters and islands whagalsobeensupportedby the
observation of islandike growth in ommented paper 7Due to clustes formation, the decrease of
graphene doping can occur at lower Ga concentrations than in caseeofyedistributed ideal layer
growththat hasalsobeen supported byhe DFT calculatiorin Figure3.6 (c) a significant slowdown of
doping can be observed when clusters consisting of 2 and 3 Ga aaiermed (red circles) in
comparison with evenly distributed Ga atoms at the same conc&atraHowever, it has not been
publishedyet, recently,we haveresults for clusters up to 8 atoms proviagomplete stop of doping
after the formation of 4 or 6 atoms in clustein case ot calculation without or witlthe incorporation
of van der Waalsorrections, respectively.

Consilering the previous model of clus&iormation and its influencemdoping, the point of
return in resistivityback gate voltage measurement is a sigma s@fficiently large cluster®rmation.
This phenomenonds two ineresting consequencesirstly, it is apoint beyondwhichthe additional
doping is no longer relevant, apskecondy, it can help to estimate the diffusion length of Ga along the
graphene surface. The second consequence was fudiezloped in ommentedpaper 7 wherethe
diffusion lengthwas estimated following the proposed theory that the return pointria experiment
occurs athe formation of 3 atom clusters predicted by DFT. The estimated values incorporating only
experimentally measuredurface resistivity, DFT calculation or their combination radgeom
approximatelyl to 2.2 nm which ia good agreement.

* The energy barrieof the Ga diffusioron a graphene surface calculated by DFT is only 106 meV.
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4 Great unificatiorg graphenebiosensors, sensors and SPM

The lastbut onechapter ofthe habilitation thesishas a character a future usion where the author
would like to aim his scientific interest the future. Since all theaforementioned aims somehow
combine graphene and scanning probe microscdpglared to call the chapter great unification
Hopefully | will not offendtheoreticians in the area of the grand unified theory (GUT) or evea
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 intergiormmely:

1) tounderstand how theharge flow on graphene/Si@r on graphene/hydrogenated graphene
influences the functionality of biosensors

2) to use the graphene based water molecules sensor to estimateSR® 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 abouthe formation of clusters of Ga

The first intention is closely related thapter2.2where the first pioneering KPFM measorent
was used to observe theharge transport ora graphene/Si@system at different relative humidity.
Since the recengraphene basediosensoroperate in ambient conditions dn 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 problenthat is generally considered as a solved, howetleat can bethe cause of
hysteresis and unpredictable sensor behayibe attention is paid onlyo a better functionalization
of graphene or increase the precision of transport response measurement. dnrébpect, the
simultaneous measurement of biosensor resistivity sensor by a standard transport measurement and
charge distribution evolution measured by KPFMaimontrolled environment could help us to
understandthe physics behind the sensor response,uncover the potential problems afpecific
types of biosensors, and finally improve their design.

The secondnitention is closely related toapter 2.1 and partly to Gapter 2.3 where the
interesting problems of nanwolume water embodied bthe SPM vater-bridgewere addressed. Since
graphene itself proved to ba very sensitive sensor of water, and also the graphene based sensor
utilizing the surface conductivity of Si®@as used to desigthe most sensitive water sensthiat has
ever beermade[33], the author of this work believeethatthe graphene based water sensor coblel
used to map the real dimensions of wateranSPM 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 chap&Rwhere the influence of gallium on graphene
electronic properties was discussed. However, our theory basedusters formation appears to be
probable, the experimental part is leanimgn anindirect transport properties measurement, and
despiteof this theonyQlagical simplicity and perhaps beauty, there is no direct experimental evigence
however, itmight bedone by UHV STM measurement. We believe such a measurement, dgsfsite
complications (atomic resolution on heery well ordered CVD graphene on isolating,5i€»uld
dispelour last doubs aboutthe truth cansometimesbe beautifully simple, whichldelieve 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, whats theauthor contribution to this field.

The first questiorhas beeranswered in introduction and in brief overviswhapters In a short
summary, both SPM and graphene have opened two big doors into research and application of
surfacesSPM has opened the widimor of studying surfaces down to individual atoms and graphene
has opened the other fabrication door of really tglanensional selfstanding one-atom thick
monolayerswhich are the very embodiment of the surfadghe importance oSPM and graphene in
G2RII&8Qa adaNFI OS LKeaAaAOa Aad AYRAALMzilIofS FyR O2yT¥

The second question about the contribution of the auth@s beenanswered in thechapters
following the brief introductions. Here, a transition from general SPM and graphene prstdanore
specific issues solved liye author has beerperformed Thesechapters deal with thetomic force
microscopywater-bridge, Kelvin probe force microscopgikPFM)mapping ofa charge transport at
different RH,local anodic oxidatiorfundamentals ad applicatiors in selective growth, graphene
fabrication and dopin@f grapheneby gallium.L y G KA & NB sciedfifodbrEributiatzéoeBs NI &
the topics morefocusedeither on physicaltheory or on experiment (applicationsput alsoon the
borders of both At the same time, the authohas been contributing to the researchfield of
nanotechnologyfor 15 years ohis pedagogical activities ahe Faculty of Mechanical Engineering,
BUT which ibriefly mentioned at the end of this cohgsion.

Adzii K2 NR& O2y (i N& 0 dzi Antaifllyciversthé fiiliBwingliréas A OF £ (G K S 2 NE

First, the complete thermodynamical model thfe nanovolume AFM watebridge explaining
more preciselyts shape andhe forces acting on the tip in atmospheric caimtis was suggestedihe
idea of surface tension correction has never been used in cafee @PMtip nanovolume water
bridge, however, excellenphysical chemistas Josiah Willard Gibbs and RichatthaceTolman
emphasizd the necessity of such a correction in case of highiywed surfacef their fundamental
works, which is justhe case ofthis SPMwater-bridge. This approachasshown the way, how the
thermodynamic approach can be extended down to thesoscopiadimensons on the border of
classical macroscopic thermodynamics amadernmolecular dynamics.

Secondthe author proposech complete model enabling the calculation of surface resistivity and
hydrophilicity in case of highly resistive surfaces from KPFM measuits of surface potential. The
model is based oa charge diffusion equatignhowever,it is expanded by transitions betweethe
charge and surface potential measured by KPFM and by transition between surface diffusivity and
resistivity. Further, th&knowledge of surface resistivity as a function of relative humidity enables to
determine the surface hydrophilicity using the connection betwelka BrunnauerEmmettTeller
theory and description of surface resistivity as a sequence of multhegecarrier quantum
mechanical tunnelinggrocessesThe connection of all this theories $aever been used in case of
AFM, however, it could open the dotw some new SPM techniques enabling the measurement of
surface resistivity of highly resistive surfaces, or theasurementof the hydrophilicity. With
expanding computing capabilities, both of the mentioned quantities (surface resishyityophilicity
could be examined locally with a resolution limited only by a resolution of KPFM (recently
approximately 4(hm).
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water bridge formation and corresponding electric fielgtribution close tothe AFMtip, which is
especially important in case of nanolithography techniques ldcal anodic oxidation (LAO). The
calculation emphasizes the fact that watelue to its high dielectric constantpushes the electric
fieldinto the underlying oxidized layer enhancing the ion penetratidonsidering theabove the
water-bridge can beNB | G SR y2i4 2yté |a || &2dNOS 2F 2Eeée3Sy
electric fieldinto the space o&nisolating layeand thus enhancing ion penetration

Adzi K2 N & O2y (i NA oespéringnfandapblicdiidga$nainlydi@ssedte following
areas.

First,it has been experimentally shown how the dimensions of LAO strucdfoeasht, depth, hal
width) are related to the experimental conditiorssich asapplied voltage, scannirgpeed sharpness
of the tip and relative humidity. Suchkaowledge is a critical in nanotechnology where the method is
used to fabricate the smallest nanostructur@sd shows the limits of the method. Here, the limits are
in order of tensof nanometer inrespect towidth and in order of units of nanometers insaof height
anddepth. This techniquéhas beerrecently used mainly in surface sciemagher than intechnology
applicationshowever,in future, it can expand and move the resolution limits of mechanical, electrical
engineering methods of massachining.

Secondthe methodshave been developetd transfer the pure oxide structures prepared by LAO
into ametallic form with almost the same nanometecale resolution using a combination of ion beam
sputtering or selective growth of metals. Whilket transfer using ion beam sputtering is based on
further ion beam milling of materimhaskedoy oxide structures, the transfer basen selectivegrowth
is baseddependson different sticking coefficiestof metallic particles (atoms, ions) on oxidizedlan
non-oxidized areasThesetransfermethods further expand thexploitationof SPM nanolithography
into other fieldsrelated topreparation of metallic nanostructures.

Third, more appéd contribution falls into the field of graphene preparation. Here, aiginal
method for preparation of ultrasmooth copper foils for graphene growth waoposed and varified
The method is based otihe deposition ofa copperthin film on Si/Si@template, and subsequent
peelingoff of this film then offersan ultra-smoothand extracleancoppersurfacefor CVD graphene
growth. Despite its simplicity,hie method can rapidly improve the quality of graphgeeg. mobility
of charge carriers and crystallinitgyown on as prepare€ufoils. Since theutilization d graphene
extraordinaryproperties in different fieldseaching from graphene composite materials to graphene
based electronicextremely depends on the quality of graphene and the @®dhniqueshowsto be
the most universal and promisimgethod for large-scale graphene fabricatidn science and industry,
the mentioned method could become a necessary complement of CVD graphene growth.

The last author contribution mentioned in this theBeson the border of application and theory.
The graphene itdéis not a solution for all the problems, howevércould sometimesappearso. Its
properties must often be tuned to meet the criteria of a specific applicatibmsaseof electronic
applications, it is necessary to tune the density of charge casraerd in case of photonics, it is
necessary to influence the interaction with electromagnetic wawehich can be achieved by
deposition of metallic particles. Related to this, the extraordinaigoping ability of Gatams has
been proved experimentally yb 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 (B&glation the author was ablé
explain this behavioas a consequence of Ga island formation. In such Ga islands composed of several
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atoms, the electrons are involved in Ga bonds, therefore, they cannot increase the numbdreax
charge carriers in underlying graphemnehich deermines and limits the doping ability of Ga.

Finally, the fields of graphene and SPM technology beencompletelyconnectedto a recent
threeyear D! 2MINR 2 SO0 3 NI il K&vin Prolfef FSrie Miclostopy @fGraphene
bly2aSyaz2zNJ i SAFFSNBYy (Gl wStlGADBS 1 dzYARAGREE BHKSNEB
Here, the team composed of 3 postdocs and 5 Phtldentscarries outsimultaneous KPFM and
transport measuremergof graphene sensors andanosensors 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 distributiothef electriccharge measured by KPFM
should begiven

The athor of this thesis is a founder dhe graphene group at the Institute of Physical
Engineering, Faculty of Mechanical Engineering at Brno Universitieafnology(FME BUT)At
present the graphene group counts 3 postdocs, 5 Ph.D. studéBtmaster and bachelor students. In
the field of SPM and grapheniie author was aco-supervisor ofl Ph.D. student, 10 master students
and 13 bachelor studentsvho successfully defended their thes&owadayshe is a cesupervisor of
3 Ph.D. student2 master students and 2 bachelor students. The experience autierQ i@esearch
has beercompletelyprojected into special lecture§ t a Yy I y2f A i K2 3 NJ bigadized YR oL
for students ofthe Physical Engineerirand Nanotechnology coursas a prt ofthea 5 A F Ay 2 a0 A O&
Yy Iy 2 a i N3lAgect@&NgdIa groblems of SPM and graphene are aiscussed? dzZNA Yy 3 & v dzl y (i d
YSOKIyAOaé | yR a{ 2t kedbytiehuthor$orthelstddantsadtheidrd $eBrSMEO A & S &
Physical Engineering and Nanotechnologurseat FME BUTSome simplénteresting problemsof
nanotechnologydealing with classical mechanics, thermodynamics and electromagngigmnforces
acting on SPM tip, Coulomb blockage as an extension of sphesipacitor etc.have been regularly
used aenrichment2 ¥ NR dzi Ay St & a2f @SR LINRBOf SYathdsjudet® dzNBE S &
of Mechanical Engineerirftaving beertaught bythe author forthe last 15 years.
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ABSTRACT: This article deals with the analysis of the
relationship between the pull-off force measured by atomic
force microscopy and the dimensions of water bridge
condensed between a hydrophilic silicon oxide tip and a
silicon oxide surface under ambient conditions. Our experi-
ments have shown that the pull-off force increases linearly with
the radius of the tip and nonmonotonically with the relative
humidity (RH). The latter dependence generally consists of an
initial constant part changing to a convex—concave-like
increase of the pull-off force and finally followed by a
concave-like decrease of this force. The reproducibility tests
have demonstrated that the precision limits have to be taken
into account for comparing these measurements carried out
under atmospheric conditions. The results were fitted by a
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classical thermodynamic model based on water-bridge envelope calculations using the numerical solution of the Kelvin equation
in the form of axisymmetric differential equations and consequent calculation of adhesive forces. To describe the measured data
more precisely, a decrease of the water surface tension for low RH was incorporated into the calculation. Such a decrease can be
expected as a consequence of the high surface curvature in the nanometer-sized water bridge between the tip and the surface.

B INTRODUCTION

The water bridge condensed between a hydrophilic surface and
tip under ambient conditions plays a very important role in
measurements and applications provided by atomic force
microscopes (AFMs) nowadays." The presence of water can
significantly affect the adhesive and frictional force interaction
between the tip and the surface.”® Furthermore, the bridge
size directly determines the dimensions of nanostructures
fabricated by dip-pen nanolithography®’ or local anodic
oxidation® " and introduces one of the limitations of their
resolution, Because of these reasons, the information about the
amount of water condensed under the tip has a significant
consequence for interpretation of force magnitudes in measure-
ments and progress in resolution of AFM-based nano-
lithography techniques.

In principle, there are two ways to obtain information about
the water-bridge dimensions (given by the main radii and
boundary angles). The first one is a direct observation using
environmental scanning electron microscopy (SEM).'' The
disadvantage of this method is that electrons affect the surface
energy of water. Hence, the bridge appears bigger than that

v ACS Publications  © 2017 American Chemical Society
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without the electron beam.'* The second one is an indirect
method based on detecting pull-off forces in AFM force—
distance spectroscopy. Here, a suitable theoretical model for
calculating the water-bridge dimensions from the pull-off force
measurement is needed. Then, the method could be
straightforwardly utilized for determining the amount of
water in the bridge and applied, for instance, for estimation
of local hydrophilicity/hydrophobicity of the sample.

The dependence of the AFM total pull-off (or adhesive)
force on relative humidity (RH) was assessed by many groups
during the last years. Unfortunately, even for the most cited
combination of a silicon AFM tip and silicon oxide surface, the
published results are ambiguous as they comprise increasing,
increasing—decreasing, or stepwise-increasing dependency of
pull-off force on RH'*'* (see details in discussion).
Tremendous effort has been made to understand the
experimental results using various theoretical models and to
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Figure 1. Force—distance curve taken during approaching/retracting the tip to/from the surface at one point (a) and the 5 X § point map of the
pull-off forces (b). The red squares (b) mark the points where the individual force—distance curves (a) were measured gradually in the order of

numbers.

calculate the pull-off force as a function of RH based on density
functional theory,'® Monte Carlo simulations, "*™'? and classical
thermodynamic Kelvin equation calculations.”””' However, the
conclusions of individual authors are different, often not only
quantitatively but also qualitatively, and strongly vary with small
changes of the conditions or input parameters of the
calculation.

This article deals with the study of water meniscus using
AFM force—distance spectroscopy. Moreover, an effort was
made to eliminate the ambiguity in the experiments on RH
pull-off force dependence by more thorough investigation of
measurement reproducibility. This part is aimed at the study of
limits of the AFM force—distance spectroscopy and shows the
experimental conditions and procedure providing sufficient
reproducibility. Then, the results are explained by numerical
calculations based on the classical Kelvin equation utilizing
variable surface tension for nanometer-sized water bridges.
Although the first-principles calculations were not used, the
applied semiempirical classical treatment may give an insight
into the behavior of water at nanometer volumes.

H METHODS

The pull-off force measurements were performed with a
commercial multifunctional SPM system (NTEGRA Prima,
NT-MDT). The RH in the working environment of AFM was
controlled during the experiments by a home-built flow box
fitted to the measuring head of the microscope (the scheme of
the setup is given in Figures S1 and S2). To achieve a specific
RH within the range 5-90%, a variable mixture of dry and
H,O-saturated nitrogen was flown through the box. The
accuracies of the commercial digital sensor (SHT'15, SENSI-
RION) were +2% (for RH within the range 10—-90%) and
+4% (for the other RH values). The fluctuation of the adjusted
RH value displayed by the sensor during one measurement was
lower than 1%.

For the experiments, the substrate with the native SiO,
surface (thickness ~2 nm) on Si(100) was used. The silicon
samples were treated to remove organic contaminants and to
achieve a hydrophilic surface; that is, before the experiment, the
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silicon samples were immersed in a piranha solution consisting
of 98% H,S0O, and 30% H,0, mixed in a H,SO,/H,0, volume
ratio of 7:3 at 80 °C for 30 min. The piranha treatment
increases the thickness of oxide to ~2.5 nm (Figure S3). Then,
the silicon samples were sequentially immersed for 2 min in
acetone, isopropanol, and deionized water in an ultrasonic bath
(this procedure was repeated three times). The water contact
angle measured on the sample surface was ~40° (measurement
details® in Figure S4). The root-mean-square roughness
determined from the measured AFM topography (Figure S5)
was 0.14 nm.

The single crystal silicon tips (CSG10, NT-MDT) mounted
on rectangular cantilevers were used to measure the pull-off
force. The spring constant of each cantilever needed for
calibration of forces was estimated from the resonant frequency
and quality factor (as published by Sader et al”®) using NT-
MDT software. The measurement of each cantilever spring
constant was performed many times before and many times
after the force—distance mapping (whenever the cantilever was
retracted from the surface). The individual cantilever spring
constants mutually differed; the lowest spring constant was
0.073 + 0.002 N/m and the highest spring constant was 0.279
+ 0.014 N/m., There was no obvious difference between the
values measured before and after the force—distance mapping
in the standard experiment (except for the “blunting”
experiment, see further). The highest standard deviation
(SD) of the spring constant occurred for the cantilever used
in the “blunting” experiment (spring constant: 0.154 % 0.051
N/m), which could be caused by the development of a
mechanical stress in the cantilever during this process. This is
also supported by the fact that the spring constant of the
cantilever before “blunting” was in the bottom part of the range
and much less fluctuating (0.130 + 0.006 N/m). All of the
measured spring constants were within a range of values
claimed by the producer (0.01—0.50 N/m). According to the
producer, the tip apex radius should have been typically 6 nm.
However, the real apex radius of an unused tip and that of the
same tip after application observed by a SEM (VEGA and
LYRA systems, TESCAN) was 10 nm (except for the tips used

DOI: 10.1021/acs jpcb.6b11108
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Figure 2. Measured pull-off force as a function of tip radius at a constant RH of 50% (black squares) and detailed SEM images of a new AFM tip
(left inset) and blunted tip (right inset). The model based on the standard water-vapor surface tension (solid red line) and the surface tension

corrected according to the improved model (dotted red line).

for the observation of the apex radius changes). The repeated
measurements of tip apex angle by SEM showed the value 30°;
therefore, this value was taken for the following calculations of
the water bridge shape. Before the measurement, the same
hydrophilic treatment as that for the samples was accomplished
for the tips. The ultrasonic bath was replaced by a mild stirring
procedure so as not to damage the cantilever.

The pull-off force measured at one point was taken from the
torce—distance curve collected during approaching/retracting
the AFM tip to/from the surface (Figure la). The force—
distance curve is shown in a plot of the vertical cantilever
deflection (calibrated to the tip—sample force) versus the
lever—sample distance. The lever—sample distance was
measured between the sample and the rigidly held back end
of the cantilever and determined from the vertical extension of
the piezo tube. During approaching, the lever bends downward
the sample as the tip senses attractive forces, and further after
getting into contact, the lever bends upward due to repulsive
forces. The maximum repulsive force, being equal to the
applied load force, was 5 nN (for the dependence on the tip
radius — Figure 2) and later only 1 nN (for the dependence on
RH — Figure 4) to avoid a progressive destruction of the tip.
During retraction, an additional adhesive force comes into
action and rapidly increases the force necessary to pull the tip
off the surface. This so-called pull-off force corresponds to the
point where the attractive force gradient equals the spring
constant of the cantilever.”* Therefore, the actual pull-off force
is not precisely equal to the maximum adhesive force, but it is
affected by the cantilever stiffness: the less stiff the cantilever,
the lower the pull-off force obtained (theoretically, if the
cantilever was infinitely stiff; the pull-off force would be equal to
the maximum adhesive force). This fact has a fundamental
impact on the interpretation of the pull-off force on the basis of
an adhesive force model and is crucial for performing the
experiment when the same cantilever (with the same stiffness)

612

is used for all individual comparative measurements of RH
dependence in this work.

Each force—distance curve consisted of 1000 data points.
The approach and withdrawal of the tip during the measure-
ment of one force—distance curve took 2 s, and the resting of
the tip on the surface at the maximum load force took 20 s, The
static part was chosen considerably longer (20 s) than the 2 s
lasting dynamic part (approach/ withdrawal) to achieve the
conditions closer to the thermodynamic equilibrium of water-
bridge condensation. Wei et al.”® proved that the equilibrium
time was ~4.14 s, which was reliably met in this work.

To reduce statistical errors and the influence of surface
roughness, the pull-off forces were measured in 1 X # points of
a square matrix to get the force map of a specific region with
dimensions of § X § um® (Figure 1b). The total pull-off force
was then evaluated as an average value across these points and
the SD was calculated from all of the n* pull-off forces.

Bl RESULTS

Influence of the Tip. The AFM tip is the most unknown
variable in the interpretation of the measurement of the pull-off
force. This results not only from different stiffness coefficients
for each cantilever but also mainly from the difficulties in the
determination of the tip radius (shape) and the contact angle
between the tip and the water surface. The tip shape
significantly influences the course of the force—RH depend-
ency.”*™"” Tao et al.” tried to estimate the wetting properties
of the tip through the force—distance curves measured for
different liquid surfaces. However, their determination was
strongly dependent on the proper knowledge of the tip radius
that had been estimated by deconvolution of an image from an
AFM calibration grid of sharp spikes.”’ For the small radii of
the tip used in this work, this method proved to be
insufficiently precise. Therefore, SEM was used for finding

DOI: 10.1021/acs jpcb.6b11108
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Figure 3. Reproducibility measurement: calibrated pull-off force for different procedures carried out at constant RH and tip radius (a). The
corresponding histograms are in (b), (c), (d), and (e), respectively. Each calibrated pull-off force is an average of 5 X § pull-off forces taken in one
force map; however, the relative standard deviation (RSD) was calculated from all forces measured in maps. The number of gradually measured force

maps is marked along the x axis.

the tip radius and its impact on the pull-off force, as depicted in
Figure 2.

There is a strong dependence of the pull-off force on the tip
radius. The obtained experimental data can be quite well
approximated by a line (Figure 2). The experiment was carried
out at constant RH (50%), at which the tip was intentionally
“blunted” during repeated force—distance spectroscopy (30 X
30 points) at a high load force of § nN. The pull-off force
changed from 5 nN to almost 180 nN upon increasing the
radius of the tip from about 10 to 170 nm. The result implicates
that such a change of the radius of the tip during the pull-off
force measurement can prevail the contribution of other
parameters (mainly the RH v.i.). To eliminate the changes of
the tip during the spectroscopic experiment, the decrease of the
load force to 1 nN and reduction of the number of measured
points to 5 X § were successfully applied.

When the tip is pushed toward the surface, the radius of the
circular contact area between the tip and the surface is in the
range from 1.89 nm (radius of the tip 10 nm, load force 1 nN,
measurement) to 12.27 nm (radius of the tip 170 nm, load
force § nN, blunting) according to Johnson—Kendall—
Roberts™ theory. However, the pull-off force is measured at a
point on the force—distance curve (Figure 1) when the total
adhesive force is (almost) in equilibrium with the pull-off force.
At this point, the contact load force between the tip and the
surface is close to zero and also the contact area is close to the
point contact.

Reproducibility. Besides the control of the input
parameters (e.g., RH, load force, temperature, etc.), also the
methodology (procedure) of the AFM pull-off force measure-
ment is important for keeping the sufficient reproducibility of
the experiment. This is especially important when the results of
pull-off force measurements on different samples are being
compared.

The different testing procedures were performed as follows.
The standard testing pull-off force measurement, giving its
average value out of 5 X 5 points (map) at the load force 1 nN
(Figure 1b), was repeated 13 times in one series by keeping one
of four different types of measurement procedures and using
one AFM tip. The AFM tips were changed only between the
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series. The measurement procedures varied from each other by
the number of interventions into the experiment after each map
measurement. The first one (I) was performed across the same
surface area, without scanning along the surface and without
macroscopic retraction (more than 1 pm) of the tip between
each pull-off force mapping. The others sequentially added the
scanning of the area (II), change of the scanning area (I1I), and
retraction of the tip (IV). The series of procedure I was
repeated eight times and that of the other ones five times, and
the results are shown in Figure 3. As more cantilevers (with
different real stiffness coefficients) had to be used for this
purpose (to keep the radius of the tips same), the pull-off force
had to be calibrated so that the results could be compared. The
smaller pull-off force fluctuations during the same procedure
and under the same conditions indicate better reproducibility of
the specific methodology.

To quantify the rate of reproducibility, the RSD was
calculated for each procedure. The RSD is defined as a ratio
of SD and average force corresponding to one procedure.
Theoretically, the better the reproducibility, the smaller the
RSD.

The RSD was ascending from the most to the least
reproducible procedure as follows: 3.61% (I), 6.18% (II),
7.22% (11), and 14.32% (IV), as can be seen from the
fluctuation of calibrated pull-oft forces and RSD histograms in
Figure 3. It can be simply said that the higher number of
measurement steps (interventions) in the used measurement
methodology (procedure) results in rapid deterioration of
reproducibility. This fact radically limits the interpretation of
the individual experiments. For instance, the experiment
depicted in Figure 2 was performed in a way being very close
to procedure IV, whose reproducibility expressed in RSD was
the worst one (14.32%) but sufficient to make conclusion about
much stronger linear dependence of pull-off force on tip radius,
whose RSD was about 4.5 times higher (~65%). In the case of
weaker dependence, the measurement procedure plays a critical
role, as will be seen in the next section.

Influence of the RH. The previous experiments have
shown how important is to reduce tip radius changes and
choose a proper methodology to provide sufficient reproduci-
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Figure 4. Measured pull-off force dependence on upward/downward changes of the RH (the error bars are the +SD) and the corresponding fit by a
model for different surface tension of water, 7, and the shortest distance between the tip and surface, h. The left inset: corresponding histogram of the
pull-off forces and calculated RSD. The right inset: model assuming the variation of surface tension for small water bridges.

bility of pull-off force measurements. Considering this fact,
correct measurements of pull-off forces as a function of RH
were carried out (Figure 4). To avoid the changes caused by
different tip parameters, the whole dependence was measured
using one tip to guarantee the constant coefficient of stiffness.
Moreover, the small area pull-off force maps (5 X S points)
obtained at a low load force (1 nN) (Figure 1) were the subject
of investigation; thus, the changes of the tip radius were kept
low and were not observable by SEM. The whole measurement
was performed in the most reproducible manner (procedure I)
over the same area, that is, without scanning and macroscopic
retraction of the AFM tip.

The RH was being changed upward and downward in 20
steps between S and 90% of RH. Before measurement of each
pull-off force map, the RH in the flow box had been set to the
desired value and kept constant for 20 min to stabilize the
conditions. There were three different regions in the pull-off
force versus RH dependence curve (Figure 4). First, the force
was constant for the RH below 20%. In the RH interval 20—
60%, the force was increasing from 5 nN to almost 10 nN with
RH. Finally, for RH above 60%, the force was decreasing with
RH. Furthermore, the hysteresis between the upward and
downward parts of the measuring cycle was visible, primarily in
the RH interval 20—60%, which can be attributed to the rests of
water trapped on hydrophilic silicon dioxide if the RH is
gradually changed from higher to lower.

The changes of the pull-off forces as a function of RH are
much bigger than the fluctuations of forces when the RH had
been kept constant during the previous reproducibility testing;
therefore, the conclusions about the influence of RH on pull-off
forces are statistically valid. This is shown by much larger
dispersion of calibrated pull-off force values depicted in the
histogram in Figure 4 (left inset) in comparison with that in the
histogram of reproducibility testing procedure I in Figure 3b.
This fact has also been quantitatively proved by the calculated
RSD, being almost 6 times higher in the case of RH
dependence (21.3 vs 3.6%).
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Model Assuming the Surface Tension Changes for
Small Water Bridges. As previously mentioned, a theoretical
model for indirect determination of water meniscus from pull-
off force measurements is essential. The model provides the
relationship between the shape of the meniscus and the pull-off
force.

The computational model is based on the Kelvin equation
that gives the relationship between the principal radii of
meniscus curvatures, r; (<0), r, (>0) (Figure S), and the RH

i r,

Figure S. Geometry of the water bridge envelope (meniscus) between
the AFM tip and the surface.

expressed by the ratio of partial water vapor pressure, p,, and
saturated water vapor pressure, p,***

-1
e=|—+—| =—=2_
N RTln(ﬁ)
X

1%

where y,y is the interfacial energy of liquid and vapor water, V,,
is the molar volume of water, R is the molar gas constant, and T
is the thermodynamic temperature. ry is the Kelvin radius equal

(1)
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